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6. CLIMATOLOGY AND METEOROLOGY

6.1 INTRODUCTION

The climate of the Yucca Mountain region influences the amount of water that infiltrates into the
mountain and also the elevation of the water table. Studies of past climate indicate that the
regional climate varies with time and has often been wetter and cooler than today. An
understanding of the relation of past climates to variations in the Earth's orbital characteristics is
used to forecast probable future climates. The future period of interest for performance of the
potential repository is 10 k.y. (proposed 10 CFR 63, Section 63.1 13 [64 FR 8640]). Longer time
periods up to 100 k.y. may also be of interest for supplementary analyses and to examine
performance sensitivities.

Knowledge of the present-day meteorology of the site is used to support development of
infiltration models, carry out environmental analyses, design repository facilities, and calculate
atmospheric dispersion for preclosure safety analyses. This information is obtained from
historical meteorological records, as well as contemporary monitoring in the site vicinity.
Studies address precipitation, temperature, relative humidity, and wind. Information on average
conditions, variability, and extreme conditions are of interest.

6.1.1 Regulatory Framework

In addition to the general requirements of proposed 10 CFR 63 (64 FR 8640) to describe the site
with appropriate attention to the features, events, and processes that might affect design or
performance acceptance (Section 1), additional U.S. Nuclear Regulatory Commission (NRC)
documents are relevant to some of the work presented in this section. The Standard Review Plan
for the Review of Safety Analysis Reports for Nuclear Power Plants provides guidance for
characterizing regional climate and local meteorology (NRC 1987, Sections 2.3.1, 2.3.2). This
document also addresses onsite meteorological monitoring (NRC 1987, Section 2.3.3). Although
this information was developed specifically for nuclear power plants, it is potentially applicable
to other nuclear facilities such as a geologic repository and has been considered in characterizing
the Yucca Mountain site.

The NRC has also examined methods to evaluate climate change and associated effects at Yucca
Mountain (NRC 1997). The NRC concluded that methods of forecasting future climate and its
variability, based primarily on an understanding of paleoclimate evidence, is acceptable (NRC
1997, Section 4.1). Numerical modeling of future climate is not necessary and, if carried out,
should be calibrated using paleoclimate data.

Potential relevance of selected standards and other NRC documents is evaluated in CRWMS
M&O (1999b).

6.1.2 Key Observations

Climatology and meteorology studies have resulted in the following key observations:

. The present-day climate of the Yucca Mountain area can be understood in terms of
global-scale atmospheric circulation and regional to local physiographic features.
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* The climate is currently arid to semiarid.

* The current climate is associated with an interglacial period and has persisted, with some
variation, for the last 7 to 8 k.y.

* Regional and local evidence indicates the Yucca Mountain site has experienced, over the
past several hundred thousand years, climates associated with glacial to interglacial
periods. Interglacial climates, such as today's, have persisted only about 20 percent of
the time.

. Climate variation over the past several hundred thousand years can be understood in
terms of predictable variations in the Earth's orbital characteristics.

* Based on evidence of past climates and an understanding of the orbital factors associated
with climate variation, the current climate is forecast to persist for 0.4 to 0.6 k.y. It is
expected that this climate will be followed by a warmer and much wetter monsoon
climate for the next 0.9 to 1.4 k.y. For the remainder of the 10 k.y. period of interest, a
cooler, wetter, glacial-transition climate will affect the site.

6.1.3 Organization

This section discusses present and past climates and estimates future climate in the Yucca
Mountain area. Section 6.2 explains present-day planetary- and synoptic-scale atmospheric
features and meteorological conditions. With this information, both past and future climate
scenarios can be linked to the processes that have operated over millennia. Section 6.3
documents the timing, duration, magnitude, and character of past climates in the Yucca
Mountain area and establishes the rationale for projecting such changes into the future. Section
6.4 establishes timing relations between calculated earth-orbital parameters and past climate
cycles to forecast the timing and magnitude of future climate changes. Section 6.5 summarizes
the results on climate and meteorology.
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6.2 PRESENT CLIMATE AND METEOROLOGY

This section describes the present-day climatic and meteorological conditions in the Yucca
Mountain area and how the broad range of atmospheric mechanisms that have influenced the
past and present climates and that can be expected to influence the future Yucca Mountain
climate. The distinction between climate and meteorology in this section is based on time scales.
The present climate is a summary of weather conditions representative of a few tens of years;
meteorology refers to weather conditions lasting from a few minutes (atmospheric dispersion or
extreme values of wind speed and temperature) to a few years. Climatic and meteorologic data
representative of the Yucca Mountain area are applied in environmental analyses, geohydrology,
engineering design, and long-term performance studies (e.g., Total System Performance
Assessment-Viability Assessment, Site Recommendation, and License Application).

In addition to explaining past and potential future climate variations, regional climate and local
meteorology descriptions satisfy the U.S. Nuclear Regulatory Commission (NRC) guidance
provided in the Standard Review Plan for the Review of Safety Analysis Reports for Nuclear
Power Plants (NRC 1987, Section 2.3.1 1 1-3). The section includes:

. A general description of atmospheric features of the regional climate, routine climatic
summaries, and the relationship between synoptic-scale and local
meteorological conditions

. Descriptions of severe weather occurrences, conditions associated with air pollution
potential, and meteorological conditions relevant to engineering design

* Descriptions of the local site meteorology, including topographic influences.

Central and southern Nevada's current climate is basically arid because of present-day dominant
large-scale weather features, combined with the distance and many mountain ranges between the
local area and the Pacific Ocean (including the Gulf of California) and Gulf of Mexico moisture
sources. The degree of aridity varies in space, mostly by elevation, and in time, seasonally and
annually. Hence, the area is occasionally called "semiarid." For simplicity, future general
descriptions will just use the word "arid." The spatial and temporal variations of weather
conditions result from the combined influences of a hierarchy of atmospheric mechanisms,
starting with planetary- and synoptic-scale weather features. Local terrain features modify the
weather and airflow patterns, causing considerable variations of meteorological conditions over
short distances (Mock 1996, p. 1123). Thus, in the following sections atmospheric features are
described on the scales of global (planetary), synoptic (western United States), and regional and
site (southern Nevada and adjacent areas down to the immediate Yucca Mountain vicinity).
Global and synoptic features are particularly relevant when relating present climatic conditions
to the paleoclimate and future climate studies.

6.2.1 Sources of Information

Information on the large-scale (planetary and synoptic) climatic factors affecting the Yucca
Mountain area was obtained from textbooks and scientific literature. To characterize the
regional climate, meteorological data were analyzed from the on-site meteorological monitoring
network operated by the Yucca Mountain Radiological and Environmental Programs Department
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and selected regional National Oceanic and Atmospheric Administration meteorological stations.
The Radiological and Environmental Programs Department network is described in
Section 6.2.4. Thesparsely populated region in the vicinity of Yucca Mountain has few stations
with long-term (tens of years) climatic data. The stations are typically near populated areas, such
as Amargosa Valley and Beatty. Some climatic stations are operated by cooperative observers
coordinated by the National Weather Service. These stations only record daily measurements of
total precipitation and air temperature maxima and minima. Some data useful to the regional
climate analysis were also obtained from a network of meteorological stations operated by the
National Oceanic and Atmospheric Administration Air Resources Laboratory, Special
Operations and Research Division in support of Nevada Test Site activities. The station
locations used in the regional analysis are shown on Figure 6.2-1, with geographic information
listed in Table 6.2-1. On-site Radiological and Environmental Programs Department
meteorological monitoring network station locations are shown on Figure 6.2-2 with geographic
information listed in Table 6.2-2.

6.2.2 Planetary- and Synoptic-Scale Atmospheric Features

Large-scale atmospheric features influencing the Yucca Mountain area are described in this
section to provide a framework for understanding the present climate and as a reference for past
and future climatic conditions. Major climate changes are due to long-term (many thousands of
years) variations in solar energy input on various portions of the earth, which in turn is partly
related to the earth's orbital characteristics. The energy changes force global changes that
further influence climate, such as the growth and retreat of continental ice sheets.

6.2.2.1 Planetary-Scale Atmospheric Features and Processes

Planetary-scale (general circulation) atmospheric features are caused by solar radiation
differences across the spherical globe of the earth, the earth's rotation, its tilted axis, and the
distributions of oceans and continents. These atmospheric features occupy areas with horizontal
dimensions of several thousand kilometers and have durations of a week or more (Ahrens 1994,
pp. 248 to 249). The generation and movement of planetary-scale features is caused in part by
the imbalance in solar energy received at the surface; thus the equatorial region is warmed more
than the temperate zones and much more than the polar regions. The equatorial warming causes
air at the equator to ascend and move toward the poles, and then to sink near the poles and move
back toward the equator. The rotation of the earth and surface friction set up a three-cell vertical
circulation pattern in both the northern and southern hemispheres. The first cells, those nearest
the equator, involve ascending air at about 5° latitude moving toward the pole aloft, descending
near 300 latitude, and returning at lower levels toward the equator. This movement is called the
trade-wind cell (Randerson 1984, pp. 43 to 44) or the Hadley cell (Ahrens 1994, p. 284). The
downward-moving air around the 300 latitude band causes clearing skies and reduced relative
humidity, resulting in areas of high pressure (subtropical high) where there is little precipitation;
thus there are deserts over some land areas (Ahrens 1994, p. 286). The next region poleward
(between 300 and 600 latitude) is called the Ferrel cell; it is a mixed-circulation region. The
polar cells and corresponding descending air cover the respective poles to about 600 latitude
(Ahrens 1994, p. 284). The axial tilt of the earth's rotation, combined with the imbalance created
by more landmass in the northern hemisphere compared to the southern hemisphere, produces
seasonal changes in the amount of warming and strength of the circulation patterns.
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The term used to describe the air motion with balanced pressure gradient and Coriolis forces is
geostrophic wind, which is directed along the isobars perpendicular to the right of the pressure
gradient direction. This airflow frequently occurs in the atmosphere at altitudes greater than
about I km. Below this level, friction forces tend to curve the airflow so the wind blows across
the isobars toward the lower pressure area (Randerson 1984, p. 44). Over much of the earth the
prevailing wind direction aloft is from west to east (westerly flow); this general wind pattern
along latitudinal lines is called zonal flow. The dynamics of the boundaries between large-scale
air masses of significantly different temperatures tends to form cyclonic (low-pressure) and anti-
cyclonic (high-pressure) areas. The broader low-pressure area associated with cyclones is called
a trough, and the corresponding high-pressure area is a ridge. Another product of the interaction
between the air masses is the jet stream, a core of rapidly moving westerly winds about 10 to
12 km above ground level (Randerson 1984, pp. 44 to 47). The polar jet stream is typically
associated with the boundary between polar and midlatitude air masses, and the subtropical jet is
found closer to the equator, with the boundary between midlatitude and tropical air masses
(Ahrens 1994, pp. 292 to 293).

Interaction of the atmosphere with the oceans influences the planetary circulation of both
mediums. About half the northward transport of heat from the tropics in the northern hemisphere
is produced through atmospheric flux, but ocean circulation distributes the low-latitude heat
excess to higher latitudes. The north Pacific example of this mechanism is the northward-
flowing Kuroshio Current in the western Pacific, which brings relatively warm water across the
north Pacific to the Gulf of Alaska. The southward-flowing counterpart in the eastern Pacific is
the California Current.

The oceanic and atmospheric interactions do not all follow annual cycles, which can lead to
changes from typical circulation patterns (Ahrens 1994, pp. 299 to 300). One such alteration is
called the El Nifio Southern Oscillation. This oscillation recurs on a 3- to 7-yr. cycle. During
the El Nifio phase of the oscillation, the trade winds relax in the central and western Pacific, and
the warm surface waters that normally predominate in the western Pacific then move toward the
eastern Pacific. This leads to an increase of convective activity in the central and eastern Pacific
equatorial regions. At the same time, the jet stream becomes stronger in the eastern Pacific. The
effects of the El Niuo Southern Oscillation cycle on the western United States vary, depending
on the phase, intensity, and duration of the event.. Southern Nevada tends to have more
precipitation than normal during the El Nifio phase of the oscillation, and less than normal during
the La Nifia phase, the opposite phase of the oscillation (Ahrens 1994, pp. 303 to 306).

6.2.2.2 Description of Synoptic-Scale Features and Processes

Synoptic-scale features are smaller than planetary-scale features, generally with horizontal
dimensions of several hundred to a few thousand kilometers, and durations from a few days to a
few weeks. These systems appear in upper-level meteorological pressure charts as ridges and
troughs, in surface weather maps as high- and low-pressure centers and fronts, and in satellite
imagery as cloud patterns (Bluestein 1992, pp. 5 to 7; Randerson 1984, pp. 46 to 48;
Ahrens 1994, pp. 248 to 249).

The temperature and humidity properties of most synoptic-scale atmospheric systems depend
largely on the land or ocean properties underlying the system air mass. Air masses are classified
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based on their source regions: continental (c), maritime (in), arctic (A), polar (P), and
tropical (T). Two-letter combinations of these basic source descriptors are used to further define
the source regions (e.g., continental polar [cP], maritime tropical [mT]) (Ahrens 1994, pp. 312 to
322). Some investigators add a third letter to indicate that the air mass has moved over a cold (k)
or warm (w) surface relative to the source region. Certain semi-permanent atmospheric pressure
features around the United States play dominant roles in controlling the synoptic weather
patterns that affect the Southwest. These are the Bermuda High in the western part of the north
Atlantic Ocean, the Pacific High in the western north Pacific, the wintertime Aleutian Low in the
Gulf of Alaska, and the summertime thermal low in the southwestern United States
(Ahrens 1994, pp. 288 to 289, Figure 11.3). As these centers of action shift position and change
strength seasonally, the associated synoptic patterns also undergo changes. In the winter, the
eastward extension of the North Pacific High steers most cyclonic storms away from the
southwestern United States by deflecting the jet stream that steers the systems. Thus, the desert
southwest region experiences relatively few storm passages and tends to have mild, dry weather.
When the North Pacific High occasionally weakens and moves south or west, the associated jet
stream drives storms, precipitation, and cooler air into the southwest (Mock 1996,
pp. 1111, 1113).

The interaction of large-scale climatic and terrain controls and smaller-scale terrain influences
can explain much of the spatial variation in precipitation in the mountainous western United
States (Mock 1996, p. 11 1 ; Blumen 1990, pp. 243 to 244). For example, the Sierra Nevada and
the Transverse Ranges significantly affect Yucca Mountain climate by restricting the
atmospheric moisture transport from the Pacific Ocean. This rain-shadow effect amplifies the
evaporation associated with the subtropical high-pressure areas occurring during the summer.
Spatial variations in precipitation in the Great Basin have been related to three airflow
trajectories, with moisture originating in the Pacific, Gulf of Mexico, and continental regions.
The most important to the Yucca Mountain area is the Pacific trajectory, followed to a lesser
extent by the continental and Gulf trajectories (Benson and Klieforth 1989, pp. 52 to 53).

A study of 45 yr. of precipitation data along the U.S. Pacific coast (Chen et al. 1996, p. 1197)
indicates an interdecadal trend of decreasing precipitation south of 360 N latitude, and an
increasing trend north of that line. The interdecadal variation appears related to two anomalous
pressure centers: a high center over the Pacific coast over British Columbia, and a low center
over northern Baja California. Annual precipitation variation is related to the interaction
between the maritime westerly airflow in the north Pacific and the mountains of the U.S. west
coast (Chen et al. 1996, p. 1197).

6.2.3 Regional and Site Climatology

The Yucca Mountain region is arid and seasonally warm. The complex topography in the region
causes significant differences in temperature and precipitation patterns over short distances
generally related to terrain elevation. Total rainfall is typically less than 10 in. (254 mm) per
year. Most precipitation occurs during winter due to storms originating over the Pacific Ocean,
and summer months in monsoon conditions. Occasional stormy periods can bring strong winds
and significant rainfall. Snowfall occasionally occurs at elevations over about 3,500 ft (1,065 m)
above mean sea level on Yucca Mountain and elsewhere in the region. The air temperatures
range from over 40'C during summer days to below 0C during some winter nights. Lightning
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usually accompanies summer thunderstorms, but very few tornadoes have been reported in the
region. Other severe weather events, such as blizzards and hurricanes, rarely occur in the region
(CRWMS M&O 1997a, pp. 4-1 to 4-3).

6.2.3.1 Precipitation

Regional precipitation characteristics are described in this section, focusing on spatial and
temporal variations. Regional stations with patterns similar to Radiological and Environmental
Programs Department meteorological stations were identified as indicators of possible long-term
values representative of the immediate Yucca Mountain area. In general, stations with the
greater overlapping periods of record were preferred. Of the stations in the Yucca Mountain
network, Radiological and Environmental Programs Department Site 1 has the longest common
period of record. An 11 -yr. period, including 1986 to 1996, was used for some comparisons.

A 4-yr. subset (1993 to 1996) of the 1986 to 1996 period was also used to optimize the data
available for comparisons when the total network became operational (CRWMS M&O 1997a,
p. 4-5). The 4-yr. average annual precipitation totals from three areas show similarities between
regional stations and portions of the Radiological and Environmental Programs Department
network. The spatial differences among both the immediate local (few kilometers) and regional
(tens of kilometers) scales are evident in the results (CRWMS M&O 1997a, p. 4-7):

* Averages from the Beatty 8N and Desert Rock sites were 5.80 and 5.85 in. (147 and
149 mm), respectively; from Radiological and Environmental Programs Department
Sites 1 and 5 averages were 5.79 and 5.37 in. (147 and 136 mm), respectively. Site 1 is
in Midway Valley on the east side of Yucca Mountain near the potential repository
surface facility area, and Site 5 is in lower Jackass Flats, midway between the Fortymile
Canyon and Amargosa Valley areas (Figure 6.2-2).

. The averages in Amargosa Valley were 4.01 in. (102 mm) at the National Oceanic and
Atmospheric Administration Amargosa Farms station and 4.20 in. (107 mm) at
Radiological and Environmental Programs Department Site 9.

. The average from the National Oceanic and Atmospheric Administration/Special
Operations and Research Division station 4JA in upper Jackass Flats (about 15 km east
of Yucca Mountain) was 7.18 in. (182 mm). Averages from Sites 2, 3, 4, 7, and 8 on
Yucca Mountain and in Midway Valley (Figure 6.2-2) ranged from 6.86 in. (174 mm) to
7.69 in. (195 mm).

. The average for Radiological and Environmental Programs Department Site 6 was
8.69 in. (221 mm), which is higher than the surrounding stations.

Data from the Beatty 8N and Desert Rock Airport National Oceanic and Atmospheric
Administration stations and Radiological and Environmental Programs Department Site I for the
11-yr. period were analyzed to assess the variability relative to Site 1. The year-to-year
differences can exceed a factor of two. The precipitation total in Amargosa Valley is
consistently less than that at Site 1 or at the Desert Rock Airport, but the relative amounts from
year to year are similar. Similarities between the means, extremes, and standard deviations of
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annual precipitation totals from these three sites during the period are evident in Table 6.2-3
(CRWMS M&O 1997a, p. 4-9, Table 4-2, Figure 4-2).

Given the similarities in annual variability of precipitation between the Amargosa Valley and
Beatty sites to Radiological and Environmental Programs Department Site 1, data for a 30-yr.
period were analyzed as indicators of the longer term period for the area. Thirty-year periods are
used to calculate climatological "normal" values; this is the time period mentioned in regulatory
guidance (NRC 1987, p. 2.3.1-2) as an acceptable period to characterize current climatic
conditions. The 30-yr. period from 1966 to 1995 was selected to optimize the data available
from the Yucca Mountain network and the nearby Amargosa Farms National Oceanic and
Atmospheric Administration station, even though Amargosa Farms data were missing from 1971
to 1977. Data from two formal locations of the Beatty National Oceanic and Atmospheric
Administration station were combined for this analysis because of the reasonable compatibility
between the two data sets (CRWMS M&O 1997a, p. A-1 8). The station was moved about 9 km
north of the previous location in 1972. Selected annual precipitation statistics for these two
stations are shown in Table 6.2-4. The annual totals range from less than 1 to greater than 11 in.
(25 to 279 mm); the averages for Amargosa Farms and Beatty are 4.21 and 5.53 in. (107 and
140 mm), respectively.

Even longer precipitation records and topical publications were studied to estimate the
magnitude of extreme value precipitation events suitable for the Yucca Mountain area. The
analyses of these extreme values are complicated by the infrequent occurrences of precipitation
and the sparse coverage of measurement stations in southern and central Nevada, which
increases the overall uncertainty in the results. The highest 24-hr. precipitation values were
estimated by statistical methods using data taken from 1957 to 1996 at the National Oceanic and
Atmospheric Administration/Special Operations and Research Division station 4JA, which is
located in the Nevada Test Site Area 25 in upper Jackass Flats. The 50-yr., 100-yr., and 200-yr.
return periods for 4JA were estimated to be 2.78, 3.23, and 3.71 in. (71, 82, and 94 mm),
respectively. Estimates of the same return-period values based on 11 yr. of data from
Radiological and Environmental Programs Department Site 1 were 2.68, 3.03, and 3.40 in.
(68, 77, and 86 mm) (CRWMS M&O 1997a, p. 4-19).

Observed daily rainfall totals have exceeded 3 in. (76 mm) at nearby sites within the last 15 yr.
The maximum daily precipitation event within 50 km of Yucca Mountain is not expected to
exceed 5 in. (127 mm) (CRWMS M&O 1997a, p. 4-2 1). This estimate is based on statistical
analyses of observations and considerations of atmospheric mechanisms. One guidance
document produced by the National Weather Service (Hansen et al. 1984) developed estimates of
maximum daily precipitation events that could occur (probable maximum precipitation) in the
Great Basin and Colorado River drainage. The value for the Yucca Mountain area is
approximately 10 in. (254 mm) of rainfall. This estimate is perceived as extremely conservative.
A National Oceanic and Atmospheric Administration guidance document, National Oceanic and
Atmospheric Administration Atlas 2 (Miller et al. 1973, p. 43), shows the expected 100-yr.
return-period 24-hr. rainfall for Yucca Mountain to be 2.60 in. (66 mm). A recent study by
National Oceanic and Atmospheric Administration/Special Operations and Research Division
staff supporting Nevada Test Site activities (Randerson 1997, p. 73) concluded that the 100-yr.
return-period value of a 24-hr. precipitation event is 3.50 in. (89 mm). This estimate was based
on more recent data than were used for the National Oceanic and Atmospheric Administration
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Atlas 2 document, which included some larger precipitation events than had been observed
previously (Miller et al. 1973).

6.2.3.2 Temperature, Humidity, and Evaporation

The climatic summary tables in this report include monthly and annual summaries of mean,
extreme, and mean-of-the-extreme temperatures for the Radiological and Environmental
Programs Department and select regional sites. The tables also include monthly averages of
relative humidity data. Relative humidity is a measure of the ratio of actual moisture in the air to
the saturation value at the corresponding temperature (Ahrens 1994, p. 1118). The relative
humidity data are presented for four select hourly times of the day-0400, 1000, 1600, and
2200 Pacific Standard Time. The times 0400 and 1600 correspond to typical minimum and
maximum temperatures, respectively, which are near the maximum and minimum daily relative
humidity values during the typical diurnal cycle. Atmospheric humidity is not recorded at the
National Oceanic and Atmospheric Administration cooperative observer sites used in this study.
The data discussed in this section are included in the summary tables in Section 6.2.5, unless
otherwise noted.

The annual mean temperatures at the Radiological and Environmental Programs Department
sites were between 15.10C at Site 6 (elevation 1,315 m) and 18.20 C at Site 9 (elevation 838 in),
with the temperatures generally decreasing with increasing site elevation. Monthly mean
temperatures span a larger range. For example, the highest and lowest monthly mean
temperatures at Site 1 were 28.5'C in July and 5.90C in December. The diurnal temperatures
near Yucca Mountain tend to span a large range, particularly for valley floor site locations that
are influenced by nighttime cold air drainage winds. An indication of the diurnal range is the
difference between mean minimum and mean maximum temperatures at Site 1, which ranged
from 8.40C during December and January to 12.30 C in July (CRWMS M&O 1997a,
Appendix A).

The temperature data from the National Oceanic and Atmospheric Administration stations at
Desert Rock, Amargosa Valley, and Beatty were similar to the data taken at the Radiological and
Environmental Programs Department sites. Temperature data from Radiological and
Environmental Programs Department Site I in Midway Valley, Radiological and Environmental
Programs Department Site 5 in Jackass Flats, Desert Rock, Austin, and Caliente are summarized
in Table 6.2-5. The mean extremes for the typical extreme months, January and July, are shown
in the table. The data from Desert Rock are similar to those taken at the Radiological and
Environmental Programs Department sites, while the data from Austin to the north and Caliente
to the east show cooler conditions with lower temperatures (CRWMS M&O 1997a,
Appendix A).

The atmospheric humidity data taken at the Radiological and Environmental Programs
Department sites also support the general climatic description of the area as arid. The annual
average relative humidity at Site I ranged from 21.1 percent at 1600 Pacific Standard Time to
34.0 percent at 0400 Pacific Standard Time. The winter months tend to have higher average
relative humidity levels, while the summer values are lower. The averages for these times in
January were 34.0 and 46.1 percent, respectively, and in July were 13.2 and 23.5 percent,
respectively (CRWMS M&O 1997a, Appendix A).
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An important feature of the arid, warm climate of Yucca Mountain is the very high potential
evaporation rate. The typically abundant sunshine, low atmospheric relative humidity, and
moderate wind speeds contribute to create the great evaporation potential in the area. Actual
evaporation from the desert surface is limited by availability of water in the surface layers,
though evapotranspiration rates from irrigated crop areas can be large because of water
availability to the crops. Evaporation data for southern Nevada that would be representative of
the Yucca Mountain area are limited. One estimate of annual evaporation from a hypothetical
lake is approximately 66 in. (168 cm) (Houghton et al. 1975, p. 62), which is about a factor of
10 greater than the average annual precipitation. Thus, the average annual precipitation is
approximately 10 percent of the annual potential evapotranspiration. By contrast, large
precipitation events result in significant runoff, rather than evaporation of the precipitation.

Engineering design calculations frequently use routine summaries made from the American
Society of Refrigeration, Heating, and Air Conditioning Engineers. The results for Radiological
and Environmental Programs Department Site 1, which is located near the potential location of
some surface facilities, include a winter, 99-percent, dry-bulb design value of -50 C and a
summer, 1-percent, dry-bulb, with coincident wet-bulb, of 370 C and 16'C, respectively
(CRWMS M&O 1997a, p. A-19).

6.2.3.3 Wind

Wind characteristics near Yucca Mountain reflect the complex terrain of southern Nevada's
desert environment (CRWMS M&O 1997a, p. 4-13). Winds show topographic channeling,
complicated nighttime atmospheric structure, and diurnal slope wind reversals. The resulting
local and regional wind patterns are a product of topographic constraints, the diurnal ground-
heating cycle, and seasonal mesoscale weather systems.

Airflow resulting from mesoscale weather patterns in valley areas within the first few hundred
meters above ground level is frequently channeled by valley topography to a narrow range of
directions that follow along the axes of valley topographic features. Similar channeling occurs,
but in shallower layers, in smaller canyons that are tributaries to larger valleys. Channeling is
stronger during periods of stable atmospheric structure (reduced mixing conditions), which are
typically associated with the nighttime hours.

Valleys and canyons also tend to create temperature and pressure differences that cause airflow
in an upslope direction during periods of heating of the ground surface and in a downslope
direction during periods of ground cooling. Competing slope winds in valley areas during the
very stable (little vertical mixing) nighttime hours cause multiple airflow layers aloft, with
markedly different wind speed and direction characteristics.

The persistence of the local slope winds and regional-scale winds tends to create average wind
speeds in the Yucca Mountain area of about 2 to 4 m/s (4 to 9 mi./hr.). Extreme wind speeds
have exceeded 25 m/s (56 mi./hr.) at most monitoring sites in the area. Details on average and
extreme wind speed data at sites in the Radiological and Environmental Programs Department
meteorological monitoring network are included in the climatological summary tables in
Section 6.2.5 and a report on regional meteorological conditions (CRWMS M&O 1997a).
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Atmospheric dispersion and other airflow characteristics were the subject of another report
(CRWMS M&O 1997b).

Wind-rose figures are used in this report as graphical summaries of joint-frequency distributions
of wind speed and direction. The figures resemble irregular spokes of a wheel; each spoke
corresponds to wind directions from 1 of 16 cardinal direction categories (e.g., north, east-
southeast). The length of the spoke is proportional to the frequency of occurrence of winds from
the directions included in that category, with a scale shown in the figure. Each spoke also is
structured with different pattern bars. These bars correspond to wind occurrences within six
speed categories from the given direction, hence, the joint-frequency distribution. Wind-rose
figures from all hours of the period 1993 to 1996 from five of the nine Radiological and
Environmental Programs Department sites are shown on Figures 6.2-3 to 6.2-5. The pairs of
wind-rose figures were selected to compare and contrast various wind characteristics.

The wind roses from the 10- and 60-m (33- and 197-ft) levels at Site 1 (Figure 6.2-3) both
indicate the occurrence of two dominant directions, each occurring approximately one-half of the
total hours. The southerly winds occurring at both levels have been shown to correspond to the
daytime hours. The northerly winds at the 60-m level and the northwesterly through north-
northwesterly winds at the I 0-m level correspond to the nighttime hours. The directions at the
1 0-m level correspond to local drainage winds from surface topographic features on the east side
of Yucca Mountain, while the northerly winds at the 60-m level correspond to airflow parallel to
Yucca Mountain flowing through Midway Valley at this location (CRWMS M&O 1997b,
Section 3.1.2).

Data from the hilltop Site 4 and nearby wash floor Site 7 were analyzed for comparison with
Site 1, because these sites are across Midway Valley northeast of Site 1, and for vertical
structure, because their elevations differ by 153 m (502 ft). The wind roses from Sites 4 and 7
shown on Figure 6.2-4 also show two dominant directions that indicate (CRWMS M&O 1997b,
Section 3.1.1) a distinctive diurnal pattern. As with Site I data, both Sites 4 and 7 show
southerly winds during the daytime hours. The Site 7 winds are shifted slightly toward the east
due to topographic channeling through the gap between Fran Ridge and Alice Hill. The other
dominant directions in the Site 4 data were north through northeast. These directions correspond
to the higher terrain elevations in those directions, including Fortymile Canyon and the Calico
Hills areas, and resemble the conditions of winds through Midway Valley seen in the 60-m level
data at Site 1. The second dominant direction at Site 7 includes the west-northwest through
north directions, particularly the northwest. These directions correspond to downslope winds
from Midway Valley flowing along the surface through Sever Wash and the gap between Alice
Hill and Fran Ridge.

Data from Site 3 were analyzed as an example of exposure in a narrow canyon and compared to
data from Site 9, an exposure in a broad valley. The wind roses from Sites 3 and 9 shown on
Figure 6.2-5 are similar to the preceding figures with two basically dominant directions. The
southeasterly winds at Site 3 in Coyote Wash correspond to flow in the upslope direction on the
east side of Yucca Mountain. The very focused downslope wind direction is west-northwest;
about one-fourth of the total hours at Site 3 had winds from the west-northwest at speeds less
than 3.3 m/s, which was shown (CRWMS M&O 1997b, Section 3.1.1) to be associated with
nighttime drainage winds. The daytime winds at Site 9 indicate airflow toward the north, or up-
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valley, from Arnargosa Valley into Jackass Flats. The nighttime winds at this site are mostly
from the north-northeast and northeast directions. Although the valley is broad at this site, the
nighttime winds remain consistently from a narrow range of directions.

Wind data taken from the twice-daily, upper-air rawinsonde ascents at the Desert Rock Airport
by ihe National Weather Service were summarized as wind-rose figures to compare the airflow
conditions aloft in the area. The wind-speed categories were modified from those used with the
surface winds to distinguish between the higher wind speeds that occur aloft. The lowest speed
category used with the surface-level winds was omitted from the upper-air plots, and the highest
level was changed to speeds that exceed 22 m/s (49 mi./hr.), rather than 11 m/s (25 mi./hr.).

The levels aloft used for the summaries are some of the pressure levels that are reported with all
rawinsonde ascents. The pressure levels and their corresponding height above mean sea level in
a standard atmosphere are: 850 mb at 1,457 m (4,780 ft), 700 mb at 3,011 m (9,879 ft), 500 mb
at 5,572 m (18,281 ft), and 300 mb at 9,159 m (30,049 ft). The elevation of the Desert Rock
Airport is 1,009 m (3,310 ft) above mean sea level. The 850-mb level is approximately the same
elevation as the top of the Yucca Mountain ridge.

The wind roses for the 850- and 700-mb levels are shown on Figure 6.2-6, and the wind rose for
the 500 mb level is shown on Figure 6.2-7. The outer frequency ring is 20 percent for all the
figures. The 850-mb level shows the regular occurrences of southwesterly winds, followed
nearly one-fourth of the time by winds from the north-northeast through east directions.
Southwesterly winds are still the dominant direction at the 700-mb level, but the northeasterly
winds seen at 850 mb are replaced by northwesterly winds. The 500 mb level shows the
dominance of westerly wind directions (CRWMS M&O 1997b, Section 3.4).

Maximum observed wind gust speeds can exceed 40 m/s (89 mi./hr.), particularly over exposed
terrain. Observed 1-min. average wind speeds (frequently associated with previous "fastest-
mile" data; that is, the outdated method of reporting the speed associated with the shortest time
interval during which wind passing a totalizing anemometer would travel 1 mi.) are
approximately 30 m/s (67 mi./hr.). Statistical estimates of the 100-yr. return period of the gust
and 1-min. speeds are about 50 m/s (112 mi./hr.) and about 45 m/s (101 mi./hr.), respectively.
The fastest winds tend to be from either the northerly or southerly directions, with topographic
channeling steering the winds along valley axes (CRWMS M&O 1997a, Section 4.2.2.3).

The air pollution potential in the Yucca Mountain area is relatively low. The complex terrain
setting provides few periods of calm winds often associated with higher air pollution potential.
Abundant sunshine typically causes adequate ground heating to provide surface-based
convection and associated atmospheric instability, which is conducive to very good atmospheric
dispersion conditions. Conversely, the clear nighttime skies lead to stable atmospheric
conditions and low mixing, but the associated downslope winds would reduce the ground-level
concentrations of material emitted in the surface boundary layer (CRWMS M&O 1997b, pp. 5-1
to 5-2).
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6.2.3.4 Tornadoes

Tornadoes are uncommon in the Yucca Mountain region and those that occur are relatively mild
(CRWMS M&O 1997a, Section 4.2.2.5). A survey of tornadoes in the Great Basin from 1986 to
1996 identified 73 events. Of these tornadoes, four were in the F2 category (winds between 50
and 70 m/s [112 to 157 mi./hr.]), 15 were in the FI category (winds between 32 and 50 m/s [72
to 112 mi./hr.]), and 54 were in the FO category (winds less than 32 m/s [72 mi./hr.]). None of
the F2 category tornadoes occurred in Nevada. The tornado closest to the site was an FO event in
Amargosa Valley, approximately 50 km (31 mi.) from the site (CRWMS M&O 1997a, Section
4.2.2.5).

The primary reason for the infrequent and weak tornadoes in the Yucca Mountain region is the
general lack of meteorological conditions conducive to their formation. The generally dry
conditions and the irregular, rough terrain are unfavorable for tornado generation. Conditions
favorable for tornado formation are most likely to occur when cold, closed, low-pressure systems
move from the eastern Pacific Ocean over Nevada, or when deep layers of subtropical moisture
migrate into the region from the Gulf of Mexico or the Gulf of California (CRWMS M&O
1997a, Section 4.2.2.5).

6.2.4 Meteorological Monitoring Network

The Yucca Mountain Site Characterization Project (YMP) has been collecting and reporting
results of measurements from a meteorological network in an environmental monitoring program
since December 1985. The network site locations and measurements were chosen to characterize
local airflow and atmospheric dispersion, support engineering design of surface facilities, and
comply with the State of Nevada air quality permit conditions related to site characterization
field activities. The U.S. Geological Survey has operated other precipitation measurement sites
for infiltration studies.

The airflow and dispersion studies were focused in two primary locations: (1) near potential
emission sources in Midway Valley and the east side of Yucca Mountain, and (2) along potential
airflow pathways toward the nearest populated area, Amargosa Valley. The meteorological
monitoring network expanded from five to nine sites during 1992 to improve understanding of
local airflow in the area around the Exploratory Studies Facility and at the southern boundary of
the Nevada Test Site near Amargosa Valley. Since topographic features, such as hills and
valleys, have significant influence on local airflow and related dispersion characteristics, the sites
were located in a variety of topography and over a wide area. Airflow studies in areas with
similar topography to that of Yucca Mountain have demonstrated complicated airflow and
dispersion patterns (CRWMS M&O 1997b). Five of the nine sites were reduced to precipitation
measurement sites in 1999, but the data discussed in Section 6.2 were collected at all nine sites.

The nine meteorological site locations cover a distance of 25 km (15.5 mi.) on Yucca Mountain
and the immediate vicinity. The sites extend from Gate-510, on the southern boundary of the
Nevada Test Site near Amargosa Valley, to well pad WT-6, along the western Nevada Test Site
boundary in Yucca Wash on the north side of Yucca Mountain. Site elevations range from
838 m (2,750 ft) above mean sea level at Gate-5 10 to 1,478-m (4,850 ft) above mean sea level on
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top of the Yucca Mountain ridge. Figure 6.2-2 shows the site locations; the geographic
coordinates and elevations are given in Table 6.2-2.

Eight of the nine meteorological sites have towers with wind and temperature sensors mounted
10 m above ground level, and one site has a tower with these sensors also mounted at 60 m
above ground level. The nine sites have temperature, atmospheric humidity, and solar radiation
sensors mounted at the 2m level, with barometric pressure and precipitation measurements made
near the surface. All sites have tipping-bucket precipitation gauges. Details on the
measurements are given in Section 6.2.4.2.

6.2.4.1 Meteorological Sites

Details on the nine meteorological sites are provided in this section, including the topographic
exposure of the sites and any special purposes intended for the information collected at the site.
The primary identifier of the sites is the site number; names for the sites are included to facilitate
recalling the location and to identify the site relative to site descriptions in older reports. The
reductions in monitoring activities in mid-1999 are not included in these descriptions.

Site 1 (Nevada Test Site-60)-Site 1 is at an elevation of 1,143 m (3,750 ft) above mean sea
level. It is located in western Midway Valley, an area bounded on the west by Yucca Mountain,
on the east by Fran Ridge, and on the south by a saddle between Fran Ridge and Yucca
Mountain. Yucca Mountain is a north-south narrow ridge with a maximum elevation of 1,523 m
(4,997 ft) above mean sea level. Fran Ridge has elevations up to approximately 1,220 m
(4,000 ft) above mean sea level. Site 1 has a multilevel meteorological tower that makes
continuous wind and temperature measurements at 60-in and 10-m heights (typically required by
the NRC for dispersion analyses). The atmospheric profile information helps define both the
vertical temperature and wind-layer structures. Of the network sites, this site is the most
representative of the Exploratory Studies Facility and potential surface facilities area. Thus, data
from this site are likely to be the focal point of atmospheric dispersion modeling activities.
Because of its primary location, the remaining site locations are given relative to this site.

Site 2 (Yucca Mountain)-Site 2 is on top of Yucca Mountain, near its northern end. It is
approximately 3.4 km (2.1 mi.) west-northwest of Site 1 at an elevation of 1,478 m (4,850 ft)
above mean sea level. Data from this ridge-top site were used to characterize airflow and other
meteorological conditions along this portion of the Yucca Mountain ridge. This information can
be useful in studying airflow above Midway Valley.

Site 3 (Coyote Wash)-Site 3 is midway up Coyote Wash, 2.3 km (1.4 mi.) west-northwest of
Site 1 at an elevation of 1,279 m (4,195 ft) above mean sea level. This site is in one of the many
canyon drainage areas that dominate the eastern slope of Yucca Mountain. Data from this site
can be used to assess atmospheric conditions typical of these canyons, which are important to
characterizing the frequent nocturnal drainage winds that affect airflow through Midway Valley.

Site 4 (Alice Hill)-Site 4 is on Alice Hill, in the northeastern portion of Midway Valley near the
junction of Yucca Wash and Fortymile Canyon. It is 3.4 km (2.1 mi.) northeast of Site I at an
elevation of 1,234 in (4,050 ft) above mean sea level. Data from this exposed hilltop location
can be compared with that from Site 1, in Midway Valley, and Site 7, in Sever Wash, to study
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the vertical structure of the airflow along this likely pathway from the potential repository in
Midway Valley toward the nearest populated area in Amargosa Valley.

Site 5 (Fortymile Wash)-Site 5 is in the broad valley of lower Jackass Flats, on the eastern edge
of Fortymile Wash, about midway between Yucca Wash to the north and Amargosa Valley to the
south. The site is 9.4 km (5.8 mi.) southeast of Site I at an elevation of 953 m (3,125 ft) above
mean sea level. Data from this site provide information on airflow between Midway Valley and
Amargosa Valley through this portion of Jackass Flats.

Site 6 (WT-6)-Site 6 is the northernmost tower in the network. It is at well pad WT-6 on the
western border of the Nevada Test Site, adjacent to the Nellis Air Force Gunnery Range, in the
northern portion of Yucca Wash. It is 6.1 km (3.8 mi.) northwest of Site 1 at an elevation of
1,315 m (4,315 ft) above mean sea level. This site monitors the southerly daytime airflow
exiting the northern end of Midway Valley. It also monitors the nighttime drainage winds
entering Midway Valley through Yucca Wash.

Site 7 (Sever Wash)-Site 7 is in the gap between Fran Ridge and Alice Hill on the east side of
Midway Valley, 2.1 km (1.3 mi.) east-northeast of Site 1 at an elevation of 1,081 m (3,545 ft)
above mean sea level. The site is near the lowest elevation in Midway Valley and is on a surface
pathway of nocturnal drainage airflow that exits Midway Valley through this gap. Comparisons
between conditions at this site and Site 4 on Alice Hill, which is 2 km north-northeast of Site 7
and 153 m (approximately 505 ft) higher in elevation, provide information on the vertical
structure of airflow in this area.

Site 8 (Knothead Gap)-Site 8 is in the southern portion of Midway Valley in the saddle
between the Yucca Mountain ridge and Fran Ridge, just northeast of Bow Ridge. It is 1.7 km
(1.1 mi.) south of Site I at an elevation of 1,131 m (3,710 ft) above mean sea level. The site is
east of the Exploratory Studies Facility South Portal. This location was chosen primarily to
determine the pathway of nocturnal airflow in this portion of Midway Valley.

Site 9 (Gate-510)-Site 9 is near the southwest corner of the Nevada Test Site. It is 19.2 km
(11.9 mi.) south of Site 1 at an elevation of 838 m (2,750 ft) above mean sea level, between
Jackass Flats and Amargosa Valley. The site monitors near-surface airflow between the Nevada
Test Site portion of the site characterization area and the community of Amargosa Valley, the
populated area nearest the potential repository location.

6.2.4.2 Measurements

The choices of meteorological monitoring equipment and methods were based on NRC guidance
(Regulatory Guide 1.23, Onsite Meteorological Programs), U.S. Environmental Protection
Agency guidance on monitoring for prevention of significant deterioration (EPA 1987a),
regulatory modeling applications (EPA 1987b), and wind characterization guidance from the
American Society for Testing and Materials (ASTM D 5741-96). Although prevention of
significant deterioration regulations do not apply to site characterization activities, meeting these
requirements significantly increases the probability that data collected can meet future dispersion
modeling requirements. In addition, the State of Nevada air quality operating permit stipulates
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that equipment and methods must comply with prevention of significant deterioration guidance.
The monitoring program also complies with YMP requirements.

The monitoring station equipment was purchased as a system and was installed and operated by
the Radiological and Environmental Programs Department. The sensors were calibrated by
vendors or Radiological and Environmental Programs Department technical staff using
equipment traceable to the National Institute of Standards and Technology or other approved
standards organizations. The sensors are described in Table 6.2-6; a summary of measurement
methods follows:

. For all sites, horizontal wind speed and direction and vertical speed are measured at
10 m above ground level, the standard height for wind measurements in dispersion
studies. The tower at Site 1 is instrumented with additional horizontal wind sensors at
60 m above ground level to monitor conditions aloft near the potential surface facilities.
This is particularly relevant if there are emissions from elevated sources, such as stacks.

* Air temperature, incoming solar radiation, and relative humidity (dew-point temperature
was measured at Site 1 instead of relative humidity until late 1998) are measured at 2 m
above ground level. Air temperature is also measured at 10 m above ground level,
providing a temperature difference (an indicator of atmospheric stability) between
10 and 2 m above ground level. Temperature is also measured at 60 m above ground
level at Site 1 to determine the temperature difference between 60 and 10 m above
ground level. The air temperature measurements have been made with mechanically
aspirated shields since September 1993 at all sites, and since installation during 1992 at
Sites 6 through 9. Prior temperature measurements were made in naturally
ventilated shields.

* Barometric pressure is measured near the surface. It is used in airflow analyses and with
ambient radon measurements in YMP radiological studies.

Precipitation is measured near the surface by tipping bucket gauges to record the times of
precipitation events. The gauges at Sites I through 4 and 6 through 8 were heated to measure
frozen precipitation as it occurred. Sites 5 and 9 rarely receive measurable frozen precipitation,
so those gauges were not heated. Storage gauges were added at the nine meteorological sites
during 1995 to measure total precipitation.

6.2.4.3 Monitoring Program Database

The onsite data loggers at the nine meteorological sites sample each measurement channel once
per second. The measurements are processed into combinations of means, totals, and extremes
and are recorded at 1 0-min., 1-hr., and daily intervals. Precipitation events are also recorded as
they occur.

Onsite data processing is used to calculate some special purpose parameters, which are also
recorded. The fastest, 1-min., average wind speed (with corresponding direction) and the fastest
running, 3-s, horizontal wind speed are relevant to engineering design. The daily, extreme,
1-min. average temperatures are relevant to climatic studies. The standard deviations of
horizontal wind direction (sigma-theta, also known as sigma-A), vertical wind speed (sigma-w),
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and horizontal wind speed (sigma-u) are indicators of atmospheric stability and other airflow
characteristics.

In addition to site identifier and time information, the on-site data records include system and
temperature shield aspirator battery voltages, an event marker used during on-site actions by site
technicians, and a unique data logger and on-site calculation routine identifier.

The monitoring program produces a database for each site. Tables 6.2-7 to 6.2-9 contain
descriptions of the parameters in this database.

6.2.5 Climatological Summary

Summary tables of present climatological data obtained from recent historical records from the
YMP and other sources are presented in this section. Data from these tables were discussed in
previous portions of this section. These data summaries were created to provide a more
comprehensive listing of summary data. The summary tables are grouped into four topics. The
first group is typical climatological summaries of data from the YMP Radiological and
Environmental Programs Department meteorological monitoring stations (Tables 6.2-10 to
6.2-19), followed by similar data from nearby National Weather Service stations in central and
southern Nevada (Tables 6.2-20 to 6.2-23). The third group is two sets of annual precipitation
totals from the few National Weather Service stations in central and southern Nevada with long
periods of record (Tables 6.2-24 to 6.2-25). Finally, specific Radiological and Environmental
Programs Department data are summarized for certain engineering design tasks (Table 6.2-26).

The statistical terms used in this section are identified below, along with further information on
how they have been applied to specific measurements.

Statistical terms include:

* Extreme Maximum-The highest of the daily maximum values

* Mean Maximum-The average of the daily maximum values

Mean-The average of all values

Mean Minimum-The average of the lowest daily minimum values

* Extreme Minimum-The lowest of the daily minimum values

* Fastest 1-Min.-The highest wind speed measured in a 1-min. clock period (not a
running 1 -min. value), with the associated wind direction

* Peak, 3-s Gust-The highest 3-s running average wind speed

* Mean Diurnal Range-The average of the differences between the highest and lowest
1-hr. average temperature values.
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Summaries specific to measurements include:

. Temperature-The mean values, and the daily extreme values prior to 1994 (1996 at
Site 1) are based on hourly averages of 1-s samples. As of 1994 (1996 at Site 1), the
daily extreme values are based on 1-s data averaged over 1 min.

Number of Days-The number-of-days summaries are based on the number of calendar
days for the period meeting the precipitation or temperature occurrence criteria. The
averages were taken of the occurrences during the years of the summary.

Barometric Pressure-Barometric pressure averages are based on the hourly averages of
1-s data.

. Mean Relative Humidity-Averages are based on hourly averages of 1-s data calculated
for four specific hours during the day spaced at 6-hr intervals: 0400, 1000, 1600, and
2200 Pacific Standard Time.

. Precipitation-The maximums for the 6- and 24-hr periods are based on a continuous
running period that may encompass more than one calendar day. The total is based on
the average of the entire period for each month. Entries with a "T" indicate that a trace
of precipitation (or snowfall) was observed.

. Wind-Mean wind speed is based on hourly averages of 1-s data. The fastest 1-min.
wind speed and peak 3-s gust are based on extremes of 1-s data samples.

Tables 6.2-10 to 6.2-18 are monthly and annual climatological summaries from Radiological and
Environmental Programs Department Sites 1 to 9, respectively. Table 6.2-19 is the annual
summaries for all nine Radiological and Environmental Programs Department sites. The site
locations are described in Section 6.2.4. The data periods for the Radiological and
Environmental Programs Department site summaries are shown below:

. Site 1-All summaries are based on a 12-yr. period, 1986 to 1997.

. Sites 2 to 5-Temperature, relative humidity, and average wind speed are based on a
12-yr. period, from 1986 to 1997. Barometric pressure and precipitation are based on a
9-yr. period, from 1989 to 1997. Fastest 1-min. wind speed is based on a 5-yr. period,
from 1993 to 1997, and a peak 3-s gust on a 4.5-yr. period, from mid-1993 to 1997.

. Sites 6 to 9-All measurements, except for a peak 3-s gust, are based on a 5-yr. period,
from 1993 to 1997. A peak 3-s gust is based on a 4.5-yr. period, from mid-1993 to
1997.

Tables 6.2-20 to 6.2-23 are monthly and annual climatological summaries of temperature,
precipitation, and snowfall data from National Weather Service sites in central and southern
Nevada.
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Tables 6.2-24 and 6.2-25 are annual precipitation totals for some central and southern Nevada
National Weather Service sites during two time periods: from 1921 to 1947 and from 1948 to
1995.

Table 6.2-26 is a summary of the American Society of Heating, Refrigerating, and Air-
Conditioning Engineers data for the Radiological and Environmental Programs Department sites.
The content of Table 6.2-26 is identified below by table column (ASHRAE 1993):

. Column 1, Station-This lists the site number (and name) for the meteorological
monitoring station.

* Column 2, Latitude-This lists the site latitude in degrees, minutes, and seconds.

* Column 3, Longitude-This lists the site longitude in degrees, minutes, and seconds.

. Column 4, Elevation-This lists the site elevation in meters.

. Column 5, Design Dry-Bulb-This gives the dry-bulb temperatures in degrees Celsius
that have been equaled or exceeded by 99 percent and 97.5 percent of the total hours in
December, January, and February.

Column 6, Design Dry-Bulb and Mean Coincident Wet-Bulb-This gives the dry-bulb
temperatures in degrees Celsius that have been equaled or exceeded by I percent,
2.5 percent, and 5 percent of the total hours in June, July; August, and September. The
listed wet-bulb temperature is the mean of all wet-bulb temperatures coincident with
those dry-bulb temperatures exceeding the given levels.

* Column 7, Mean Daily Range-This lists the difference between the average daily
maximum and average daily minimum temperatures in degrees Celsius for the warmest
month.

. Column 8, Design Wet-Bulb-This lists the wet-bulb temperatures in degrees Celsius
that have been equaled or exceeded by I percent, 2.5 percent, and 5 percent of the total
hours in June, July, August, and September.

* Column 9, Prevailing Wind-This gives the wind direction occurring coincidentally
with the 97.5 percent dry-bulb temperature in December, January, and February
(winter), the wind direction occurring coincidentally with the 2.5 percent dry-bulb
temperature in June, July, August, and September (summer), and the mean wind speed
in meters per second occurring coincidentally with the 97.5 percent dry-bulb
temperature in December, January, and February.

• Column 10, Median of Annual Extremes-This gives the median of the annual extreme
maximum and minimum temperature in degrees Celsius.
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6.3 PALEOCLIMATOLOGY

Climate change operates over a wide range of time scales. Geologic-scale climate drivers, such
as differing land and ocean configurations resulting from continental drift and the location and
height of mountain ranges, occur over thousands of millennia. Conversely, shorter term climate
drivers, such as the earth's orbital cycle and solar output cycles, function within multimillennial
to decadal time frames. These shorter term climate drivers have operated throughout the earth's
history, so the global aridity during the Triassic or the tropical humidity of the Cretaceous was
subject to essentially the same orbital parameters and similar variability in solar output as the
modem world, even though the configuration of land and ocean on the earth was very different.

All of the drivers of modem-day climate, and of climate for about the past 500 k.y., operate in a
world with a largely invariant land, mountain, and ocean configuration. Therefore, the geologic-
scale climate drivers operate over time scales outside the interest of the Yucca Mountain Site
Characterization Project (YMP). The climate for the next 500 k.y., like that of the past 500 k.y.,
will be determined by changes in the shorter term climate drivers that operate on the hundred-to-
ten-millennia, and even shorter, time scales.

These shorter term climate drivers have the potential to affect the long-term performance of a
repository system within Yucca Mountain. In contrast to geologically driven climate states,
short-term driven climate states typical of the past are likely to reoccur in the future. Therefore,
climate change on the century-through-millennium to tens-of-millennia time scales is of utmost
interest to the YMP, because a repository must isolate or impede radionuclide transport during
the postclosure period.

This section documents the timing, magnitude, and character of past climate change in the Yucca
Mountain area and establishes the rationale for projecting such changes into the future.
Estimating and bounding future hydrologic conditions within the Yucca Mountain unsaturated
zone, saturated zone, and groundwater discharge zone require an understanding of potential
future climate change scenarios, including their timing. Wetter and cooler climates that persist
for centuries or millennia are of the greatest interest because such climates produce more
infiltration and percolation resulting in higher water tables and groundwater discharge relative to
present hydrologic conditions. The basis for considering past and future climates in the Yucca
Mountain area comes from the total system performance assessment and the infiltration models
based on site characterization studies.

6.3.1 Introduction

Paleoclimatology offers insights into long-term climate history and into those factors thought to
cause climate change. Interpretation of paleoclimate records provides a rationale to link
unsaturated zone percolation, saturated zone hydrology (e.g., a higher regional water table), and
past groundwater discharge with climate history. The linkage of past climate, especially
parameters such as mean annual temperature and mean annual precipitation, with past Yucca
Mountain hydrology offers a basis for bounding the relation between climate and hydrology in
the future. The expected general characteristics of potential future climate change are discussed
in Section 6.4.
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This section provides an analysis of the Quaternary climate by describing the astronomic,
atmospheric, hydrospheric, cryospheric, and biospheric aspects of successive past climatic
regimes, and the magnitude and rates at which the climate change has occurred. Changes in
precipitation and air temperature regimes are discussed, and changes in wind flow patterns are
inferred. The primary records of past climate change come from stratigraphic successions of
plant and animal fossils, stable 0 (8180) and C (813 C) isotopes, and radiogenic Sr isotopes
(68 7Sr). The equally important age relations of the climate records are derived from U-series
disequilibria; 23 UTh/U, U/Pb, and radiocarbon (14C) dating, tephrochronology, paleomagnetic
polarity stratigraphy, and stratigraphic position.

Drivers of climate change and climate history are discussed in the context of global, regional,
discrete (local), and site records of climate change (Sections 6.3.3.2 through 6.3.5). The term
"region" includes records from outside of the Yucca Mountain precipitation area, but within
approximately 100 mi. (162 km) of Yucca Mountain. The regional records can identify the rate
and timing of climate change, as well as the duration of climate states, but the magnitude of that
change may or may not apply to the Yucca Mountain area. "Discrete," by contrast, involves
records from within the Yucca Mountain area and includes, for example, precipitation falling on
the Spring and Sheep ranges, as well as on the Yucca Mountain catchment itself. "Site" records
are those on and within Yucca Mountain. Those areas closest to Yucca Mountain are the most
likely to reflect the rate, timing, and duration in the vicinity of Yucca Mountain, whereas areas
farther away may be interrelated but differ in these aspects (Smith et al. 1997, p. 149). Climate
records, whether at regional, discrete, or site scales, may be long and continuous, such as those
from Owens Lake or Devils Hole, or short and discontinuous, such as those obtained from
packrat middens and marsh deposits.

6.3.2 Sources of Information

A variety of sources of information contribute to developing an understanding of the
paleoclimate in the Yucca Mountain area. Data can be classified as providing a long-term record
of regional climate change, a discrete record of late Quaternary climate change, or information
on site climate. Long-term records of regional climate are available from Devils Hole in the Ash
Meadows area of Nevada; Owens Lake, California; and Death Valley, California. Types of data
examined include microfossils (ostracodes and diatoms), cores, age models, radiocarbon ages,
volcanic ash age determinations, stratigraphy, and sedimentology. Discrete records of late
Quaternary climate change include wetland and spring deposits, and radiocarbon ages and plant
macrofossil data collected from the middens. Site records of past climate include isotopic data
sets collected from calcite precipitated in fractures within Yucca Mountain and calcite
precipitated in the soils on or near Yucca Mountain.

6.3.3 Quaternary Climate Change Global Factors

Global climate may be thought of as processes operating within the atmosphere to balance a
perpetually out-of-balance heat budget resulting from the fact that the earth receives more
insolation at the equator than at the poles. As a consequence of the insolation imbalance, heat is
transported toward the poles from the equator by both the atmosphere and the oceans. Heat
transport within the atmosphere interacts in complex ways with the oceans and the land, resulting
in the large-scale and small-scale features of synoptic and global circulation described in
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Section 6.2.2. Changes in the earth's insolation over millennia result in changes in the heat
budget between the equatorial regions and the poles; as the heat budget changes, so does climate,
(Barry and Chorley 1992, pp. 322 to 324, 379; Imbrie et al. 1992, p. 701).

Changes in insolation may, for example, result from multimillennial earth-orbital cycles or from
decade-to-century solar output cycles. The way in which the earth's lower atmosphere
(troposphere) transfers that insolation into climate is further influenced by volcanic eruptions;
CO2 and water vapor levels; El Nifio Southern Oscillation events; and cloud, snow, and ice cover
that affect the refractive and reflective characteristics of the atmosphere (Hays et al. 1976,
p. 1121).

Refractive and reflective characteristics of the atmosphere affect the amount of incoming short-
wave and outgoing long-wave radiation and, hence, the atmosphere's energy (heat) budget.
Global warming, for example, is based on the capacity of elevated levels of atmospheric CO2 and
water vapor to reduce outbound, long-wave radiation, resulting in a gain in atmospheric energy
(heat). Conversely, snow cover increases the reflective characteristics of the earth's surface and
increases outbound radiation resulting in greater energy (heat) loss. Cloud cover may reflect and
capture inbound, short-wave radiation creating an energy (heat) loss. Sulfate derived from
volcanic eruptions also reflects and absorbs inbound radiation, resulting in heat loss.
Atmospheric dust, especially if it resides in the stratosphere where it cannot rain out, also plays a
significant role in the atmospheric energy budget (Barry and Chorley 1992, pp. 1 to 34).

The tropospheric heat budget has a variety of often complex checks and balances or feedback
mechanisms that maintain it within certain energy bounds. For example, if global warming
persists, the level of water vapor in the atmosphere (specific humidity) will increase, potentially
resulting in an increase in cloud formation that, over time, could counter the heat gains due to
global warming (Barry and Chorley 1992, pp. 321 to 329). Gain or loss of heat between the
oceans and the atmosphere represent another important and complex set of atmospheric heat
budget feedback phenomena.

All of these tropospheric processes operate within present-day insolation levels that are
determined by orbital parameters and the amount of solar output (Barry and Chorley 1992,
pp. 322 to 323). Because the earth's orbital parameters and solar output change with time, so,
too, must the gross insolation levels received in the earth's upper atmosphere. Thus, the
tropospheric processes are ongoing, but they must ultimately deal with the changing amounts of
insolation. These cyclical and systematic changes in the distance and aspect of the earth relative
to the sun, and the resulting changes in insolation on a millennial time scale, are small but, based
on long-term climate records, are significant and correlated with the major features of climate
change-the glacial and interglacial periods (Barry and Chorley 1992, p. 322 to 323). Because
the glacial periods dominate Quaternary climate history and are periods of sustained higher
effective moisture in the Yucca Mountain area, understanding the past and possible future
relation between climate and insolation is key to understanding the Yucca Mountain
site hydrology.
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6.3.3.1 Orbital Parameters Affecting Climate over Millennia

Three of the earth's orbital parameters change on a cyclical basis (Berger and Loutre 1991,
p. 297). These parameters are eccentricity, the shape of the earth's orbit; obliquity, the angle of
its spin axis relative to the ecliptic; and precession, the wobble of the earth's spin axis
(Figure 6.3-1). Changes in the distance from the sun or the angle of incidence of incoming
sunlight are important factors that determine the amount of insolation the earth receives at a
particular moment in time. Of course, the seasonal differences in insolation, when the earth's
hemispheres face toward or away from the sun, are the most pronounced in summer and winter.

The shape of the earth's orbit (eccentricity) changes from almost circular to slightly elliptical on
roughly a 100-k.y. time scale because of the gravitational pull of the sun and the other planets,
especially Jupiter. The tilt of the earth's spin axis relative to the ecliptic (obliquity) changes by
about 2.50 about every 44 k.y. Finally, the earth slowly wobbles with about a 24-k.y. cycle
during its orbit, resulting in a change in the seasonal tilt of the spin axis (precession), with
respect to the sun, about every 12 k.y. Berger and Loutre (1991, pp. 298 to 304) describe the
behavior and timing of earth-orbital parameters and the criteria to calculate these parameters,
past and future.

Eccentricity plays a key role in the nature of earth's insolation. When the earth's orbit is nearly
circular, the tropics receive the same amount of heat in all months. Also, heat input to the
northern and southern hemispheres is seasonally symmetrical-the northern hemisphere receives
the same amount of heat in its seasons (e.g., winter, December) as does the southern hemisphere
in its equivalent season (e.g., winter, June). When the orbit is elliptical, heat input to the tropics
varies seasonally, and the heat input to the northern and southern hemispheres is asymmetrical
(i.e., not seasonally equal). The change from circular to elliptical orbits occurs over an
approximately 100-k.y. cycle, but successive cycles differ in the magnitude of the change from a
circular to an elliptical orbit. Commonly, four 100-k.y. cycles cluster to form a 400-k.y. cycle
(Berger and Loutre 1991, Figure 4a, p. 309). Figure 6.3-2 shows two such cycles during the
last 1 m.y.

Obliquity determines the angle of incident rays from the sun and, hence, the magnitude of
insolation change at high latitudes. The tilt of the earth's spin axis changes from about 220 to
24.5° over an approximately 44-k.y. cycle. A change in the earth's axial tilt results in a change
in the areal extent of the polar circle and, hence, the relative amount of heat received by the polar
region during the year. Obliquity serves to increase or decrease the polar heat deficit relative to
the tropics and, in this way, increases or decreases the strength of the polar cell. The obliquity
effect will be expanded or contracted as its periodicity moves in and out of phase
with eccentricity.

Precession amplifies or dampens the changes in insolation that occur with eccentricity. Today,
the earth's orbit is slightly elliptical, and the earth is at its minimum distance from the sun during
the northern hemisphere winter, but is tilted away from the sun. Necessarily, the southern
hemisphere is tilted towards the sun at this position in the earth's modern orbit. Thus, the
southern hemisphere receives more insolation during its summer than does the northern
hemisphere during its summer, and the opposite is true for the winters. However, because the
earth wobbles on its axis over a 12-k.y. period, the seasonal minimum and maximum distances to
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the sun reverse for the northern and southern hemispheres every 12 k.y. So, a full precession
cycle is 24 k.y. and is of major importance to the global heat budget (Figure 6.3-3).

The orbital parameters of eccentricity, obliquity, and precession operate on a millennial scale and
either add or subtract to insolation. Seasonal changes in insolation at the equator and in the
northern and southern hemispheres drive the climate system. Change in insolation has the
potential to change climate on a global scale in a major way, not just perturb it, for example, as
happens with volcanic eruptions. Because insolation is calculated from known principles of
celestial mechanics, future values of insolation may be determined (Figure 6.3-4). The next
100-k.y. subcycle will describe a relatively circular, rather than elliptical, orbit. The last time
that occurred was 400 ka, and, as shown on Figure 6.3-5, insolation for the next 100 k.y. will be
quite similar to that between 400 and 300 ka. Clearly, because the eccentricity, obliquity, and
precession cycles have different frequencies, they will act collectively to reinforce or dampen
their effect on insolation, as can be seen by inspection of long-term insolation curves for
different earth latitudes (Figure 6.3-6).

6.3.3.2 Continental Glaciers as Internal Forcing Mechanisms

The idea that variability in incoming solar radiation, forced in turn by variations in the elements
of the earth's orbit around the sun, can be the "pacemaker of the ice ages" has been with us since
the 19th century (Imbrie and Imbrie 1986, pp. 69 to 88). However, despite the fact that the
astronomical theory of the ice ages is now widely accepted, the details of exactly how insolation
variations trigger continental glaciations and deglaciations remain elusive (e.g. Webb et al. 1993,
p. 532). Regardless, for this treatment of past and potential future climates of the Yucca
Mountain area, what is important is that (1) there is a predictable pacemaker of the ice ages, and
this constitutes the external forcing mechanism of global climate change, and (2) these major
global climate changes result in substantial changes in regional climate.

The most important of the internal (as opposed to orbitally induced, external) forcing
mechanisms of regional climate change as it relates to the glacial-interglacial cycle are the
presence, size, and height of the North American continental glaciers. During glacial maxima,
the presence of an ice sheet as far south as the latitude of present-day Tacoma, Washington
(approximately 460 N Latitude) led to a steepening of the pole-to-equator temperature and
pressure gradients relative to the present. This steepened gradient led to a southward
displacement of the polar cells (Section 6.2.2.1) and, consequently, a southward deflection of the
mean path of that branch of the polar jet stream flowing south of the continental ice sheet
(Kutzbach and Guetter 1986, p. 1743). Currently, winter storms from the Pacific that are
entrained in this jet stream most often make landfall in the Pacific Northwest. During glacial
ages, these storms followed a jet stream deflected to the south and more often entered the
American Southwest, largely accounting for the substantial increase in precipitation evident in
glacial-age paleoclimatic records in that region (Thompson et al. 1993, pp. 501, 505).

Climate Variability over Short Time Scales-A number of phenomena affect the energy budget
of the atmosphere on short time scales, ranging from decades to several centuries. These events
include perturbations such as solar variability, volcanism, CO2 variation, and the El Nifo
Southern Oscillation. They occur across all climate modes, and therefore act variably on the
sensible climate at the surface of the earth. Sometimes the effects of the phenomena are small,
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sometimes self-canceling, but at other times additive, thereby creating changes in precipitation
and temperature. These changes can be important in the future climate of Yucca Mountain and,
to the extent they are predictable, need to be incorporated into future scenarios for climate-
mediated, hydrologic change at the potential repository site.

Solar Variability-The energy delivered to the earth from the sun is not constant, but changes a
fraction of a percent in relation to solar activity or the number and distribution of turbulent and
calm areas on the sun's surface (Barry and Chorley 1992, pp. 17 to 18). By itself, the small
change in irradiation is not considered to be sufficient to force climate change. Nevertheless,
climate changes have coincided with changes in solar activity, possibly for reasons related to
cosmic radiation and its role in cloud formation and enhancement of precipitation (Karlkn and
Kuylenstierna 1996, p. 363).

Variability in solar activity occurs in short-term cycles, ranging from the familiar "sun spot
cycles" of 11-yr. duration to longer periods of greater or lesser activity. The total solar
irradiance, which is a measure of the climate-driving radiative energy received by the earth from
the sun, has a direct association to solar magnetic activity (sun spots) and also to climate change,
as measured by historical records of climate and sun spots (Eddy 1976, p. 1199; Willson 1997,
p. 1963).

Changes in the variability of solar irradiance may impact climate globally. For example, Willson
and Hudson (1988, p. 810) suggested that the decrease in total solar irradiance during the
Maunder Minimum (a period of very low sun spot activity between A.D. 1650 and 1715) may
have been a contributing factor to the Little Ice Age climate anomaly that coincided with
expansion of glaciers throughout much of northwestern Europe (Bradley and Jones 1992, p. 673;
Grove 1988, pp. 117, 354) and a general lowering of temperature of about 1PC. Similarly, colder
and moister climates indicated by tree ring chronologies in the White Mountains in eastern
California (LaMarche 1974, Figure 5, p. 1046) also correlate to the time of Little Ice Age
environments in Europe. In addition, interpretation of pollen records from the Pahranagat
Marshes, about 110 km northeast of Yucca Mountain (Wigand 1997, p. 73), show persistent
submillennial-scale gains in precipitation and reductions in temperature that correlate in time
with Little Ice Age-style climate changes seen in tree ring records. The Pahranagat Marsh core
for the past 2 k.y. also records century-scale fluctuations of pollen types, indicative of episodes
of wetter and drier climates that indicate a regional effect of short-term climate change on
desert vegetation.

Total solar irradiance may affect important climate drivers such as insolation. At present, the
earth is experiencing an increasing trend in solar irradiance, which may be part of a 250- to-
350-yr. cycle (Wigley and Kelly 1990, p. 557 [159]). If this continues, it could significantly add
to the predicted effects of global warming caused by greenhouse gases (Willson 1997, p. 1965).

Volcanism-Volcanic eruptions indirectly affect climate through the effects of particulate and
aerosol emissions, particularly sulfur. The idea that dust from volcanoes causes the earth to cool
by blocking solar radiation has been shown to be of limited importance when the dust is in the
troposphere, because it is readily rained out. In contrast, volcanic sulfur emissions react to
produce sulfuric-acid aerosols, which have much longer residence times and can efficiently
backscatter and absorb incident solar radiation causing atmospheric cooling (Carroll 1997,
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p. 543). Such emissions can cause cooling of global temperatures on the order of a few tenths of
a degree Celsius (Bryson 1989, p. 123; Self et al. 1981, p. 41). Typically, such effects last about
I to 5 yr., but when they occur in combination with other short-term climate variables, such as
El Nifio events, large changes in precipitation can occur.

Although there have been periodicities in the number and size of volcanic eruptions
(Bryson 1989, Figure 16, p. 117), they appear related to crustal movements caused by tectonics
and, possibly, by ice loading or unloading. Consequently, although the climatic effects of
volcanic eruptions can be considered in future climate scenarios, they cannot be
accurately predicted.

Carbon Dioxide-Human-caused increases in CO2 have generated much scientific and public
concern, because higher levels of atmospheric CO2 act as a trap for outbound long-wave
radiation, thus warming the earth (Broecker 1997, p. 1588). The consequences of a warmer earth
will almost certainly result in greater amounts of water vapor entering the atmosphere, which
should appear as increased precipitation, at least in some areas. Disagreement exists as to
whether recent climate variability results from rising CO2 levels, beginning with the widespread
use of coal during the Industrial Revolution, or from the variable impacts of other factors, such
as the current solar radiation cycle and volcanic dust (Crowley 1996).

Natural levels of CO2 varied significantly in the past, particularly between glacial and
interglacial periods, as a function of ocean circulation, chemistry, productivity, temperatures,
terrestrial vegetation cover, and other factors, including volcanism. Low CO2 levels during
glacial periods changed to preindustrial modem levels over the course of millennia in some ice
cores (Neftel et al. 1988, p. 611, Figure 3), but rapid (50 yr. or less) changes of smaller
magnitude occurred during both glacial and interglacial periods (Stauffer et al. 1984, Figure 1,
pp. 160, 162). The basic individual mechanisms underlying CO2 variations are known, but the
details and the dynamics of the overall changes are not (Siegenthaler 1991, p. 257). Nor is it
known whether climate changes affected CO2 levels or vice versa. Climate changes at Yucca
Mountain were, and will certainly be, affected by changes in the global carbon budget. Because
CO2 is so intimately linked with climate change, their separation at this time is not possible.

El Nifto Southern Oscillation-The eastward migration of warm surface ocean water from the
tropical western Pacific Ocean occurs as a result of relaxed trade winds linked to barometric
pressure differences between the western and central Pacific. A reversal of normal atmospheric
circulation (in which surface air flows from east to west toward low-pressure areas in the western
Pacific Ocean) occurs when surface atmospheric pressures are higher in the west (over Indonesia
and Australia) and lower to the east. The relaxation of trade-wind flow is a complex relation
between ocean and atmosphere the cause of which is not fully understood. From a global
atmospheric perspective, the relaxation of the trades, in part, represents a reduction or
fragmentation of Hadley circulation. Further, circulation along the equatorial Pacific, called
Walker flow collapses, and a similar but unnamed circulation originates in the eastern Pacific, as
winds blow from west to east carrying warm water to the west coasts of North and South
America. This results in drought in Australia and increased precipitation over western South
America. The warm ocean water increases atmospheric convection, and, in combination with a
strengthened flow of the polar jet stream, can dramatically increase precipitation in the
southwestern United States over periods of 2 to 8 yr. (Cayan and Webb 1992, pp. 31 to 32).
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Analyses of high-resolution, proxy records of climate, tree rings, corals, ice cores, and varved
sediments have made it possible to establish the recurrence of El Nin-o Southern Oscillation
events. Of relevance to Yucca Mountain are data that suggest variability in the intensity and
frequencies of past El Nifto Southern Oscillation events. For example, Anderson (1992, p. 193)
statistically examined historical El Niino Southern Oscillation records to show that the warm,
El Niflo phase of El Nifto Southern Oscillation occurred more frequently in cycles of 90, 50, and
22 yr., and that during the Medieval Warm Period, El Nifto events were less common. Farther
back in time, paleoenvironmental records from Australia and South America suggest that in early
Holocene time (10 to 7.5 ka, or early oxygen isotope stage [OIS]-l), El Nifio Southern
Oscillation events were either of much reduced amplitude or were of different expression
because of altered climatic and oceanic boundary conditions (McGlone et al. 1992, p. 436).

Documentation of El Niflo Southern Oscillation-related climate events in the Yucca Mountain
region requires proxy paleoclimate records from annual tree ring chronologies taken from conifer
stands in the White and Spring mountains of California and Nevada, respectively. Tree ring
studies on southern California forests, including the White Mountains, have been integrated with
other tree ring records in the western United States to track potential El Nifio Southern
Oscillation periodicities (Meko 1992, p. 227). The results show that southwest tree ring width
variations are highly intercorrelated in the El Niho Southern Oscillation wavelength band (2.8 to
10.2 yr.). However, the tree ring width series is also well correlated at longer and shorter
periodicities, indicating that not only El Niflo Southern Oscillation affects regional tree growth.
In fact, even correlations within the El Niino Southern Oscillation wavelength band cannot be
unambiguously related to El Nifto Southern Oscillation, as many other climate-controlled factors
also operate within the El Nifto Southern Oscillation band (Meko 1992, p. 238).

The variable role that the El Niflo Southern Oscillation has played in past climate is likely to
continue into the future, especially as boundary conditions change because of changing
insolation and ocean circulation. It is reasonable to assume that Yucca Mountain will probably
be affected by these changes, and, consequently, any prediction of future climate in southern
Nevada must at least recognize the natural variability of climate in response to processes like the
El Nifto Southern Oscillation. For example, abundant winter precipitation in the local Yucca
Mountain area in response to the 1969 and 1993 El Nifto Southern Oscillation events caused
sufficient flow in the Amargosa River to form shallow lakes in Death Valley (Grasso 1996,
p. 40). During the 1983 El Nifto Southern Oscillation event, both winter and summer
precipitation events were so large that the Amargosa flow gauge at Tecopa, California (350 53'N,
11601 4'W), 100 km south of Yucca Mountain, was destroyed in the ensuing flood.

6.3.4 Long Regional Records of Quaternary Climate Change

Long paleoenvironmental records are critical for understanding the nature of climate change
within the Yucca Mountain region.

Long records provide the linkages between orbital parameters (see Section 6.3.3.1), which force,
or at least time, climate change and the interpretable climate records. For example, during the
late Pleistocene, about 22 ka, northern hemisphere insolation minimum, continental glaciers
flowed into the United States. As a consequence, polar air masses, now largely confined in the
winter to latitudes above 55°N latitude moved to (and remained at) latitudes farther south,
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approximately 200 to 250N (Kutzbach and Guetter 1986, p. 1743). This change brought storm
tracks regularly to the latitude of Yucca Mountain (36.750 N), and, in a sense, transported the
modem-day northern climate processes of north-central British Columbia, Canada, to the
Yucca Mountain area.

Long records also provide data on the cyclicity of climate change that has occurred in the Yucca
Mountain region and that will likely impact the hydrologic cycle in the future. Such records,
close to Yucca Mountain, have the advantage of identifying global climate cyclicity with specific
patterns of past regional climate changes relevant to the repository site that can be expected to
occur in the future.

6.3.4.1 Long, Continuous Regional Climate Records

Long regional records of Quaternary climate change are critical for understanding the timing,
magnitude, and frequency of past climate in the Yucca Mountain region. Proxy data, such as
calcite deposits, lake cores, vegetation, and spring and wetland deposits, can record variation in
past temperature, precipitation, and hydrology in both glacial and interglacial climate regimes.
Comparison and integration of these data provide a local and regional picture of climate cyclicity
within a temporal framework. Subsequently, these past climate regimes can be linked to global
circulation patterns and orbital parameters to better understand the process and drivers of
past climate.

Three long climate records occur within about 100 mi. of Yucca Mountain. The first, Devils
Hole, is a well-dated stable isotope record from calcite precipitated on the submerged walls of an
extensional fracture within the regional carbonate aquifer. Devils Hole also contains the Browns
Room paleowater table elevation record (Szabo et al. 1994, p. 59). Devils Hole lies within the
Yucca Mountain precipitation basin, and because of its well-constrained chronology, links the
timing of global climate change to the Yucca Mountain local area. The isotope record from
Devils Hole does not, however, provide a clear sense of the past changes in air temperature and
precipitation. The second, Owens Lake, occupies a structural graben immediately east of the
Sierra Nevada Mountains and contains an 800-k.y. proxy record of precipitation and runoff from
the Sierra Nevada (Smith and Bischoff 1997, p. 1). The Owens Lake record does provide a sense
of past changes in temperature and precipitation, but the chronology of those changes is less
reliable than the Devils Hole record (Smith et al. 1997, pp. 152 to 153). The third long
paleoclimate record comes from Death Valley, California (Li et al. 1996, p. 179). This fault-
controlled basin that today lies 86 m below sea level contained deep freshwater and saline lakes
during past glacial periods that identify a runoff history from the Amargosa River and other
drainages near Yucca Mountain.

6.3.4.1.1 Devils Hole

Devils Hole, about 60 km southeast of Yucca Mountain (Figure 6.3-7), is a large, open,
extensional fracture within the carbonate aquifer, located in the Ash Meadows discharge area.
Over the past 600 k.y., the fracture has maintained the opening, and calcite has slowly
precipitated on the fracture walls, leaving a stable isotope record of the water in the aquifer. The
isotopic chemistry of the water in the regional carbonate aquifer, like that from the oceans or in
the precipitation forming the ice caps, reflects the response of the hydrological cycle to global
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climate change. Coring and dating the calcite on the walls of Devils Hole, and then measuring
the stable isotope values from the calcite, provide a detailed history of the isotope values of
precipitation falling in the recharge area of the regional carbonate aquifer. The timing of change
in the Devils Hole isotope record, when correlated with other regional and local climate records,
provides a way to link those records to global climate records and to orbital insolation dynamics.

The Devils Hole 0 isotope curve (Figure 6.3-8) shows cyclic fluctuations of isotopically lighter
and heavier values that, respectively, track a progression of colder and warmer periods
(Winograd et al. 1988, p. 1276). The published records of those cores (DH-1I1 and DH-2) end at
about 60 ka (DH-1 1) or 51 ka (DH-2), leaving the last glacial episode (30 to 12 ka, OIS-2) as yet
undocumented.

Uncertainties exist in the magnitude of all the operative fractionation processes in this system,
from the moisture sources to Devils Hole recharge. Consequently, specific paleoclimatic
interpretations of past climate scenarios from this record have not been made. However, the
generalized conditions that lead to particular isotope events within the Devils Hole record can be
understood and described. For example, as continental glaciers expand, the polar front, and the
latitudinal position of the storm tracks associated with it, moves southward. The seasonal or
annual southerly position of polar air steepens the thermal gradient between the Devils Hole
recharge areas and the largely tropical and subtropical oceanic moisture source areas thousands
of kilometers west and south of Yucca Mountain. This steep thermal gradient and the cold
precipitation condensation temperatures along the moisture flow path, between source areas and
recharge areas, increase the 180 depletion of recharge precipitation due to the enhanced rain-out
effect. During interglacial periods, the thermal gradient between the moisture source area and
the recharge area is shallower, and precipitation condensation temperatures are warmer, resulting
in less isotopic depletion because of a lesser rain-out effect and, hence, a recharge precipitation
that is enriched in SO. Hence, 5 180 values are depleted, lighter, or more negative in glacial
periods and enriched, heavier, or more positive in interglacial periods. Therefore, the
characteristics of the thermal gradient and condensation temperatures between the source and
recharge areas determine the isotopic values of the recharge precipitation. Because those
characteristics can be related to glacial and interglacial periods, the resulting Devils Hole 6180
record also identifies climate change.

Factors other than the steepness of thermal gradient can affect the 6180 values of recharge
precipitation. These factors include ocean temperature, windiness, varying moisture source
areas, and groundwater temperatures. The influence of the latter factors on the Devils Hole
record is not known, but their effects would tend to accentuate or reduce the peaks and troughs of
that record (Winograd et al. 1992, p. 259).

The isotopically lighter precipitation arriving at Devils Hole during glacial periods is not unlike
precipitation arriving farther north, falling as snow and ultimately making ice caps. The
0 isotope records of Devils Hole and Greenland show changes in the same sense-both
becoming lighter during glacial periods and heavier during interglacial periods. On the other
hand, the Devils Hole 0 isotope record will vary inversely with the marine isotope record; the
former gets lighter during glacial periods, whereas the latter gets heavier as 180 is enriched in the
ocean water. During interglacial periods, Devils Hole will receive precipitation enriched in 180,
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but the 180 content of the oceans becomes progressively depleted by the influx of light glacial
melt waters, which raise the sea level.

The principal research at Devils Hole (Winograd et al. 1992, p. 255; Winograd et al. 1988,
p. 1275) has focused on the excellent chronology of the recorded isotopic changes. The
chronology is now well established with three different U clocks. As a consequence of the
chronology, Winograd et al. (1992, p. 257) and Winograd et al. (1988, Figure 4, p. 1277) have
been able to clearly define discrepancies between the timing of climate change at Devils Hole
versus that implied by the orbitally tuned Spectral Mapping Project (SPECMAP) chronology.
The major discrepancy between the timing at Devils Hole and the Milankovitch timing of
climate change occurs at the end of 01S-6, at what is called Termination II (Figure 6.3-8). Age
discrepancies exist with earlier glacial terminations, but not to the degree seen at Termination II,
which occurs at about 140 ka at Devils Hole versus the orbital forcing date of about 128 ka.

Significantly for Yucca Mountain studies, while debate has centered over the early termination
of glacial periods at Devils Hole, the timing of the onset of glacial periods, is essentially identical
to the shape of the isotopic curve through the glacial periods from Devils Hole and from the
Spectral Mapping Project (Imbrie, Mix et al. 1993, p. 531). Indeed, in that the YMP is interested
in the origin and duration of glacial periods in the Yucca Mountain region, the Devils Hole
record provides the critical evidence that the orbital dynamics, described above, at a minimum
represent a clock that signals the beginning of glacial periods.

The specific causes of both the origins and terminations of glacial periods remain unknown.
They probably involve multiple orbital, marine, and terrestrial forcing functions that work in
different ways. The importance of a particular forcing function will vary according to its
distance and relation to the proxy studied. Changes in insolation related to changes in orbital
parameters are the common factors cited as a primary cause. To the extent that the glacial period
terminations at Devils Hole are not coincident with the orbital clock, lags and leads in the effects
of insolation, relative to the source areas of precipitation and local temperature changes, have
been invoked to explain the timing of 180 changes in this record (Shaffer et al. 1996, p. 1017).
Whatever the detailed relation between orbital mechanics, insolation, and local isotope records,
there is a correlation between the onset and, to a lesser extent, the end of major glacial periods
and orbital and insolation values.

The Brown's Room paleohydrograph record, like the Devils Hole isotope record, is well dated.
Brown's Room, a subterranean air-filled chamber, is connected to and located about 50 m north
or northeast of Devils Hole (Riggs et al. 1994, p. 242). This record shows that the water table
was remarkably high during the last interglacial (OIS-5) and remained high until the present
interglacial (OIS-1). Szabo et al. (1 994, Figure 4, p. 64) note that the height of the table could be
explained by tectonic or other phenomena that would affect the regional or local hydrology;
however, they favor climate as the primary driver of this record. Those findings are consistent
with the discussion below on the regional climate record from Owens Lake and with
interpretations of various local records.
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6.3.4.1.2 Owens Lake

Owens Lake, a present-day playa in Inyo County, California, about 160 km west of Yucca
Mountain (Figure 6.3-7), contains a thick sequence of lacustrine deposits, which includes diatom,
ostracode, pollen, and geochemical proxies for paleohydrology and climate. The
U.S. Geological Survey Global Change and Climate History Program took three cores to a total
depth of 322.86 m from the south-central part of the playa in 1992 with a rotary, truck-mounted
coring rig (Smith and Bischoff 1997, p. 6). The composite core represents 80 percent of the
section. Three other cores taken by S.P. Lund of the University of Southern California
(Benson et al. 1996, p. 263; 1997, p. 746) provide additional sediment for a high-resolution study
of the upper part of the Owens Lake section. The cored record of Owens Lake spans the past
850 k.y. In accordance with YMP interests in climate of the last, long orbital cycle, the
following discussion will focus on the past 400 k.y.

6.3.4.1.2.1 Modern Climate and Limnologic Setting

The Owens Lake region lies in a winter-wet climate regime. During the winter, as westerly flow
intensifies because of the southward migration of the polar front, numerous storms move into the
southern California area. As those storms, pushed by the energized westerlies, rise over the
Sierra Nevada mountains, they commonly deliver large quantities of snow and rain to the higher
elevations. Some storms are strong enough to deliver moisture to the Owens Lake Basin, but,
more commonly, the prominent rain shadow effect of the Sierra Nevada isolates the Owens Lake
Basin from westerly storms. Thus, while the crest of the Sierra Nevada often receives 150 cm or
more of precipitation, typically as snow, Owens Lake proper averages only about 14 cm, and
most of that comes in the winter (Smith and Bischoff 1997, p. 2). Strong westerly flow and
exceptionally wet California winters relate to the seasonal dominance of a southward-positioned
polar front. Conversely, dry California winter conditions occur when the polar front is situated
in a more northerly or, possibly, a still more southerly position. Eighty percent of the year-to-
year variation in precipitation at Owens Lake is a function of the strength of the westerly (winter)
flow (Bell and Basist 1994, pp. 1595, 1597, Figure 18c).

Summer precipitation is typically limited. It is usually related to extended tropical cyclone
activity (Hansen and Schwarz 1981, pp. 7 to 8, Figure 2.2; Kay 1982, pp. 76 to 77) that brings
moisture in from the Gulf of California and the Pacific Ocean, which moves into the Owens
Basin. Higher levels of summer precipitation often occur in years when winter precipitation
is low.

6.3.4.1.2.2 Limnologic and Climatic Setting

During the mid- to late- 19th century, natural flow from the Owens River to Owens Lake
maintained a saline and alkaline lake that was about 15 m deep. Between 1872 and 1905 the
lake level dropped by as much as 9 m; much of this decrease was a result of irrigation in the
Owens Valley (Gale 1915, p. 254). Even so, the inflow was sufficient to maintain a perennial, if
very saline, lake about 6m deep. The construction of the Los Angeles Aqueduct in 1913
diverted the Owens River, the principal source of water to the lake, and the lake soon desiccated
under the local arid to semiarid climate.
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Winter precipitation in the form of snow comprises about 80 percent of annual precipitation,
which then runs off to the Owens River (Smith and Bischoff 1997, p. 5). Base flow is derived
from local alluvial aquifers and from a volcanic aquifer, which also supports alkaline spring
discharge along the Owens River and on the margins of Owens Lake. Modem-day levels of
surface and base flow are sufficient to support a shallow, saline lake, even under current low-
effective moisture levels: evaporation of approximately 165 cm/yr. (65 in./yr.), and precipitation
of approximately 15 cm/yr. (6 in./yr.) (Smith and Bischoff 1997, p. 2; Smith 1976, p. 583,
Table 1). During the winter of 1968 to 1969, surface flow was so great that Los Angles diverted
unneeded water to the basin, creating a lake with a depth of 2.4 m (7.9 ft) (Friedman et al. 1976,
p. 501). Within 2 yr., and with no further diversion of water to the basin, the lake evaporated,
depositing salts on the basin floor.

6.3.4.1.2.3 Climate Linkage to Owens Lake Chemistry

Owens Lake records climate through its hydrological response and that of the inflowing Owens
River to the relative position of the incoming storm tracks. The total dissolved solids of waters
throughout the drainage range from dilute rain water and snow melt to saline groundwater
discharge and saline lake water brines. Although the waters in the basin are chemically diverse,
they may be divided into two groups based on the total alkalinity to dissolved Ca (alk/Ca) ratio.
Surface water flow from high elevations typically has a low alk/Ca ratio, whereas base flow, at
low elevations, typically has a high alk/Ca ratio.

The solute content (total dissolved solids and alk/Ca ratio) in Owens Lake at any moment in time
will depend on the volume of flow from high elevations. If flow is very high and persistent from
year to year, then the solute composition in Owens Lake will move to the high-elevation
chemical signature: low alk/Ca ratio. That signature will be further maintained by the lake
rising to its outlet and draining, resulting in decreased residence time and lower total dissolved
solids. If, at the other end of the spectrum, flow from high elevations is very low, then the solute
composition in Owens Lake will move to the low-elevation chemical signature, high alk/Ca
ratio. Low flow and high evaporation will prevent the lake from rising to its outlet, further
concentrating the solutes from increased residence time. Little is known about the
geohydrological characteristics of the aquifer that supports the high alk/Ca ratio base flow
(Hollett et al. 1991, pp. B47, B53 to B55), but its water is ultimately dependent on high-elevation
recharge and would be limited during extended dry periods. The combination of high
evaporation and little or no base flow in the Owens River results in a dry, saline, mineral-rich
Owens Lake bed.

The Owens Lake solute budget, therefore, offers a way of identifying the climate characteristics
of the basin. When the polar front moves south seasonally, or more permanently during glacial
periods, westerly flow is energized. Energized westerly flow brings numerous storms into
southern California (Barry and Chorley 1992, p. 200), and those storms produce a large
snowpack at higher elevations in the Sierra Nevada mountains. Upon melting, that snowpack
provides sufficient flow to the Owens River, so high-elevation solute chemistry retains its
signature on the valley floor and within Owens Lake. Conversely, a weak polar front results in
less snowpack, and flow in the Owens River will be reduced, so Owens Lake solute composition
moves toward the valley-bottom chemical signature. Because the Owens lake drainage occupies
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the same latitudinal zone as that of Yucca Mountain, approximately 150 km (93 mi.) to the east,
it is assumed that variations in one can be related to variations in the other.

The variability of solute composition, particularly the alk/Ca ratio, and of total dissolved solids
in Owens Lake water then becomes a measure of the variability of the climate system within the
region. If, for example, the alk/Ca ratio and total dissolved solids fluctuate widely in tandem
from decade to decade, high variability in the climate system is indicated. Such variability might
occur if there are a few years with strong polar fronts in combination with strong El Nifto years,
which alternate with correspondingly dry periods due to opposite atmospheric conditions.
Conversely, a low variation in solute chemistry and total dissolved solids implies a system with
low variability. Low variability and a continuously high alk/Ca ratio and high total dissolved
solids imply dominance by weak westerly flow and a consistent retreat of the average location of
the polar front to the north. However, low variability, a low alk/Ca ratio, and low total dissolved
solids imply persistent dominance of the polar front and westerly storm tracks.

6.3.4.1.2.4 Microfossils as Proxy Records of Solute Composition and Total Dissolved Solids

In broad terms, the fossil diatoms and ostracodes in the Owens Lake cores reflect the spectrum of
water chemistry found in the Owens River drainage. The low total dissolved solids and low
alk/Ca waters are characterized by freshwater planktonic diatoms, such as Stephanodiscus, which
indicate large, deep, freshwater lakes (Fritz et al. 1993, pp. 1848, 1853, Table 2); or ostracodes,
such as Cytherissa lacustris, which today live in dilute cold lakes situated in the boreal forest
(Delorme 1970, p. 1257). The high total dissolved solids and high alk/Ca waters host shallow
water diatoms, such as Campylodiscus clypeus, which are tolerant of waters with high
conductivity (Fritz et al. 1993, pp. 1849, 1851, Table 2); and ostracode taxa, such as
Limnocythere sappaensis (Forester 1983, p. 436, Table 1; 1986, p. 797, Figure 1). Other diatom
and ostracode species are sensitive to the spectrum of alk/Ca ratios and total dissolved solids
conditions that could occur under all other possible flow conditions between these extremes.

The microfossil record can be translated into a chronological progression of climate-induced
hydrochemical environments. The translation involves the standard assumption common to all
paleoenvironmental reconstructions from fossils: abundances of the fossil species reflect their
habitat ecology and are proportional to the type of environments that existed at the locality when
those species were alive. For example, the abundance of taxa that today live in cold, low alk/Ca,
fresh water would imply a polar front situated in a southerly position on a persistent basis. As a
consequence of this paleoclimatic scenario, mean annual temperature in the region, including
Yucca Mountain, would be lowered and mean annual precipitation elevated. As some or all
species comprising a particular assemblage become rare or disappear, others appear and become
common in a stratigraphic series of samples. The change in species abundance, and/or change in
the fossil assemblage composition, with stratigraphy, reflects change in characteristics of
the paleolake.

The rate of climate change can be estimated from the stratigraphy and chronology within which
key environmental indicator species' abundances change. Similarly, the persistence of key
environmental indicator species provides an estimate of the duration of a climate state. Thus, the
stratigraphic profiles of microfossil abundances from the Owens Lake sedimentary record
provide a proxy for the nature, rate of change, and duration of climates in this region in the past.
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6.3.4.1.2.5 Chronology of the Owens Lake Record

The Brunhes/Matuyama magneto-stratigraphic boundary (783 ka) and the Bishop ash (760 ka)
lie near the base of Owens Lake core OL-92 at 312 and 309 m, respectively (Sarna-Wojcicki et
al. 1997, p. 79). Radiocarbon dates in the upper 24 m of core OL-92 (Bischoff et al. 1997, p. 91)
and from the University of Southern California cores (Benson et al. 1996 p. 747, Figure 2; 1997,
p. 264, Figure 2) provide the ages for the deposits. The base of the core is estimated to be about
850 ka. Based on these data, the composite core has a dry-bulk sedimentation rate of
approximately 40 cm/k.y. Ages for all horizons between the upper, radiocarbon-dated part and
the bottom of the core were extrapolated from this age model describing sediment-mass
accumulation rates (Bischoff et al. 1997, p. 91). As with any age model based on sediment-mass
accumulation rates, it is expected that some events will be assigned ages that are too young or
too old, simply because natural sediment accumulation is not constant. However, in a long
record, such as this one, the mean sedimentation rate yields estimated ages of climate events that
correlate well with the Devils Hole (Smith et al. 1997, pp. 152 to 155) and Death Valley records
(Lowenstein et al. 1999, p. 6).

The derived, extrapolated chronology appears to explain the major paleolimnologic fluctuations
of the Owens Lake record in a manner generally consistent with well-dated changes in the Devils
Hole and Death Valley records (Sections 6.3.4.1.1 and 6.3.4.1.3). The Owens Lake
paleoclimatic record and the Devils Hole 6180 record are well correlated, although the timing of
climate reversals differs by an average of about 16 k.y. over the last 500 k.y. (Smith et. al 1997,
p. 153). The paleoclimate records of Owens Lake and Death Valley are also well correlated
(Lowenstein et al. 1999, p. 6), suggesting that climate fluctuations were roughly synchronous in
the region over the last 200 k.y. The climate proxy record (Section 6.3.4.1.2.6), examined in
stratigraphic order for each locality, shows long intervals that can be attributed to glacial periods
and shorter intervals that can be attributed to interglacial periods. Consequently, just as the
undated marine record was tuned to an orbital time scale, the Owens Lake record is tuned to the
Devils Hole chronology in Section 6.4.4.1 to correlate past and forecast future climate scenarios.

6.3.4.1.2.6 The Paleoclimate Record of Owens Lake

For the purposes of this report, the paleoclimate record of Owens Lake is based primarily on the
stratigraphic distribution and abundances of diatoms and ostracodes in cores taken from the basin
(Figures 6.3-9 and 6.3-10; also see Figure 6.4-10). Four key ostracode species were recovered
from the Owens Lake sediment core. The occurrence of each species suggests a different climate
scenario because these microfossils track climate-induced water chemistry and temperature of
the lacustrine habitats in which they have lived for the past 400 k.y. For example, Cytherissa
lacustris is found today in freshwater boreal systems and was recovered from the Owens Lake
core during OIS-2 and OIS-6. Limnocythere sappaensis is found today in highly alkaline and
saline lakes and typifies interglacial climates (Carter 1997, pp. 113 to 119). The climate and
limnologic relations of the microfossils are summarized below. The first four scenarios
(A through D) are developed from the occurrence of these four ostracode species and coeval
diatoms. The last scenario, E, is based on the rarity of ostracodes and diatoms and the
intermittent occurrence of brine shrimp, which indicates very saline and/or intermittent playa
conditions. The following five scenarios are ordered from the coldest, wettest, and most stable
conditions to the warmest, driest, and most variable conditions.
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Scenario A-Scenario A is identified by the modem-day boreal ostracode Cytherissa lacustris.
Diatoms in Owens Lake under such climates are low-light, freshwater species of Stephanodiscus
and Cyclostephanos that bloom during the short open-water season. This climate scenario
represents the permanent (year-long) residence of the polar front at or south of the latitude of
Owens Lake. This cold frontal boundary directs westerly storm tracks to the Sierra Nevada and
provides cold and seasonally stable temperatures, relative to today. The resulting cold climate
supports extensive valley glaciers in the Sierra Nevada and increased snowpack runoff relative to
today. Continental glaciers are both large and extensive, thus maintaining polar air and,
possibly, arctic air at Yucca Mountain latitudes throughout the year. In response to this climate
type, Owens Lake contains cold and fresh through-flowing water, with a low alk/Ca solute
content. Glacial flour, derived from mountain glaciers, characterizes sediment loads in the
Owens River.

Scenario B-The ostracode assemblage in Scenario B is dominated by Candona caudata, which
lives today in the Owens Lake drainages at higher elevations and to the north, and Cytherissa
lacustris, which is rare or absent. The diatom assemblage is characterized by planktonic species
that bloom in the late summer or fall, as well as species prospering in the early open-water
season. This scenario represents the persistent residence of the polar front during each winter,
year after year, but this frontal boundary may retreat during most summers. The seasonal cold
and wet winter conditions may promote the growth of regional valley glaciers during the waxing
phase of continental ice sheets, or the retreat or loss of valley glaciers during the waning phase of
a continental ice sheet. Continental ice sheets are less extensive than in Scenario A. Owens
Lake is large, fresh, and overflowing, with a low alk/Ca ratio. Seasonality in temperature, and
perhaps limited seasonality in chemistry, occurs.

Scenario C-Limnocythere ceriotuberosa characterizes this climatic environment, but depending
on whether the system is at a wet or dry end of its range, other taxa are also present, such as
Candona caudata (wet) or Limnocythere sappaensis (dry). The diatom flora of Owens Lake
under this climate regime exhibit similar variability. Dry decadal-scale intervals support saline
planktonic diatoms or summer-blooming freshwater planktonic species, depending on the net
hydrologic balance in the lake. Scenario C represents an intermediate climate state between the
glacial state described in Scenario B and the interglacial state described in Scenario D. This
climate scenario is characterized by a relatively common movement of the polar front to Owens
Lake latitudes during most, but not all, winters. Continental ice sheets are either in the early
stages of growth or nearing the final stages of retreat. Mountain glaciers probably exist in the
high cirques and may expand or contract on decadal or century scales. Although the polar front
is present in most years in this scenario, it may not be as persistent or consistently resident for
the entire winter as in Scenario B. During some winters, the polar front resides to the north of
Owens Lake, but it is still close enough to ensure ample precipitation to provide the lake with
regular seasonal discharge. The relatively freshwater lake could either overflow seasonally, or
not spill at all and shift seasonally to a slightly saline (a few grams per liter) lake in which the
alk/Ca ratio is elevated. Summer seasons are warm to hot, and Owens Lake becomes smaller
because of evaporation and reduced flow in the Owens River. Total dissolved solids increase
during the summer.

Scenario D-Limnocythere sappaensis, an ostracode of moderately to highly alkaline and saline
lakes, dominates in Scenario D. Saline benthic diatoms document the shallowness of the lake

TDR-CRW-GS-000001 REV 01 ICN 01 6.3-16 September 2000



and the variably high salinity. Diatom preservation is often poor because of corrosion and
breakage in shallow, alkaline water. Scenario D represents Holocene-like climate conditions in
which the average position of the polar front varies from year to year. Westerly atmospheric
flow brings snow to the Sierra Nevada, but in most years snowpack is not especially deep,
resulting in modest to low flow in the Owens River and a lake that rarely overflows. Continental
ice sheets are small like those of today. Evaporative water loss in summer sustains saline, high-
alk/Ca water. Climate in this scenario can be variable, with greater snowpack occasionally
occurring either from strong El Nifio conditions or from a cold period similar to the Little Ice
Age. Flow in the Owens River is proportional to available snowpack and, in years comparable to
1968 and 1969, flow is very high and freshens the saline lake.

Scenario E-Neither diatoms nor ostracodes live in this limnological setting long enough to leave
a significant record. During rare flood events, redeposition of fossils from high-stand lake
deposits is possible, but generally the sediments are barren of microfossils. In Scenario E, the
average position of the polar front is typically north of the Owens Lake latitudes and westerly
flow is weak, making snowpack typically negligible. Any summer precipitation is uptaken by
valley-bottom plant communities. These conditions may be common for centuries, or even a few
millennia, with only infrequent reversals to wetter conditions. The middle Holocene, beginning
about 8 ka, was a recent period when these dry conditions were common (Bradbury 1997,
p. 109). Because snowpack is limited, recharge is also limited, and, consequently, base flow in
the Owens River eventually falls to a very low level, or the river goes dry. Because of limited
surface flow and, eventually, base flow, Owens Lake becomes a dry and perhaps deflating playa,
at least seasonally, and probably for decades at a time.

6.3.4.1.2.7 Glacial and Interglacial Variability Documented by the Owens Lake Record

The response of Owens Lake to major past climates, as described above, offers a way to examine
the characteristics (i.e., magnitude, duration, and rate of change) of climate change during the
long 400-k.y. orbital cycle, with its four, roughly 100-k.y. glacial-interglacial couplets, that are
identified and dated from the stable-oxygen isotope record at Devils Hole.

The overall microfossil record (Figures 6.3-9 and 6.3-10) indicates a longer and more persistent
history of a fresh and overflowing lake system than of a shallow, saline system. Over the past
400 k.y., Owens Lake has been fresh (implying climates wetter than today) for about 80 percent
of the time and saline (implying climates like today's) about 20 percent of the time. Although
there is some variation, intervals of wet climate (freshwater conditions) average about 32 k.y. in
length, whereas dry climates (saline conditions) average about 13 k.y. Evidence from Tecopa
Valley, California, corroborates cycles of high lake maxima over the last 750 k.y. until Lake
Tecopa was breached, approximately 186 ka (see Morrison 1999, p. 336).

The microfossil records suggest rapid changes from interglacial to glacial stages. Those
transitions occur on a scale of one or two millennia to as little as a few centuries. For example,
change from modem-like dry climates, indicated by Limnocythere sappaensis, to wetter periods
typically occurs in hundreds, not thousands, of years. Such rapid changes from warm and dry to
cold and wet climates suggest a southerly shift in the average position and strengthening of the
polar front and associated polar jet stream. Analog interpretation of regional packrat midden
data and paleoecological proxies from Owens Lake during 01S-2 suggest a mean climate change
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sufficient to allow juniper woodlands to descend 1,000 m (3,281 ft) to the valley floor (Litwin
et al. 1997, pp. 137 to 138). A 1,000-m lowering of particular taxa is consistent with packrat
midden analyses near Yucca Mountain (Spaulding 1990, p. 183, Figure 9.15). The apparent
rapidity and magnitude of climate changes at Owens Lake, therefore, implies that the small
changes in the Devils Hole isotopic record from groundwater interglacial to glacial conditions
(Section 6.3.4.1) reflect substantial changes in ambient temperature and moisture characteristics
within the region.

The microfossil record also shows that the various OIS glacial periods were not alike, nor were
the interglacial periods. For example, the ostracode record of Cytherissa lacustris indicates that
the last (OIS-2) and penultimate (OIS-6) glacial periods were characterized by climate
Scenario A, whereas the first two glacial stages in the 400-k.y. orbital cycle (OIS-10 and 8) were
more like Scenario B (Figure 6.3-10). The persistence and commonness of C. lacustris during
the penultimate (OIS-6) glacial relative to the last (OIS-2) glacial suggests a colder, wetter,
longer-lived glacial, the so-called "superpluvial" period within the long (400 k.y.) orbital cycle
(see Figure 6.3-10). The abundance of juniper pollen between 170 and 120 ka (Litwin et al.
1997, pp. 134, 138, Figure 4) indicates that the penultimate glaciation had much higher effective
moisture than other glacial stages, supporting the inferences from the lacustrine microfossils.

The first glacial period in the orbital cycle (OIS- I0, about 400 to 360 ka) was cool and wet, as
implied by the presence of freshwater planktonic diatoms that live today in lakes without ice
cover (Bradbury 1997, p. 101). This suggests that Owens Lake did not regularly freeze, and,
hence, winters probably were not significantly colder than today, but, because the lake was large
and overflowing, mean annual precipitation was much higher than today, especially
winter precipitation.

Similarly, the interglacial and interstadial periods were not identical. The climate of OIS-3, for
example, suggests more glacial than interglacial conditions, with wet environments under a
warm-summer temperature regime that maintained a stable, stratified lake. The present
interglacial period, the Holocene (also called OIS-1), may be the most arid of the past 800 k.y.,
in part because of the presence of oolites, which form in shallow, agitated, highly saline water
and are unique to the uppermost levels of lake deposits (Smith et al. 1997, p. 151). Furthermore,
the Holocene interval is often barren of microfossils, suggesting climate Scenario E. By
contrast, OIS-5 (the last interglacial period) is well represented by saline diatoms that indicate
open water of generally low salinity. This indicates greater precipitation, probably in both
summer and winter, than characterized at the lake when it was first studied in the late 19th
century. Indeed, the beginning of OIS-5, a substage called Se (assuming the age estimates are
correct) witnessed a full and overflowing Owens Lake and a deep saline lake in Death Valley
(Lowenstein 1997, Figure "Core DV-93"). A full and overflowing lake during a period of time
when it is well established from oceanographic studies that less continental ice existed during
5e than exists today, does not fall in any one of the above climate scenarios, but might represent
some mix of Scenarios C and D. The record from Brown's Room (Szabo et al. 1994, p. 64,
Figure 4) also implies that the last interglacial stage was wet.

The Owens Lake microfossil record shows that the region has undergone significant climate
change on the millennial time scale. The past climates differed from those of today, because the
predominant circulation pattern of the atmosphere was different from that which typifies the
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modem world. The present atmospheric circulation pattern and a significant rain-shadow effect
are the reasons for today's arid to semiarid climate (Section 6.2.3.2). The Devils Hole stable
isotope record also shows the climate system has changed and provides the timing of those
changes. The Owens Lake microfossil record shows that those changes were regional.

6.3.4.1.2.8 Correlation of Owens Lake Paleolimnology and Oxygen Isotope Records of
Global Climate

Unlike the Devils Hole stable isotope record, which has a chronology derived from direct
radiometric dating, or the Spectral Mapping Project (Imbrie et al. 1984, pp. 269 to 305), which
has a chronology derived from celestial mechanical calculation, the chronology for the Owens
Lake record is largely derived from an age model based on sediment accumulation rate (Bischoff
et al. 1997, p. 94). During the past 400 k.y., microfossils from the Owens Lake core document
five major cool and wet periods: 400 to 330 ka (OIS-11 to OIS-10), 250 to 220 ka (OIS-8 to
OIS-7), 170 to 120 ka (OIS-6 to OIS-5), 70 to 64 ka (OIS-4), and 50 to 10 ka (OIS-3 to OIS-2)
(Figures 6.3-9 to 6.3-12). In all cases, the expected change for climate varying from glacial to
interglacial and back to glacial is observed in diatom and ostracode assemblages. The age
estimates derived from the sediment accumulation model are in general agreement with this
correlation (Figures 6.3-11 and 6.3-12). Some larger discrepancies between the Owens Lake
record and the global isotope records, such as OIS-8, probably originate from limitations in the
Owens Lake age model. Other, smaller differences may identify a complex climate system,
where regional lags or leads may exist relative to the global system.

6.3.4.1.2.9 Owens Lake Conclusions

The presence of a glacial and interglacial biostratigraphy within the Owens Lake microfossil
record implies that, like the Devils Hole record, the Owens Lake record is relatively continuous
and can be interpreted in terms of global climate changes that are correlated with orbital
parameters. This chain of linked evidence allows the Owens Lake record to serve as a guide to
future climate changes there and at nearby Yucca Mountain. The similar sequence of events
recorded at Death Valley strengthens this argument and documents the regional character of
climate change in western North America.

Owens Lake conclusions include:

. The Owens Lake record is coupled to climate by the relative quantities of water and
solutes delivered to the lake during different climate modes. The microfossil record
from Owens Lake serves as a proxy for the climate-controlled hydrology and shows that
during the past 400 k.y. climate was wetter than modem conditions about 80 percent of
the time.

. The wet periods coincide with long, complex glacial climates. Most of those glacial
climate periods correlate with the Spectral Mapping Project and Devils Hole records of

: global climate change, and thereby suggest future climate change should occur on a
schedule that is related to the changes in the earth's astronomically based
insolation cycle.
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The Owens Lake record suggests that climate during the various glacial periods was not the
same, and it further suggests the wettest and coldest periods occurred during OIS-6. OIS-2 was
cold and relatively dry compared with OIS-6, but because of cold temperatures, its effective
moisture (precipitation minus evaporation) was high. Presuming this relationship can be verified
by all proxies, and by showing that climate is recorded in the same way throughout the 400-k.y.
cycle, the next glacial periods will probably have a climate that is milder, but probably wetter,
than the last two.

6.3.4.1.3 Death Valley

A 186-m core from lake deposits in the Badwater Basin of Death Valley (36014'N, 116'48'W)
(Figure 6.3-7) consists of interbedded silty muds and evaporites deposited during the past
200 k.y. Sedimentary structures of muds and evaporites, evaporite mineralogy, and analysis of
fluid inclusions (Li et al. 1996, p. 179; Roberts and Spencer 1995, p. 3929) provide a
paleolimnologic and temperature history for the Death Valley Basin that can be compared to the
upper parts of the Owens Lake core and to the Devils Hole 0 isotope record.

Death Valley is potentially fed by three major sources of water (Figure 6.3-7):

* Drainage from the Sierra Nevada via the Owens River and through Owens Lake, Searles
Lake, Panamint Valley, and ultimately to Death Valley

* The Mojave River flowing from the Transverse Ranges into the southern side of Death
Valley

* The Amargosa River draining the highlands north of Yucca Mountain via Fortymile
Wash and flowing into Death Valley on the southeast margin of the basin.

Debate continues on the timing and relative influence of each potential influx source
(e.g., Roberts 1996, p. iii), but the Amargosa River provides the only significant water to Death
Valley today and is likely to have been a major contributor to the basin in the past. Because
Death Valley is the primary sump of the Amargosa River, its record closely relates to the
hydroclimatic history of Yucca Mountain (Li et al. 1996, p. 181, Figure 1).

Sedimentologic studies of the salts and muds indicate four distinct playa or lake environments:
dry mud flats, playa salt pans, layered halite of permanent saline lakes, and black mud with
sedimented halite that represents large saline lakes receiving allochthonous detrital materials
from the drainage basin. These four sediment types track progressively deeper and more
persistent saline lacustrine environments that. occupied the Death Valley Basin in the past
(Roberts et al. 1994, p. 61).

The chronology of these depositional environments (Figure 6.3-13) has been established by
U-series dates of bedded salts. Dry mud flats and salt pans represent Holocene and the last
interglacial arid environments (OIS-1 and OIS-3), whereas shallow to deep, permanent saline
lakes characterize the last and penultimate glacial periods (OIS-2 and OIS-6, respectively).
In Death Valley, the initial transition between the penultimate glacial period and the last
interglacial period (OIS-Se) began when the climate shifted to more arid conditions about
128 ka, according to a U-series date on halite precipitated from lake water. A saline water
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episode occurred at about 146 ka within the freshwater black muds. These muds are thought to
have been deposited in a large, probably freshwater, lake during the penultimate glacial period;
the saline water episode appears to correlate with a similar oscillation to slightly drier conditions
at Owens Lake, reflecting some combination of less runoff and more evaporation. The U-series
dates for the Death Valley core partly confirm the sediment mass accumulation rate chronology
of the Owens Lake core.

Fluid inclusions in halite crystals precipitated from lake water from the Death Valley core offer a
way to measure paleowater temperature because they can record surface brine temperatures at
the time of halite precipitation. The inclusions were studied using the methodology described by
Roberts and Spencer (1995, p. 3939). The resulting temperature reflects the maximum water
temperature at which the halite precipitated (Lowenstein 1997; Roberts and Spencer 1995,
p. 3929) (Figure 6.3-14). The fluid inclusion paleowater temperatures from the last glacial
period (OIS-2) are typically 40 to 15C below modern values. During the penultimate glacial
period (OIS-6), temperatures are 70 to 20'C below modem values. Maximum brine temperatures
for the Holocene and for much of the past interglacial period are near modem values, although
cold periods also exist in the record. The range of these brine temperature values are consistent
with, and supportive of, the temperature reconstructions based on packrat midden and ostracode
data sets discussed below for the last glacial period, OIS-2.

The overall size of a lake in Death Valley in part reflects the size of its catchment area. The size
of the catchment area may reflect purely geomorphic phenomena that are nonclimatic, or it may
reflect the magnitude of climate change in the 'region. The lake that formed during the
penultimate glacial period (OIS-6) was very large and is estimated to have been about 125 m
deep. Roberts (1996, pp. 168 to 169) suggests. that the lake may have received flow from the
Owens as well as the Mojave and Amargosa Rivers during this time.

A deep lake in Death Valley during OIS-6 is consistent with evidence discussed by Morrison
(1999, pp. 332 to 336) indicating that Tecopa Valley, California, harbored high lake stands from
OIS-10 to OIS-6, and that a large, deep Lake Tecopa was breached during OIS-6, at
approximately 186 ka, flowing into Death Valley. The Owens Lake (Section 6.3.4.1.2) and
Searles Lake records also suggest high stands during this time period (Smith et al. 1997, p. 150,
Figure 6). The Death Valley lake appears to have reached a maximum depth of only about 90 m
(295 ft) (Lowenstein 1997, Figure Core DV-93; Li et al. 1996, p. 187, Figure 5) during the last
glacial period (OIS-2). It is thought to have received flow primarily from the Amargosa River at
that time, although the Mojave may have also contributed water. Because the Amargosa River
does not have high mountain ranges in its drainage area, like the Sierra Nevada, the OIS-2 lake
in Death Valley supports the reconstructions of cold and relatively wet climates derived from
climate proxy data in the region.

6.3.4.2 Discrete Climate Records of Late Quaternary Climate Change

Local records of climate change are common throughout the Yucca Mountain region and include
packrat middens, paleowetland and paleospring deposits, groundwater carbonate fracture fillings,
and tree rings. Groundwater carbonate deposits at Devils Hole are discussed above. The
remaining records are by their nature discontinuous, but they provide important insights to the
timing and magnitude of local climate change in the Yucca Mountain region.
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Packrat midden records are temporally discontinuous relative to the time scales considered here,
although site-specific records can approach 8 k.y. in length (Spaulding 1985, p. 35). Paleo-
wetland and spring deposits are discontinuous records as well because most basins within the
Yucca Mountain precipitation area are situated well above the regional groundwater table, and
therefore their stratigraphic records tend to capture only episodes representing high water tables.
Erosion of these deposits may occur during ensuing dry climate episodes, thus forming an even
more discontinuous sedimentary record.

6.3.4.2.1 Packrat Middens

Packrat middens are an important source of paleoenvironmental information in the deserts of
western North America. Packrats (rodents of the genus Neotoma) are widespread, and all species
share the trait of collecting large amounts of vegetal material and caching it in their dens.
Packrat middens are accumulations of organic debris typically rich in plant fragment. Where
they occur in a sheltered situation such as a cave, they can be preserved through mummification
for tens of thousands of years (Spaulding 1985). The subfossil plant remains from the middens
represent species that grew close to the midden site, and because they are often identifiable to the
species level, they offer a means of determining what species were present at a given time in the
past, determined by radiocarbon dating of the remains. Packrat middens have been used to
reconstruct past vegetation and climates in the region since the 1960s (Betancourt et al. 1990,
pp. 3 to 4). Because of the reliance on radiocarbon dating, midden data sets older than about
35 ka generally contain too few samples to provide the opportunity for reliable analyses, and
therefore the utility of these data in understanding glacial climates is restricted to late OIS-3 and
OIS-2 times.

The composition of modem plant communities of the Yucca Mountain region changes in
response to elevation-dependent changes in temperature and precipitation regimes. At the lowest
elevations (below about 1,000 m [3,281 ft]) and in most arid habitats, desert scrub vegetation is
predominant, typified by such thermophilous plants as creosote bush (Larrea tridentata) and
white bursage (Ambrosia dumosa). These communities give way to mixed desert scrub above
about 1,400 m (4,593 ft) elevation. At even higher elevations (above about 1,300 m [4,265 ft]),
semi-arid habitats most often support scrub vegetation dominated by blackbrush (Coleogyne
ramossisima). Pigmy conifer woodland, dominated by Utah juniper (Juniperus osteosperma)
and pifion (Pinus monophylla), occurs above about 1,800 m (5,906 ft) elevation: On higher
mountains in the region, montane conifer forest typified by white fir (Abies concolor) and
ponderosa pine (Pinus ponderosa) occurs above about 2,200 m (7,218 ft), while subalpine
conifer forest characteristically dominated by bristlecone pine (Pinus longaeva) occurs above
about 2,700 m (8,858 ft) elevation (Beatley 1976; Spaulding 1990).

Desert scrub in the vicinity of Yucca Mountain contains many plant species that are frost
sensitive or frost intolerant, as well as being drought hardy. Creosote bush, for example, is
excluded from habitats where cold air collects during winter nights (Beatley 1975). Plant
communities at progressively higher elevations, as well as those to the north, contain species that
are more tolerant of low temperatures, and require more water to survive. These relationships
between individual plant species distributions and limiting climatic conditions have been key in
employing the packrat midden record to reconstruct temperature and precipitation changes in the
Yucca Mountain area over the past 50 k.y. (Spaulding 1985; Thompson et al. 1999).
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To understand how past climates differed from those of the present, a large data set including the
macrofossil assemblages from 200 radiocarbon-dated, packrat midden samples was compiled
from YMP data and other studies conducted within the area (Wigand et al. 1995; Spaulding
1985). In contrast to the desert scrub vegetation that is currently widespread in the area, the
packrat midden data set indicates that woodland was common from about 35 to 12 ka. The most
common tree species from the area are Utah juniper and limber pine (Pinusfiexilis). White fir
and bristlecone pine were found in midden samples from a number of higher elevation sites, the
latter having been restricted to calcareous rocks, as it is today (Wigand et al. 1995; Spaulding
1985). Pifion, common throughout the woodland of the region today, is rare in these samples
and, during late OIS-3 and most of OIS-2, apparently occurred no farther north than the
Amargosa Desert (360 38N Latitude; Spaulding 1990, p. 176). Cold-tolerant shrubs typical of
Great Basin desert and woodland, and indicating relatively cold and dry conditions, were
common in these assemblages (Thompson et al. 1999; Spaulding 1985).

The distribution of common plant species during OIS-3 and OIS-2, both within and outside the
Yucca Mountain region, indicates a climate different from that of today. Warm-desert shrubs
and succulents, such as creosote bush, were restricted to more southerly latitudes in the current
Sonoran Desert (Van Devender 1990, p. 148). At these southerly latitudes (south of 340 N
Latitude) pigmy conifer woodland supported a wide array of tree and succulent species, while
that in the Yucca Mountain area supported fewer such species and a wider array of steppe shrubs
(Spaulding 1990, p. 192; Van Devender 1990). Subalpine woodland, which currently exists only
on the highest mountains of the region, descended to elevations of about 1800 m (5,906 ft), and
all the way to the valley floors (on rocky substrates, at least) father north in the Great Basin
(Spaulding 1990; Thompson 1990).

The relative displacement of plant species downslope and to more southerly latitudes during
OIS-3 and OIS-2 indicates colder and wetter conditions relative to modem times, just as those
plant species indicate colder and wetter conditions at higher elevations and in more northerly
habitats today. Climate during this time must have involved cold, perhaps snowy winters and
cool, probably dry summers (Spaulding 1985; Thompson et al. 1999). This interpretation is
consistent with interpretations of past climate from the Owens Lake core (Section 6.3.4.1.2).
Quantitative estimates of past temperatures and precipitation, indicated by plant species in
packrat middens, can be made by examining the current range of these species in "climate space"
(Thompson et al. 1999). These authors chose four time periods for climatic reconstruction based
on data availability, and the objective of reconstructing climatic variability during late OIS-3 and
OIS-2. Employing the quantitative techniques described by Thompson et al. (1999), these
authors describe the following reconstructed climatic parameters (Thompson et al. 1999, p. 34):

* 35 to 30 ka-Mean annual temperature about 4°C colder than present, and mean annual
precipitation 1.5 times that of present

* 27 to 23 ka-Mean annual temperature about 5°C colder than present, mean annual
precipitation 2.2 times that of present

* 20.5 to 18 ka-Mean annual temperature about 8°C below that of the present, mean
annual precipitation 2.4 times current values
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. 14 to 11.5 ka-Mean annual temperature about 5.5'C below the present, mean annual
precipitation 2.6 times current precipitation.

Thompson et al. (1999) note that while their result for the last glacial maximum temperatures
(20.5 to 18 ka) and that reconstructed by Spaulding (1985, p. 39) do not differ greatly (mean
annual temperature of 8° and 7"C lower than present, respectively), the difference in
reconstructed precipitation is substantial. Thompson et al. (1999) arrive at a full-glacial mean
annual precipitation of 2.4 times current mean annual precipitation, compared to 1.4 times
current mean annual precipitation reconstructed by Spaulding (1985, p. 40) for that time. They
show that the difference in precipitation estimates lies in the baseline data selected by Spaulding
(1985), which reflected much wetter climatic conditions than the baseline data used in their
analysis (Thompson et al. 1999, pp. 25 to 26, 34). Consequently, the relative change in
precipitation reflected in Spaulding's (1985) reconstruction was substantially lower.

6.3.4.2.2 Wetlands and Spring Deposits

Wetlands and spring discharge are rare in southern Nevada today because of the low level of
effective moisture. Precipitation is lost during the hot, relatively dry summers because of
evaporation or uptake by plants. Winters are generally mild and persistent; interannual frontal
storms are rare. Winter storms and snowpack on the higher mountains support local spring
discharge, typically above about 2,000 m (6,562 ft) (Winograd and Riggs 1984, p. 698), and
limited seasonal streamflow. Spring discharge at low elevation typically comes from water in
the regional carbonate or volcanic aquifers, recharged at high elevation and over large areas
(Winograd and Thordarson 1975, pp. Cl, C92).

Sedimentary deposits on the valley floors throughout the southern Nevada region show that
wetlands, flowing springs, and streams at low elevation existed during OIS-2 and previous
glacial periods and during transitions to and from those glacial periods (Quade et al. 1995,
p. 213). High-elevation recharge of the valley-fan alluvial aquifers resulted in discharge from
about the lower third of the alluvial fans (based on field observations east of the Desert National
Wildlife Refuge Field Station at Corn Creek Spring, upper Las Vegas Valley) (Figure 6.3-7).
During the wet periods, regional water tables rose above land surface in many areas and, together
with discharge from shallow valley-fan aquifers, supported valley-bottom flowing springs,
streams, and wetlands. Pollen from emergent aquatic vegetation (sedge and cattails) was
recovered from the OIS-2 dated wetlands in Tule Springs, upper Las Vegas Valley (Mehringer
1967, pp. 170 to 172, 182, Figure 36). The springs and wetlands supported abundant aquatic
organisms, such as ostracodes, diatoms, and molluscs, and waterfowl, such as ducks and wading
birds, which inhabited the area during the late Pleistocene (Mawby 1967, p. 108; Taylor 1967,
p. 399; Quade et al. 1995, pp. 214 to 216). A diverse vertebrate community was also established,
from large mammals such as mammoths and camels, to small mammals such as pikas, marmots,
and ground squirrels (see Grayson 1993, Table 7-1, pp. 156 to 157, Table 7-12, p. 177). The
existence and annual persistence of groundwater discharge and permanent wetlands at low
elevation require that the past levels of effective moisture were much higher than today (Quade
et al. 1995, p. 213). The existence of fossils of small mammals (which today either live at the
upper tree line or in the northern United States) found in sediments, packrat middens, and caves
in the northern Las Vegas Valley and nearby localities supports the temperature reconstructions
from the plant macrofossils discussed above (Grayson 1993, pp. 177 to 181).
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Three discharge records that provide insights into the nature of past climate are discussed below.
Those records include an ostracode record from Corn Creek Flat, a well-dated section in the
Las Vegas Valley; an isotope record from a well-dated section near Cactus Springs, north of the
Las Vegas Valley; and the diatomaceous deposits at Lathrop Wells, north of U.S. Highway 95
and south of Crater Flats, down the regional flow gradient from Yucca Mountain.

6.3.4.2.3 Corn Creek Flat Section (Site OCI-11) Ostracode Data

Corn Creek Flat (Figure 6.3-7) lies near the center of the upper Las Vegas Valley. A 5-m-thick
(16-ft-thick) section (Section OCI 11) in this locality was sampled continuously by taking 5-cm-
thick (2-in.-thick) samples from the bottom to the top of the section. The section can be
subdivided into three informal stratigraphic units, denoted B, D, and E, which were described by
Haynes (1967, pp. 34 to 39) and Quade (1986, p. 340). These units are distinguished from each
other by a variety of sedimentary features, such as bed forms, grain size, color, rhizolith content,
and fossils (Quade 1986, p. 342, Figure 2; Quade and Pratt 1989, p. 359, Figure 4; Quade et al.
1995, p. 215, Table 1) and were identified in the field by J. Quade. Sediments comprising units
B and D occur throughout the Las Vegas Valley, indicating they were deposited in extensive
wetlands (Quade 1986, p. 355; Quade and Pratt 1989, p. 3 5 1).

Twenty-two radiocarbon dates constrain the age of the sediments in section OCI- 11. The dates
from unit B at the base of the section (Figure 6.3-15) are finite, but many of them have large
standard deviations and are near the limit of the radiocarbon age method, and some do not have a
consistent relationship between terrestrial and aquatic molluscs (see Brennan and Quade [1997,
pp. 332 to 333, Table 1] for a discussion of radiocarbon dates for terrestrial and aquatic
molluscs). The unit B dates, based on the latter criteria, are thought to be derived from molluscs
whose age is much older than the limit of radiocarbon, but that have been contaminated by small
quantities of radiocarbon, in this case, less than 1 percent. By contrast, the dates from unit DI are
also near the limits of radiocarbon, but they have smaller standard deviations and maintain the
expected relationship between terrestrial and aquatic molluscs (Brennan and Quade 1997,
p. 333). Those radiocarbon dates, therefore, may be valid. The remaining radiocarbon dates
from units D2 and E are well within the range of radiocarbon, have small standard deviations, and
fit the terrestrial and aquatic mollusc criteria for acceptance. One radiocarbon date at the unit
E/D2 boundary comes from organic material rather than molluscs and is consistent with other
dates accepted from the section.

The sedimentary section contains a diverse assemblage of ostracodes and aquatic and terrestrial
molluscs. The ostracodes (Figure 6.3-15) suggest that a shallow, relatively freshwater, and
typically permanent wetland, supported by the regional water table and flowing springs, existed
on the valley floor. The ostracode species 'abundance profiles can be grouped together in terms
of the component species' preferred environment (Figure 6.3-16). In the case of these taxa, there
are several possible choices, including streams, flowing springs, seeps, wetlands, and aquifer.
Aquifer taxa, which indicate that the regional water table was higher in the past, are not
considered further because their fossils could be contemporaneous or younger than'the associated
surface water species. For the sake of simplicity, the surface water categories are reduced to
wetland (standing to low-flow environments supported by groundwater discharge) or spring and
stream taxa (flowing water). Some species fall into both categories.
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The relative abundance of wetland and spring ostracodes varies at a particular site on a temporal
basis due, in part, to hydrological variability unrelated to climate. For example, Quade et al.
(1995, p. 218) use the Steptoe Valley (3933rN, 114050'W) in northern Nevada as an analog for
the environments that existed in southern Nevada in the past. Those modem wetlands and
springs on the eastern side of the Ruby Mountains (40'23N, 115031'W) have a variable ratio of
spring to wetland ostracodes, depending on where the collections are made. By analogy, section
location in the Las Vegas Valley will, in part, determine the ratio of wetland to spring taxa
found, because the paleowetland sediments represent deposition in an interconnected series of
springs, wetlands, and streams aligned along the valley floor. As a consequence of this
nonclimatic spatial variability, the relative proportions of spring versus wetland taxa through
time may or may not be important. However, these aquatic microfossil assemblages from
wetland and spring deposits can be interpreted in general hydrologic and climatic terms. The
presence, relative abundance, or absence of taxa from one unit to another does define the
environment in which the species were living, whether that is due to hydrology or climate or
both.

Ostracode taxa assigned to either a spring (including seeps, spring pools, flowing springs, and
streams) or wetland (a standing or low-flow surface water body supported largely by
groundwater discharge) provide a means of understanding changing environmental settings on
the valley floor. The distribution of these two general groups of taxa show that, at this site,
wetlands and spring activity covaried, as might be expected. The stratigraphic profiles
(Figure 6.3-16) suggest that unit B and unit D wetlands contain about the same numbers of
wetland taxa, suggesting that wetlands were important at this site during this time. By contrast,
the spring-stream element was more common in the upper part of unit B than, subsequently, in
units D or E, indicating active flow during that time. In unit E, both the wetland and spring taxa
are of less importance than they were lower in the section, implying the wetland spring discharge
activity was declining.

The unit B ostracode assemblages have rare occurrences of Physocypria globula, a species that
today has a biogeographic distribution extending from the southern United States into some parts
of southern Canada (Forester et al. 1987, p. 268). In the northern part of its biogeographic
distribution, it is typically found in lakes that have water temperatures rising above 180 to 20'C
during the day for at least 2 to 4 mo.

The presence of common P. globula in the unit D assemblages, but not in the unit B
assemblages, sufggests that summer water temperatures in the unit B environments were colder
than those in the unit D assemblages. The low temperature could be due to overall colder air
temperatures, or it could be due to spring flow sustained by recharge originating from snowpack.
Similarly, during the deposition of unit D, summers could have been warmer, or there was less
snowpack-supported recharge.

The present biogeographic distribution of many of the ostracodes found in these deposits is
across the northern prairies of North and South Dakota and eastern Washington. Some of the
northern species also occur to the south in places such as the Ruby Marsh wetlands in
northeastern Nevada. The occurrence of these species implies a climate setting that is cold and
relatively dry, like that of the northern U.S. prairies. Taxa limited to lakes situated in the
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southern United States are absent from the ostracode assemblages, as are spring taxa limited to
warm water springs having discharge temperatures above 20'C.

The unit E ostracode assemblage (Figure 6.3-15) contains only a few species relative to the large
number of species found in the older units. The reduction in the number of species implies that
the wetland spring complex was becoming smaller and, as a consequence, effective moisture was
lower than during unit D or B times.

Forester and Smith (1994, pp. 2559 to 2560) estimated mean annual precipitation based on
ostracodes from a nearby section (LPM 34) at the Desert National Wildlife Refuge Field Station
at Corn Creek Springs (Figure 6.3-17). They suggested mean annual precipitation was four to
five times higher than today. This is most likely an overestimation because they did not
recognize the importance of flow through the wetlands. The flow through these wetlands was
probably low, but sufficient to keep the waters relatively fresh and cool, which created an
illusion of higher mean annual precipitation because flowing water is usually less thermally and
evaporatively coupled to the atmosphere than is standing water (Forester 1987, p. 262). The
mean annual precipitation levels of 400 to 600 mm (16 to 24 in.) reported by Forester and Smith
(1994, p. 2559, Table 6) probably did exist in this area, but at higher elevation, where present
mean annual precipitation is also higher. Modern-day mean annual precipitation is 112 mm
(4.4 in.) at the Desert National Wildlife Refuge Field Station at Corn Creek Springs. Applying
to this site the mean annual precipitation multiplier derived from the packrat midden studies for
low elevation, described above, would result in a mean annual precipitation of 336 mm (13.2 in.)
(three times the modem value) at approximately 14 ka, which agrees with Thompson et al.
(1999, p. 34).

The ostracode assemblages found in unit D commonly live in eastern Washington and western
Minnesota today, where mean annual temperature is 50 to 70 C, and effective moisture deficits
are about 200 mm, or roughly three times lower than the modern-day Las Vegas Valley (Winter
and Woo 1990, Plate 2). A mean annual temperature of 50 to 70C would be about 110 to 13C
colder than modern day (180 C, Desert National Wildlife Refuge Field Station at Corn Creek
Springs). That anomaly is greater than the 90 to 1 0C estimated from the midden studies for this
area (Section 6.3.4.2.1), but does not conflict with the extremes of the plant data set or with the
small mammal data.

A summary comparison of mean annual precipitation and mean annual temperature estimates at
Desert National Wildlife Refuge Field Station at Corn Creek Springs-full glacial (OIS-2)
follows:

. Modern-Mean annual precipitation 112 mm (4.4 in.); precipitation deficit 600 mm
(24 in.); mean annual temperature 1 80C.

. Ostracodes recovered from Corn Creek, LPM 34, Unit D-Precipitation deficit
estimated 200 mm (8 in.); mean annual temperature estimated 50 to 76C

. Estimates from middens (Spaulding 1985)-Mean annual precipitation 246 to 265 mm
(9.7 to 10.4 in.); mean annual temperature estimated 6.5 to 7.50C
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. Estimates from middens (Thompson et al. 1999, p. 34)-Mean annual precipitation
300 mm (12 in.); mean annual temperature estimated 12.50 C.

The growth and persistence of wetlands in southern Nevada is correlated to the northern
hemisphere summer insolation minimum associated with the last glacial cycle. This insolation
minimum is further associated with the expansion of the polar cell into this region, resulting in
increased effective moisture, increased recharge, and higher regional water tables that, in turn,
gave rise to the wetlands. Similarly, the eventual loss of wetlands is associated with a rise in
northern hemisphere insolation to its maximal value at 12 ka and the consequent retreat of the
polar cell from the region. Such changes show that there is a linkage between millennial-scale
climate forcing functions and regional-scale hydrology in southern Nevada.

6.3.4.2.4 Spring Range Mountains Stable Isotope Data

Winograd and Riggs (1984, p. 698) reported deuterium to H isotope ratios from water and
6180 values for winter and summer precipitation collected from the Spring Range Mountains.
The 6180 values for summer precipitation averaged -8.8 per mil ((6180 sample-658 O
standard)/(6180 standard) x 1,000) relative to standard mean ocean water (arbitrarily considered
to have a 6180 value of 0), with a standard deviation of 4.2. Winter precipitation and snowpack
both averaged -14.3 per mil relative to standard mean ocean water, with standard deviations of
5.0 and 1.5, respectively. Snowmelt averaged -12.5 per mil relative to standard mean ocean
water, with a standard deviation of 1.5. The study concluded that high-elevation groundwaters
and spring discharge were derived from cool season precipitation, because these waters averaged
-13.7 per mil relative to standard mean ocean water, with a standard deviation of 0.4 (Winograd
and Riggs 1984, p. 698). Low 6180 values change-to higher 6180 values by evaporative loss of
water vapor, but higher 6180 values cannot, by themselves, become lower unless they mix with
waters having lower 6 'b values. Therefore, the 6180 value of -13.7 per mil for high-elevation
groundwaters could only come from a -8.8-per-mil (average summer precipitation) value if it
were mixed, for example, in equal proportions with water having a value of -18.6 per mil.

Sharpe et al. (1994, p. 2539) collected stable isotope data from terrestrial and aquatic molluscs
living on the forest floor and in two springs on the east side of the Spring Range. Stable oxygen
isotope data from the bivalve Pisidium spp., living in Cold Creek Spring at 1,940 m and found as
a fossil in the Cactus Spring (930 m) section (Figure 6.3-18), offer a way to compare modern
data from high elevation to low elevation fossil data without concern for different vital effects.
The 6180 values for living Pisidiurm spp. from the Cold Creek Spring locality averaged about
18.7 per mil (n = 8), and the fossil site sample values averaged 19.6 per mil (n = 6) relative to
standard mean ocean water. The 6180 values of water collected from a small pond receiving
flow from the Cold Creek Spring averaged about -14 per mil relative to standard mean ocean
water, and so the modern bivalve data is about 32.7 per mil heavier than the water. Because the
6180 value of the bivalve shell is determined by both the isotope value of the water in which it
lived and by the temperature of the water at the time it made its shell, the fossil data cannot be
accurately converted into a 6180 value for the paleowater. The temperature effect, however, is
relatively small compared with the water effect. The 6180 values for the high-elevation and the
low-elevation bivalves are similar, suggesting that low-elevation wetlands and springs were
supported by waters having a low 6180 value, hence, by winter precipitation. Modern recharge
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to the Spring Range occurs primarily from winter precipitation with values of approximately
-14 per mil (Winograd and Riggs 1984, p. 698), suggesting these low values are associated with
the expansion -6f the polar cell into this region.

The similarity in the 6'8O values between modem Pisidium spp. living at higher elevation and
low elevation fossil material suggests that the climate during the last glacial period (OIS-2) was
colder and wetter than today. Plant taxa also move downslope, and some species within that
community move south, out of the region, to lower latitudes when climate becomes cooler and
(or) wetter. Conversely, many modem mammals and ostracode species typically live at either
higher elevations or farther north than those found in the glacial fossil record. All of the climate
proxy data suggest that the climate was colder and wetter during the last glacial period
than today.

6.3.4.2.5 Lathrop Wells Diatomite Microfossil and Isotope Data

The Lathrop Wells diatomite deposits occur at the southern margin of Crater Flat, approximately
18 km southwest of Yucca Mountain (Figure 6.3-7). These spring deposits originate from
discharge from the regional water table and are comprised of pale-green mudstones, local
secondary carbonate, silicious rhizoliths, and diatomite (Quade et al. 1995, p. 226). Diatomite is
a sediment composed primarily of the opaline valves of diatoms (single-celled algae). Various
studies provide the basis for interpreting the paleohydrology and age of these deposits. Paces
et al. (1993, p. 1573) and Quade et al. (1995, p. 213) show that the Lathrop Wells diatomite
surface deposits are situated about 100 m above the regional water table. Paces et al. (1993,
p. 1573); Paces, Neymark et al. (1996, p. 3); and Paces et al. (1997, p. 1) reconstruct the site's
paleohydrology based on fossil and isotope data. Brennan and Quade (1997, p. 329) discuss the
importance of radiocarbon data collected at this site to understanding changes in travel time
within the Yucca Mountain flow system as a function of climate change. Evidence for the age of
these deposits is discussed in detail in Paces et al. (1993, pp. 1573 to 1580); Quade et al. (1995,
Table 2, p. 215); and Brennan and Quade (1997, pp. 332 to 333, Table 1). The paleohydrology
at this site and from other past discharge sites in the Amargosa Desert is treated in more detail in
Section 9.4.

Although Swadley and Carr (1987, 1-1767 map) believed these deposits are Pliocene to lower
Quaternary based on field relations, Paces et al. (1993, pp. 1578, 1579) provide U-series ages
suggesting episodic discharge of the deposits ranging from the penultimate glacial (OIS-6) to the
last glacial maximum (OIS-2). Paces et al. (1997, p. 4) provide additional age determinations,
noting that the materials dated may exhibit some open-system behavior with consequent loss of
uranium. The best values among the latter determinations cluster in OIS-3, or about 30 to 60 ka.
Brennan and Quade (1997, p. 335) report radiocarbon ages centered on about 13 ka from a
capping carbonate that lies above the diatomite. Vertebrate fossils recovered primarily from the
diatomite in these deposits are not particularly diagnostic and only imply a Quaternary age for
the deposits.

Isotopic evidence (Paces et al. 1993, p. 1577) suggests that the Lathrop Wells diatomite deposits
were derived from a regional groundwater source. Strontium and U isotopic ratios for authigenic
materials in these deposits are similar to those from regional groundwater sampled nearby,
although groundwater from beneath this site remains unsampled. These data exclude a surface

TDR-CRW-GS-000001 REV 01 ICN 01 6.3-29 September 2000



water source, and 234U/238U, 687Sr, and 8 3C data from authigenic materials in the deposit are
inconsistent with perched water compositions expected from interactions with local rock sources.

The diatomite itself also suggests a connection with water from a regional rather than a perched
aquifer. Diatoms live in all kinds of surface-water and wet-terrestrial environments. Water rich
in dissolved silica and other nutrients fosters abundant diatom growth, and diatomite readily
forms in depositional systems where clastic and chemical sediments do not dilute the
accumulating flux of diatom valves. Discharge from perched aquifers in the region, such as
Cane Springs, Nevada (36.80N, 116.09'W), or Pahroc Spring, Nevada (37.660 N, 114.980 W),
does not form diatomite, even though dissolved silica levels are relatively high (about 60 mg/L).
It is possible that the modem discharge from these localities may not be sufficient to allow the
buildup of diatomite. Additionally, the Lathrop Wells diatomite contains species that today live
in warm waters, commonly over 20'C (Paces, Forester et al. 1996, Section 4.2). A regional
aquifer is not necessarily linked to ambient air temperature, whereas a perched aquifer often is.
Assuming the diatomite formed during a glacial period, discharge at elevated water temperatures
would be inconsistent with a perched aquifer, which would have a discharge temperature
approximating mean annual air temperature (Forester 1991, p. 199). Considering the silica,
discharge, and water temperature requirements, the diatomite at this locality likely was a
consequence of regional aquifer discharge.

The reconstruction of climate from aquatic microfossils and from stable isotope data in the
Las Vegas and Indian Springs Valleys (Figure 6.3-7) southeast of Yucca Mountain, as discussed
above, is consistent with the packrat midden, plant macrofossil climate reconstruction. However,
because the Las Vegas and Indian Springs valleys are bounded by some of the highest mountains
in the region, their hydrological response to Pleistocene climate change may be accentuated by
local upland recharge relative to that in the immediate Yucca Mountain flow system. The
Lathrop Wells diatomite, by contrast, represents the response of the Yucca Mountain
paleohydrological system to climate change without significant effects of local high-mountain
recharge. Upland areas north of Timber Mountain (more than 50 km [31 mi.] distant) most
likely represent the recharge area for the Yucca Mountain systems. Today, the regional water
table at the Lathrop Wells diatomite is thought to be about 100 m (328 ft) below ground surface
(Paces et al. 1993, p. 1573). The water table may or may not have been that deep in the past,
when glacial climates caused it to rise to the surface. For example, the low elevation of the water
table in Brown's Room is a Holocene phenomena (Szabo et al. 1994, p. 64, Figure 4). Greater
recharge and flow in the Amargosa system significantly contributed to the large lakes in Death
Valley during OIS-2 (Section 6.3.4.1.3).

A more complete summary of evidence pertaining to the long-term stability of the water table
level is found in Section 9.4. As discussed in Section 9.4, combined evidence from the Lathrop
Wells diatomite site and other sites indicates that water tables during Quaternary time were a
maximum of about 115 to 120 m (377 to 394 ft) higher than the current water table level.

6.3.4.2.6 Summary of Local Records

The climate interpretations based on the packrat midden data (terrestrial records) and on the
diatom, ostracode, and isotope data (aquatic records) discussed above collectively show
increased mean annual precipitation and lower mean annual temperature relative to modem
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levels during the last glacial period (OIS-2). Mean annual precipitation was probably about two
to three times that of modem levels, and mean annual temperature was much lower, from about
5° to 100C. The hydrologic consequence of a wetter and colder climate was generally higher
regional water tables, with the Yucca Mountain regional water table being a maximum of about
115 to 120 m (377 to 394 ft) above its present elevation. The regional water table fluctuation
from 40 m (131 ft) to greater than 100 m (328 ft) relative to today implies that past climates
significantly affected the regional flow system. The estimated water table elevations in the
Yucca Mountain area vary with the characteristics of the aquifer involved. For example, systems
with greater transmissivity have greater flow-through and, hence, rise less than systems with
lower transmissivity given equal amounts of recharge. Hence, a small rise in the water table of a
transmissive aquifer could reflect a change to a much wetter climate than a large rise in a
nontransmissive aquifer.

Further, cold discharge from shallow alluvial aquifers was common during the last glacial period
and, along with higher regional tables, supported shallow wetlands throughout the region. Water
on the valley floors, based on the 6180 values from bivalves, probably resembled modem-day
high-elevation spring discharge, which is derived from winter precipitation recharge. The
modern-day hot summers with convective storms did not exist during the glacials periods.
Glacial summers were probably cool and dry, so effective moisture remained high throughout the
year, in part because the low air temperatures greatly reduced evaporation.

6.3.5 Site Records of Climate Change

Site records of past climate, those within or on Yucca Mountain, are common and comprise two
isotopic data sets collected from calcite precipitated in fractures within Yucca Mountain (Whelan
et al. 1994, p. 2738) and in the soils on or near Yucca Mountain (Quade and Cerling 1990,
p. 1549; Vaniman and Whelan 1994, p. 2730). In low-temperature calcite, CaCO3, the carbon
isotopes are derived from a mixture of CO2 originating from soil respiration, the atmosphere, and
dissolution of existing carbonates. The soil-respired carbon carries an isotopic signature of the
general photosynthetic pathways used by the plant community from which it was derived, and
that information provides insights into climate. The calcite 6180 values reflect equilibration with
meteoric water and may (if the water is not greatly evaporated) register the 6180 signature of the
air mass from which the water precipitated and the probable season of the precipitation. Further,
because calcite incorporates Sr and other metals in its lattice, it records Sr isotope or
geochemical information about the waters from which it precipitated. These relations offer
insights into the nature of the climate (i.e., plant communities, air mass synoptics, and
percolation sources [from 687Sr and 613C values] prevalent in the region when the calcite
precipitated). Delta deviations are defined as 6 = ((Rsampe - Rstandard) / (Rsmdad)) x 1000, in
which R is the ratio of the heavier isotope to the lighter isotope. When the calcite can be dated
(Whelan et al. 1994, p. 2743, Table 2; Paces, Neymark et al. 1996, Appendix 1, pp. 45 to 46,
Appendix 2, pp. 47 to 50; Paces et al. 1997, p. 2), the isotopic information can be placed in a past
regional climate context, thus linking percolation and climate state to the orbital dynamics that
provide the timing and estimated magnitude of future climate change (Section 6.4).

Infiltration modeling suggests that these fluxes vary across the mountain as functions of the
amount, timing, and duration of precipitation; soil thickness and moisture conditions;
outcropping lithologies; and solar radiation (or evapotranspiration) (Flint et al. 1996, p. 1). The
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results of numerical infiltration modeling are described in Section 8.2. Stable isotope studies of
unsaturated zone waters (Yang et al. 1998, p. 1) and saturated zone groundwaters (Benson and
Klieforth 1989, p. 41), coupled with studies of local meteoric waters (Benson and McKinley
1985, p. 9, Figure 5), indicate that recent infiltration is dominated by winter precipitation.

6.3.5.1 Secondary Mineral Deposits in the Yucca Mountain Tuffs

Secondary minerals have formed in both the unsaturated zone and the saturated zone. Within the
saturated zone, these minerals appear to have resulted from an early, moderate-temperature,
hydrothermal alteration event. Broxton et al. (1987, p. 89) related this calcite to a hydrothermal
event that altered the tuff matrix and deposited alteration minerals (e.g., quartz, calcite, feldspars)
in the tuffs. Bish and Aronson (1993, p. 148) reported K-Ar age determinations, which they
suggested may relate the event to the formation of the Timber Mountain caldera about 10 Ma.
Because saturated zone secondary minerals are unrelated to either Quaternary processes or to
regional groundwater, they are not related to climate processes and will not be discussed further
in this section.

Secondary calcite and silica (quartz, chalcedony, and opal) also occur as drusy coatings on
fractures and in lithophysal cavities' within the unsaturated zone. Deposition in unsaturated
(i.e., vadose) zone settings is demonstrated by restriction of these coatings to fracture footwalls
and the floors of lithophysae.

Unsaturated zone secondary mineralization can be divided into three stages: an early stage that
consists of quartz and chalcedony with minor calcite, a main stage that consists largely of blocky
to bladed calcite and minor opal, and a late stage that consists of clear calcite as blades and
overgrowths, also with minor opal. Whelan et al. (1998, p. 1) and Neymark et al. (1998, p. 85)
suggest that the early secondary mineralization in the tuffs may have closely followed their
eruption. In addition, this early calcite has unusually large 613 C values and lower 6180 values
(Paces, Neymark et al. 1996, p. 26; Whelan et al. 1998, p. 21). Additionally, fluid inclusion
evidence (Roedder et al. 1994, pp. 1859 to 1960; Dublyansky et al. 1996) indicates the presence
of reduced C species, such as CH4 , and deposition at somewhat warmer temperatures than are
found in the unsaturated zone today. As such, the early calcite probably does not reflect past
climate and is therefore excluded from succeeding discussions.

Main and late stage secondary mineralization (as defined above), which consists of multiple
generations of calcite spatially and temporally interspersed with opal, appears to have formed
directly from percolating waters at ambient temperatures. Percolation water, discussed in more
detail below, carries dissolved inorganic carbon 613C values derived predominantly from the
resident plant community and, thus, a C isotopic signature of climate. Similarly, rain or snow
infiltrating through the soils and becoming percolation will have a 6180 value reflecting the
moisture source and pathway of the air mass causing the precipitation. Because these change as
a function of global climate circulation patterns, percolation 6180 values will also vary with
climate. Therefore, when secondary calcite in the unsaturated zone can be accurately dated, it
can provide a record of past climate states.

Lithophysae are bubble-like cavities formed by gases devolving from erupted tuffs during their cooling
(Jackson 1997) (Section 4.5).
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Placing the unsaturated zone secondary minerals in a time framework is the subject of an
isotopic dating effort. These chronological studies focus on occurrences exposed in the
Exploratory Studies Facility and applied 4C and 230Th/U geochronometers, with useful ranges
of about 45 ka and about 400 ka, respectively, to dating of the most recent mineralization events
(Paces, Neymark et al. 1996, p. 2; Paces et al. 1997, Figure 18). However, due to extremely slow
rates of mineral deposition in the unsaturated zone (1 to 10 mm/m.y.) and low U concentrations
in calcite (often less than 1 ppb), sampling techniques were physically unable to resolve
individual depositional episodes. The age determinations shown on Figure 6.3-19 range from
16 to 400 k.y., but all probably represent physical mixtures and average ages of depositional
periods spanning the present to more than I Ma (Paces, Neymark et al. 1996, p. 2; Paces et al.
1997, p. 20). Nonetheless, the majority of 14C ages, determined from sampling outermost calcite
crystal surfaces, yielded finite ages less than about 45 ka. This indicates that the presence of 14C

and the deposition of the youngest calcite probably occurred within the last glacial period (10 to
20 ka) (Paces, Neymark et al. 1996, p. 14). Unfortunately, these records do not lend themselves
to more refined chronologies.

The U/Pb geochronometer extends much further into the past and has been applied to several
dozen opal or chalcedony occurrences from deeper in the paragenetic sequence (Neymark et al.
1998, p. 85). Although opal and chalcedony are neither sufficiently abundant nor prevalent
within the paragenesis to provide systematic constraints on mineralization history, these data do
provide coarse constraints on the long-term variability of past climates.

6.3.5.2 Stable Isotope Geochemistry of Secondary Calcite in the Unsaturated Zone

Both physical and geochemical processes occur that affect the isotopic values of 613C and 6180
and the precipitation of secondary minerals. These include the interaction of soil, water, and
organic matter for 613 C; initial 6180 value and temperature for 6180; and the loss of volatiles
from percolating waters for secondary minerals, such as calcite and opal. These interactions are
described in the following sections.

6.3.5.2.1 Controls on Infiltration Delta Carbon-13 Values

Soil carbonate dissolution is expressed by the general reaction

CaCO3 + CO2 + H2 0 <-> 2HC03- + Ca2+ (Eq. 6.3-1)

wherein Ca2+ (or other cations) come from pedogenic carbonate and much of the CO2 comes
from plant matter, either directly through oxidation and decay or from plant respiration. The
carbon in the HCO3 then comes either from plant CO2 or via dissolution of carbonate that, in arid
to semiarid climates, is often pedogenic carbonate previously formed per the reverse reaction in
Equation 6.3-1. Very fine-grained pedogenic calcite has formed extensively in the soils, and in
near-surface bedrock fractures on and around Yucca Mountain. During times of higher
infiltration, the resulting percolation will potentially dissolve pedogenic carbonate or, if
infiltration is excessive, may carry a preliminary plant matter and soil gas carbon isotope
signature. Pedogenic carbonate on and around Yucca Mountain has 613C values ranging from
-8 to -4 per mil (Quade and Cerling 1990, p. 1550, Figure 2; Vaniman and Whelan 1994,
p. 2735, Figure 4), reflecting plant assemblage responses to past changes in climate.
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The style of photosynthesis used by various plants is preserved in the 8' 3C values of the organic
matter, as well as the respired CO2 . More specifically, biochemical controls and isotopic effects
during diffusion of CO2 into leaves and photosynthesis result in 13C depletion of plant matter
with respect to atmospheric CO2. Plants have evolved three different photosynthetic pathways,
designated as C3, C4, and crassulacean acid metabolism, each producing different C isotope
fractionations (Boutton 1996, pp. 50 to 57). Most plant matter in soils is supplied by the C3 and
C4 plants; contributions by crassulacean acid metabolism plants, which are largely succulents,
are minor. Soil C isotope systematics are therefore satisfactorily characterized by considering
only C3 and C4 plant inputs (Cerling 1984, p. 229).

Photosynthesis in C3 plants produces a 3-carbon compound and plant matter having 613C values
ranging from -32 to -22 per mil and averaging -27 per mil (Boutton 1996, p. 51). Plants
following the C4 pathway evolved during the Cenozoic, possibly in response to lowered levels of
atmospheric CO2 and higher temperatures, stresses that they endure more readily than C3 plants.
Photosynthesis in C4 plants produces a 4-carbon compound and plant matter having isotopic
compositions ranging from -17 to -9 per mil and averaging -13 per mil (Boutton 1996, p. 54).
Hot, dry lowlands are dominated by C4 plants, largely grasses, whereas wetter and cooler
uplands may be occupied almost exclusively by C3 plants, which include most trees, shrubs,
herbs, and other grasses. (Quade et al. [1989, p. 469, Table 2] provide a partial list of C3 and C4
plants of the southern Great Basin.)

Fossil pedogenic carbonate found in soils retains, in its 613C values, a clear indication of plant
types that lived in the overlying soils. This was clearly demonstrated by Quade et al. (1989,
p. 464) in a study of recent pedogenic carbonate in southern Nevada. They found a direct
correlation between elevation and pedogenic carbonate 613C values, with higher elevations
displaying much lower 6 13C values, because C3 plants were predominant (Figure 6. 3-20). In the
same sense that plant assemblage C3/C4 ratios vary with altitude, that ratio also varies with
changes in past climate. Wetter and cooler climates in the past at Yucca Mountain, comparable
to modern climates found at higher elevations, will produce infiltration with lower dissolved
inorganic carbon 613C values; conversely, drier climates will result in higher 613C values in
infiltration-dissolved inorganic C. Unsaturated zone secondary calcite, formed from past
percolation fluxes, therefore retains evidence of the climate that prevailed at the time of its
formation.

6.3.5.2.2 Controls on Infiltration Delta Oxygen-18 Values

The 6180 values of meteoric water (rain or snow) at any geographic location are chiefly
controlled by air and water temperatures at the moisture source and by the precipitation history
of the air mass preceding its arrival at a study site (Section6.3.4.1.1). Oxygen isotope
fractionation between water and water vapor increases as temperature decreases, with the light
isotope (16 0) enriched in the vapor phase. Air masses originating over cold seas will, therefore,
produce lower 6180 precipitation than warm sea air masses because of the cooler temperatures of
evaporation. Even air mass vapors with high tropical 6180 values become isotopically lighter as
they move north because of the isotopic fractionation effects of rain along its path. Although
isotopic depletion of '80 in water vapor during evaporation is partially balanced by I 0
-enrichment during condensation and precipitation, meteoric waters are depleted in 1O with
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respect to the ocean. It follows that condensation and precipitation will cause further 18o

depletion in the air mass, and that this depletion will be greater at cooler temperatures (and,
therefore, larger H201-H20 isotopic fractionations). Meteoric waters from air masses with long
precipitation histories (rain-out effects) or that have condensed and precipitated at cooler
temperatures, such as during winter or at higher elevations, will have more negative 8180 values
than coastal or summer precipitation. The fractionation process is amplified during glacial
periods when, as a consequence of resident polar air masses, the thermal gradient between
tropical moisture sources and the Yucca Mountain region is much steeper (Section 6.3.4.1.2).

Measurements of precipitation 5180 values from sites on or near Yucca Mountain and tracks of
the air mass trajectories that produced the precipitation (Milne et al. 1987, p. 1) were used by
Benson and Klieforth (1989, pp. 42 to 45) to define the isotopic signatures of the air mass
sources responsible for present-day precipitation. Modem extremes of precipitation 6180 values
in the Yucca Mountain region range from arctic and continental polar air masses (-17 to -14 per
mil) to maritime air masses (approximately -l per mil). Modem precipitation is dominated by
maritime moisture sources (Benson and Klieforth 1989, pp. 52, 56, Table 5). During the colder
climates of glacial periods, arctic and polar air masses would have played a more important role
in bringing moisture into the Yucca Mountain region. Thus, glacial climates should be reflected
by lower (more negative) 5180 values of infiltrating waters and a similar lowering of the 5180
values of secondary calcite formed from those waters.

Secondary calcite 6180 values are also affected by the gentle warming of percolating waters
during their descent through the unsaturated zone. Reconnaissance stable isotope studies of
unsaturated zone calcite by Szabo and Kyser (1990, p. 1714) indicated that calcite 5180 values
decrease regularly with depth, which they attributed to decrease of the calcite-water 0 isotopic
fractionation factor as the fluids warmed. Subsequent studies of secondary minerals have
verified the decrease of calcite 6180 values with depth (Figure 6.3-21) and supported this
conclusion (e.g., Whelan and Stuckless 1992, p. 1572; Whelan et'al. 1994, p. 2738).

6.3.5.2.3 Formation and Distribution of Secondary Minerals

Precipitation of both calcite and opal is likely related to loss of volatiles from percolating waters.
Carbon dioxide evasion is the most likely driver of calcite precipitation, whereas evaporation
probably drives opal precipitation. Localization of secondary minerals in open fractures and
lithophysal cavities indicates that open space itself, together with open connections for volatile
escape, are necessary for mineral formation. In the Paintbrush nonwelded (PTn) unit, those
fractures that do occur are tight, not open, and percolation waters must move largely through the
matrix of the bedded units. Consequently, volatile loss is restricted in the PTn unit, and that unit
contains much less secondary mineralization than the Tiva Canyon welded (TCw) and Topopah
Spring welded (TSw) units. (See Section 8.3 for the hydrolithologic definitions of the PTn,
TCw, and TSw units.)

Mineral precipitation may not, however, be solely a function of open-space pathways,
percolation flux, and volatile loss. The chemistry of percolating waters may have varied with
changes in the seasonality of infiltration, percolation fluxes, or soil type and chemistry in
response to changes in climate. For instance, dense vegetation cover resulting from cool and wet
climates might form more humus-rich soils. Coupled with higher infiltration rates, such soils
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could potentially result in infiltration of water with lower pH and initial calcite undersaturation.
Similarly, climates generating summer infiltration may carry higher concentrations of dissolved
species into Yucca Mountain than climates generating cold season infiltration because cold
season soil CO2 concentrations are much lower due to little root zone respiration.

Infiltration waters percolate readily through the welded and fractured TCw unit, and calcite
stable isotopic signatures should faithfully record concurrent climate. Percolation moves through
the matrix of the PTn unit much more slowly than through the fractured units. Fabryka-Martin
et al. (1997, p. 8-4) suggest that percolation may take several tens to tens of thousands of years to
travel through the PTn unit, depending on flux rates, and Sr isotopic compositions of PTn unit
pore waters indicate extensive water-rock interaction as percolation moves through it (Marshall
et al. 1997, p. F308). Such travel times will result in century-scale, and even millennial-scale,
averaging of stable isotope values in calcite precipitated in the underlying TSw unit. The basic
glacial and interglacial signature of climate seen in other records throughout the region should,
nonetheless, be preserved as long as calcite precipitates from all waters moving through Yucca
Mountain.

6.3.5.3 Secondary Mineral Evidence of Past Climates

Pleistocene climates are responsible for calcite-depositing percolation flux in the
following ways:

Carbon Isotopes-Typical 613C values of younger unsaturated zone calcite fall in a range of
-8 to -4 per mil. Other heavier 613C values are known, especially from the older calcite, and
those values are thought to be related to nonclimate processes. Theoretical calculations,
however, permit soil respiration processes to result in 613C values ranging up to about +4 per mil
(Cerling 1984, p. 233), and this is then taken as the upper 613C limit of calcite that could have
precipitated directly from percolation (Figure 6.3-22).

Correlations between soil carbonate isotopic values, elevation, and predominant plant species, as
determined by Quade et al. (1989, p. 464), show that the 613C values of secondary calcite are
consistent with past climates that were colder and wetter than the present day. Figure 6.3-22
shows that approximately 60 percent of the 613C values fall between -8 and -4 per mil, with a
pronounced mode around -6 per mil. This range is essentially identical to that of the pedogenic
carbonates found in the massive calcretes on and around Yucca Mountain. Quade and Cerling
(1990, p. 1549) concluded that the carbonate in pedogenic calcrete filling the Bow Ridge fault
and exposed in the near surface at Trench 14 formed during climates that were colder and wetter
than the present. They correlated these 613C values to those of modem soil carbonate forming at
elevations of 1,800 to 2,000 m, which is comparable, in today's climate terms, to the flanks of
the Rainier Mesa. These correlations, therefore, suggest calcite deposition within Yucca
Mountain occurred predominantly during colder and wetter climates in the past that had higher
infiltration rates and percolation fluxes.

Oxygen Isotopes-Unsaturated zone calcite 6180 values display a ±4 to ±5 per mil range at all
depths (Figure 6.3-2 1). It seems unlikely that past climate-induced changes in the temperature or
flux of infiltration would significantly alter the geothermal gradient. Hence, the modern gradient
should provide a reasonable estimate of calcite precipitation temperatures. The 6180 range at
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any depth, therefore, reflects variations in the 8180 of percolation flux caused by the range of
past climates. Modem extremes of precipitation 8180 values range from about -17 to -14 per
mil in arctic and continental polar air masses to near -11 per mil in maritime air masses (Benson
and Klieforth 1989, Table 5, p. 56). Modem precipitation appears to be dominated by maritime
sources (Benson and Klieforth 1989, Figure 21, p. 53).. Logically, past glacial climates should
have received significantly greater contributions from arctic and continental polar- weather
systems (Sections 6.3.4.1.1). The 6180 value of calcite within the mountain is a function of the
6180 content of the infiltrating waters and the temperature of the water within the mountain at the
time of calcite deposition. The 6'80 values of infiltration will be related to the 6180 value of the
precipitation, which expresses the climate signal (Benson and Klieforth 1989, p. 41) and whether
the precipitation evaporated before becoming infiltration. Evaporation would have the effect of
increasing the 8'80 values of the infiltration, resulting in erroneous indication of warmer
climates. Studies of soil moisture isotopes, however, show that 6180 values change little during
drying; it is unlikely, therefore,. that evaporation significantly affects the 6180 value of
infiltration. The Yucca Mountain thermal gradient should remain more or less constant through
time, and so the temperature at which calcite precipitates will, be a function of depth within
Yucca Mountain. So, presuming little or no evaporation, the range of calcite 6180 values permit
some generalizations about the climates responsible for calcite-precipitating percolation fluxes.

The mean annual temperature of a region provides an estimate of the air masses that are resident
throughout the year (e.g., arctic, polar, and tropical air masses have their own temperature
characteristics). The relatively high modem mean annual temperature at Yucca Mountain
reflects the rarity or absence of the arctic air masses and the commonness of subtropical air
masses. Modem mean annual temperature thus provides a good estimate of a warm climate
precipitation and a value of about 50C (Sections 6.3.4.1.2 and 6.3.4.2), a good estimate of glacial
mean annual temperature. The temperature dependence of the equilibrium 0 isotopic difference
between calcite and water 6180 values is well known (Kim and O'Neil 1997, p. 3461). Using
that relation, and using the modem geothermal gradient and past mean annual temperature to
estimate rock temperatures at depth, allows the 6180 values of past percolation to be estimated
from measurements of the unsaturated zone calcite 6180 values. At a modem mean annual
temperature of approximately 15'C and an estimated geothermal gradient of around 340 C/km
(Szabo and. Kyser 1990, p. 1714), the calcite at 100 m depth reflects percolation flux
(i.e., meteoric) water 6180 values of -13.4 to -8.4 per mil. During glacial times, and at a mean
annual temperature of 50C, this calcite would indicate a range of about -15.7 to -10.7 per mil.
Percolation flux 6180 values estimated from calcite found at 500 m depth, which ranges in 6180

from about 14 to 18 per mil, are -12.5 to -8.5 per mil for modem meteoric waters and -14.5 to
-10.5 per mil for glacial-stage waters (Forester et al. 1999, p. 38). These estimated isotopic
relations are shown in Table 6.3-1.

In general, these estimates suggest that younger unsaturated zone calcites have formed during
both modern-like and glacial climates. The highest water 8180 values of about -8 per mil may
reflect some evaporation of infiltrating waters or record infiltration during some past climate
characterized by precipitation with fairly 180-enriched mean annual precipitation (e.g., a climate
state with greater infiltration inputs from summer precipitation). However, because summer
precipitation is typically taken up by plants, past infiltration by summer rain implies very high
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levels of precipitation. The water table elevation record from Brown's Room at the Devils Hole
site contains the best dated records from the last interglacial and shows a high water table, which
was attributed to climate (Szabo et al. 1994, p. 59). A wet interglacial could then produce these
ISO -enriched waters. These estimates also indicate that, if arctic moisture sources with 6180

values of approximately -17 per mil (Benson and Klieforth 1989, Table 5, p. 56) were
predominant during any past climate states, they either did not produce significant infiltration or
produced infiltration that deposited little secondary calcite, again assuming the infiltration and
percolation were not evaporatively enriched.

Climate states producing the most calcite were not necessarily those producing the highest
percolation fluxes. Wetter or cooler climates that generated greater percolation fluxes, but which
were calcite undersaturated and left no mineral record, are certainly possible.

Million-Year-Scale Climate Trends at Yucca Mountain-Uranium-lead ages of secondary opal
and chalcedony reported by Paces et al. (1997, p. 20) and Neymark et al. (1998, p. 85) range
back to approximately 10 Ma. Preliminary determinations of the 61 3 C of the calcite associated
with the dated materials (Figure 6.3-23) confirm the correlation between paragenetic position
and 613C indicated on Figure 6.3-22.

Secondary calcite deposited during the Pleistocene has 613C values ranging from -4.5
to -7.5 per mil (Figure 6.3-23). Quade et al. (1989, p. 464), in studies of Holocene pedogenic
carbonate formation in southern Nevada, demonstrated a clear inverse correlation between 613C

and elevation (i.e., soil calcite 613C values decreased with increasing elevation) (Figure 6.3-20).
Using this relation, unsaturated zone calcite 613C values may be used to estimate climate
variability on Yucca Mountain during the Pleistocene. A 613C of approximately -4.5 per mil
corresponds to a modem southern Nevada microclimate with an elevation of about 1,400 m, and
a plant assemblage, including creosote bush, bursage, and ephedra, comparable to the present-
day southern end of the crest of Yucca Mountain. By comparison, a 613C of approximately
-7.5 per mil implies a modern southern Nevada elevation of approximately 1,800 m and
a pinyon-juniper-sagebrush plant community like that found on Shoshone Mountain or the flanks
of Rainier and Pahute mesas.

Secondary calcite, with 613C values less than -6 per mil, apparently was not formed prior to
approximately 3.0 to 3.5 Ma (Whelan and Moscati 1998, p. 14, Figure 3). In plant community
terms, this is equivalent to a decrease in the C3/C4 plant ratio. Older secondary calcite has 813C
values that range between about -5 and +2 per mil and seemingly increase with age. In
paragenetic terms, this interval of time and range of 613C values represent the "Middle" mode on
Figure 6.3-22.

Thompson (1991, p. 115), in reviewing possible Pliocene climate in the western United States,
suggests that climates were generally milder, wetter, and less seasonal prior to approximately
2 Ma. Constrained by these broad climate conditions, modern climates forming soil carbonate of
approximately -5 to +1 per mil 613C include prairie settings, such as those found from Kansas to
Minnesota, and tropical savannas and wooded grasslands, such as those found in Africa (Cerling
and Quade 1993, p. 221, Table 1).
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Winograd et al. (1985, p. 519) demonstrated a sharp decrease in the D values of travertine-hosted
fluid inclusions at about 1 Ma and suggested that it might reflect a regional shift in climate
patterns related to uplift of the Sierra Nevada mountain ranges. Other studies of paleosol
carbonate (Rogers et al. 1992, p. 55), Searles Lake salinity (Smith 1984, p. 1), and Lake Tecopa
water depths (Morrison 1999, p. 304; Larson et al. 1991, p. A301) also indicate a significant shift
in regional climate 1 to 2 Ma. These regional records, therefore, broadly support the unsaturated
zone calcite record of an apparent change in climate state beginning sometime in the Pliocene
and culminating by approximately 1 Ma, with the climate range produced by cyclic continental
glaciations of the Pleistocene.
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6.4 FUTURE CLIMATE VARIATION

This section-describes timing relations between calculated earth-orbital parameters and past
climate cycles and how these relations are used to forecast future climate. Forecasting the timing
and nature of future climate change requires the identification of a past climate sequence that is
believed to be part of a cycle that will repeat itself in the future. In this way, a past climate time-
series analog is identified and projected into the future.

Forecasting is different from predicting. Predicting integrates all factors affecting earth's climate
into a time series numeric model; then the model is run for the particular future times under
predetermined boundary conditions. Present-day science does not know, with certainty, why
climate changes or how to describe numerically the change in climate systems in a time series.
Nor is there agreement about future boundary conditions. Consequently, the discussion below
focuses on forecasting, rather than predicting, future climate.

This section discusses how paleoenvironmental data suggest that the future climate cycle will be
most similar to the climate cycle that began approximately 400,000 yr. ago. This implies that the
transition from interglacial OIS-1 1 to glacial OIS-10 provides a past analog for future climate.
This transition is used as a basis to forecast future climate in terms of upper and lower bounds for
the next 10 k.y. This method was developed in accordance with proposed 10 CFR 963 (64 FR
67054) requirements and was made within U.S. Nuclear Regulatory Commission guidelines
(NRC 1997).

6.4.1 Introduction

This section first establishes a methodology to time climate change by comparing orbital
parameters with the Devils Hole climate change chronology. The methodology is then applied to
the future to suggest the possible timing of climate change during the next 10 k.y. Although any
analysis of future climate is uncertain, and the causes of past climate change initiating glacial or
interglacial conditions are not known, perceived relations between measurable cycles provide a
sound method to estimate and forecast future climate conditions.

Next, the characteristics of past climate states are compared, using other past climate data and
the micropaleontological record from sediment cores recovered from Owens Lake, California
(Figure 6. 4-1). Comparison of the relative nature and magnitude of past climate states allows
the selection of a particular past climate as an analog for future climate. The timing and nature
of future climate is then forecast from the past climate selected. Finally, modern meteorological
stations are chosen to represent mean annual and seasonal precipitation, as well as mean annual
and seasonal air temperature values for each analog climate state. In this way, an upper and a
lower climate bound for each climate state for the next 10 k.y. is forecast for Yucca Mountain
(Figure 6.3-1).

This analysis depends on the following assumptions: climate cyclicity, the accuracy of an earth-
orbital parameter climate change clock, the repetition of particular past climate states in the
future, and the relative tectonic stability during the past long earth-orbital cycle and for the next
IOk.y.
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6.4.2 Sources of Information

The variation of climate with changes in the earth's orbital parameters forms the basis for
developing future climate models. Information supporting evaluations of past climate in the
Yucca Mountain region was discussed in Section 6.3. Data on the occurrence of ostracode and
diatom species as a function of past climate, and knowledge of the temperature and precipitation
conditions under which they occur today, provide a basis for selecting present-day
meteorological sites to use as analogs for future climate states.

6.4.3 Future Climate Models

Four key assumptions are fundamental to forecasting future climate:

1. Climate is cyclical, so past climates provide insight into potential future climates
(i.e., the past is the key to the future).

2. A relation exists between the timing of long-term, past climate change (the glacial and
interglacial cycles) and the timing of changes in certain earth-orbital parameters. This
relation establishes a millennial-scale, climate change clock, providing a possible way
to time future climate change.

3. A relation exists between the characteristics of past climates and the sequence of those
climates in the long, approximately 400 k.y. earth-orbital cycle. The characteristics of
past glacial and interglacial climates within the long earth-orbital cycle differ from
each other, and appear to do so in a systematic way. This climate sequence relation
provides a defensible criterion for selecting a particular past climate as an analog for
future climate.

4. Long-term, earth-based, climate forcing functions, primarily tectonics, that operate on
the million-year time scale have remained relatively unchanged during the last long
earth climate cycle, and they will remain relatively unchanged during the next 10 k.y.
The constancy of tectonic scale climate change will be assumed for the 10 k.y. time
frame, but cannot be assumed for million-year time scales, past or future.
Consequently, the potential and unpredictable impact of long-term, earth-based forcing
functions on climate need not be considered to understand climate change during the
past 400 k.y. (nor the next 10 k.y.) and will not be further discussed.

6.4.3.1 Assumption 1-Climate Is Cyclical: The Past Is the Key to the Future

The first key assumption for this analysis is that climate is cyclical; thus, the past can be used to
forecast the future (i.e., if climate change exhibits some rhythmic pattern, then future climates
will repeat, or at least approximate, past climates). For the 10 k.y. case at Yucca Mountain, the
climate cycle of interest is if (and when) the present-day interglacial period will be followed by a
change in climate toward a glacial period. To illustrate the cyclic nature of past climate, the 6180
isotope record from a calcite core at Devils Hole, Nevada, about 90 km south of Yucca Mountain
(Figure 6.4-1), provides the best information about climate change in the region, showing that
climate is cyclical on a millennial time scale (USGS 2000, p. 18).
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Devils Hole, described in detail in Section 6.3.4.1.1, is an active extensional fracture in the
Paleozoic limestone that composes the regional Paleozoic aquifer. During the last 500 k.y. or
more, calcite has precipitated on fracture walls, leaving an isotopic 5180 record of the regional
groundwater flowing through the fracture (Winograd et al. 1992, p. 225). Typically, interglacial
precipitation has higher 6180 values than glacial precipitation. Thus, in the carbonate 6180
record from Devils Hole, high values represent interglacial climates, and low values represent
glacial or glacial transition values.

The cycles in the Devils Hole 5180 data for the past 425 k.y. reflect a cyclical change from
interglacial to glacial climates, each of which can be identified by a number (Figure 6.4-2) for an
01S. The OISs are derived from the marine carbonate 8lso records, which reflect changes in
6180 values of ocean water as the continental ice sheets expanded and contracted. (See the
discussions in USGS [2000, p. 18] and Shackleton and Opdyke [1973, pp. 40 to 41].) The OISs
and the Devils Hole chronologies are not correlated exactly; in particular, they differ in the
timing of the glacial terminations (Winograd et al. 1992, Figure 3, p. 257). The Devils Hole
chronology is assumed to be more appropriate for the Yucca Mountain region and is used in this
section.

The Devils Hole 5180 record, as interpreted in terms of changes in isotopic values of infiltration
in the recharge area, shows that climate is cyclical on a millennial time scale. The cycles,
however, differ in duration. (See also Winograd et al. [1992, p. 255], Ludwig et al. [1992,
pp. 284 to 287], and Winograd et al. [1997, p. 141].)

6.4.3.2 Assumption 2-The Timing of Past Climate Change and Earth-Orbital
Parameters

The second key assumption in this analysis is that the timing of past climate change provides a
rationale for timing future climate change. Timing future climate change requires that such
change be based on parameters whose future values can be accurately calculated. Earth-orbital
parameters, whose past and future values are readily calculated from basic celestial mechanics
(Section 6.3.3.1), provide the necessary values if, and only if, a relation exists between the
timing of climate change and those parameters. Using identifiable relations between orbital
parameters and the timing of past climate change to forecast future climate change is within U.S.
Nuclear Regulatory Commission guidelines (NRC 1997, Sections 2.3.1 and 2.3.2). Because the
causes of past change from interglacial to glacial and back to interglacial climates remain
unknown, using the timing of past climate change as a basis for the future timing of climate
change should be viewed with caution.

Recognition of relations between climate change and orbital parameters demands a well-dated,
long, earth-based climate record, a record with a very accurate internal chronology. A good
earth-based climate chronology allows for confident comparison of the timing of change between
climate and orbital parameters. The timing of orbital parameters is derived from basic celestial
mechanics discussed by Berger and Loutre (1991, p. 297), whose values are used in this section.
The time under consideration is the past 400 k.y., because that interval of time is about
equivalent to the long earth-orbital cycle, also known as a long eccentricity cycle. Imbrie et al.
(1992, p. 701) and Imbrie, Berger et al. (1993, p. 699), among many authors, provide a
discussion of the perceived relationship between orbital dynamics and climate change.
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Winograd et al. (1992, p. 255), however, have challenged the linkage between orbital forcing of
climate change, based on the difference between timing of climate change in the Devils Hole
record and the SPECMAP. However, this challenge is not at issue here, because the Devils Hole
chronology of climate change is used in this analysis.

As discussed in Section 6.3.3.1, three orbital parameters exist, each having its own periodicity.
These parameters are: eccentricity, which is the shape of the earth's orbit changing in a
systematic way from an ellipse to circular and back to an ellipse about every 100 k.y.; obliquity,
which is the angle of the earth's axis of rotation changing a few degrees, about every 41 k.y.; and
precession, which is the wobble of the earth's axis (like that of a spinning top), changing about
every 23 k.y. Precession dominates insolation (i.e., heat from the sun, as measured at the top of
the atmosphere) at low latitudes, and, therefore, is the primary parameter used here to identify
the timing of climate change (Figures 6.4-3 and 6.4-4).

Because of precession, the summer of perihelion (i.e., that point in the earth's orbit nearest the
sun) shifts from one hemisphere to the other about every 11.5 k.y. Figure 6.4-4 shows how
eccentricity amplifies or dampens the precession value. The long eccentricity cycles
encompassing four 100 k.y. cycles are not exactly 400 k.y. in duration (e.g., the time between the
high value of eccentricity just before 400 k.y. ago and the high value before 0 yr. ago is about
391 k.y.). The exact time between the corresponding eccentricity values of earlier cycles is not
constant, but, to simplify the discussion, all will be referred to herein as 400 k.y. cycles.
Obliquity, which influences the nature of seasonality at high latitudes and is a key component in
the SPECMAP, did not show any consistent relationship with the Devils Hole record; thus, it is
not considered further.

The orbital cycles are compared with the Devils Hole climate change chronology because Devils
Hole is the only accurately and independently dated climate record on earth. Other long, dated
climate records exist, but their chronology typically relies on extensive interpolation between
dates. Because of this drawback, climate records often acquire their chronologies from orbital
data, because all earth records, except Devils Hole, lack a continuous internal chronology.

In this analysis, the Devils Hole record forms the basis for the comparison and timing of climate
change, rather than vice versa. The well-dated, continuous Devils Hole chronology allows
comparison with the temporal changes in the orbital parameters while searching for an orbital
clock that agrees with the times for climate change at Devils Hole. By establishing this
relationship, the timing of future climate change can be readily estimated.

A general, qualitative relation between Devils Hole and precession is evident at the point where
maximal values of precession mark the ends of the Devils Hole interglacials and other warm
periods (Figure 6.4-5). By convention, a maximal positive precession is maximum precession in
the southern hemisphere (Figures 6.4-3 and 6.4-4), whereas a minimal (greatest) negative value
is maximum precession in the northern hemisphere.

This qualitative relation was expanded into a formal relation between the Devils Hole 6180
profile, precession, and eccentricity from direct inspection of the respective curves. The formal
relation provides an orbital clock that offers a rationale for timing future climate change in terms
of the Devils Hole climate change chronology in the Yucca Mountain region. Imbrie, Mix et al.
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(1993, p. 531) and Shaffer et al. (1996, p. 1017) also have identified similarities between the
Devils Hole 6180 profile and orbital parameters. In the Imbrie, Mix et al. (1993) and Shaffer
et al. (1996) studies, Devils Hole was compared to orbital parameters to determine whether the
Devils Hole record reflects orbital forcing (i.e., if the variation in the Devils Hole 6180 profile is
attributable to variation in orbital parameters).

However, even if the existence of an orbital clock agrees with the time of change in the Devils
Hole record, this does not necessarily indicate climate change is caused by change in orbital
parameters. Change in orbital parameters may simply be correlated with some other factor that
causes climate change (e.g., solar output [Gauthier 1999, p. 763]), or it may be a relatively minor
factor, but one that tips the balance and drives the earth's climate system over some unknown
threshold (Shaffer et al. 1996, p. 1020). Although the relation of the timing of past climate
change with changes in the earth-orbital parameters provides information about the timing of
climate change, it does not imply magnitude or nature of climate change.

6.4.3.2.1 The Formal Relation for Timing Climate Change

To describe the formal relation for orbital timing of climate change, the relation between Devils
Hole 6180 and precession was examined (Figure 6.4-5). It should be noted that the inflection
points in the Devils Hole data, marking a change from a high value toward a low value coming
forward in time, correspond to high precession values. Precession plays the dominant role in
determining the nature of tropical and subtropical insolation, so a relation between the precession
spectra and the Devils Hole record may imply a linkage between climate change and
tropical insolation.

Termination of interglacials is defined here as that point in time when the Devils Hole 6180
curve moves from high interglacial 6180 values toward lower values (i.e., the terminal inflection
point in an interglacial sequence coming forward in time [Figure 6.4-5]). It is less evident, but
will be suggested below, that minimal precession values mark the ends of glacial periods at
Yucca Mountain. A minimal precession value is defined here as that point in time when the
Devils Hole 6180 record reverses its trend from low values and moves progressively toward high
values (i.e., the primary inflection point in the curve beyond which the values become
progressively higher). Selecting inflection points at the ends of interglacials and glacial periods
to mark the beginnings and ends of (inter)glacial periods is not conventional, but it better suits
the purposes of this section.

It is important to note that the general nature of (inter)glacial climate does not change precisely
at the primary inflection points, but that the inflection points begin a trend toward an
(inter)glacial climate. Nor does climate necessarily move continuously toward an (inter)glacial.
The Devils Hole 6180 profile shows a relatively smooth curve, which indicates a continuous
transition toward and into (inter)glacial climates, because the Devils Hole data points integrate
approximately 1.8 k.y. of time (Winograd et al. 1992, p. 255). Examination of a higher
resolution curve, such as the deuterium record from Antarctica of the past 420 k.y. (Petit
et al. 1999, p. 429, and supplementary information), shows a pattern of numerous small-
magnitude climate reversals that occur on decadal and century time scales. In fact, the Devils
Hole 6180 record shows a reversal at about 220 ka ago that is seemingly small in magnitude and
only persists for a couple thousand years. Therefore, these primary inflection points in the
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Devils Hole record, identified with the precession methodology, should not be thought of as
absolute timings of climate change because climate reversals toward (inter)glacials may well
occur following the inflection point.

By comparing the Devils Hole 6180 and age data (Landwehr et al. 1997, pp. 3 to 8, Table 1) with
orbital parameter and age data (Berger and Loutre 1991, p. 297), a formal relation was found that
can be used to determine which precession values are the ones that define the beginning or the
end of a glacial period. This method allowed the relation to be consistently applied to the
calculated future orbital-parameter data. This relation, starting with the end of the interglacial
period around 400 ka, appears to consistently identify all of the primary inflection points in the
available Devils Hole record. (New work at Devils Hole has extended the record from about
50 to about 9 ka, but these data are not yet available.) Figures 6.4-6a and 6.4-6b show this
relation. For the eccentricity cycle, m designates four minimum values over the last 400 k.y.
(at 373, 269, 156, and 43.5 ka). For the precession cycle, I designates the initiation of climate
change, and T denotes a move away from a glacial climate. Inflection points signaling a trend
from glacial to interglacial climate are determined by locating the first minimal (northern
hemisphere precession maximal) precession value following an eccentricity minimum value. For
example, the eccentricity minimum at 269 ka is followed (moving forward in time) at 266 ka by
a minimal precession value (noted as T on Figure 6.4-6a). This point corresponds in time with a
minimal 6180 value in the Devils Hole record on Figure 6.4-5, signaling a shift from a glacial
toward an interglacial climate. If a precession minimum coincides with an eccentricity minimum
(e.g., at 373 ka), the next precession minimum marks the final glacial inflection point (in this
case, T at 355 ka).

Inflection points signaling a trend from interglacial to glacial climate (I) occur at the first
precession maximal value about 30 k.y. after the preceding precessional minimum, moving
forward in time from T. For example, the precessional minimum (T event) at 355 ka (plus
30 k.y.) is followed by precessional maximal value (I) at 324 ka (Figure 6.4-6a). The Devils
Hole record (Figure 6.4-5) shows a steep trend toward lower isotope values at this time. The
30 k.y. value is a constant that was found to work for the entire 400 k.y. sequence and has no
other special significance.

The timing of (inter)glacial bounding precession maximal and minimal values is shown on the
Devils Hole 6180 curve (Figure 6.4-7). The precession-based and Devils Hole-based value sets
are nearly identical in most cases, but off by 10.7 k.y. in one case. Although the primary
inflection points signal the beginning of change to the next climate state, there is a substantial
amount of time following each primary inflection point until the next climate state is reached.
For example, an interglacial climate, defined as the Devils Hole 6180 values reaching a plateau
following a glacial period, takes from about 20 to 25 k.y. after the glacial primary inflection
point.

The differences between the timing of the precession-based ages and the ages of the Devils Hole
6180 inflection points could be caused by several factors. The differences may reflect the age
uncertainty in the Devils Hole dates, even though that uncertainty is usually small. The
differences could be due to the methodology of selecting a precession value that marks the
Devils Hole 6180 inflection points, if precession values represent a fortuitous correlation with
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climate change. The differences could also be a function of regional climate, where a Devils
Hole primary inflection point precedes or follows global change.

The largest discrepancy between the Devils Hole 81 0 record and the precession (I event) occurs
at the end of interglacial Stage 5e, which at Devils Hole dates to 126.7 ka (Figure 6.4-7). The
penultimate interglacial, Stage 5e, was warmer than the present interglacial, as sea level was
higher than today (Muhs and Szabo 1994, p. 315). The 61'0 values from the Devils Hole record
for this interglacial period are higher than for the other interglacials. High 8180 values for
recharge area precipitation imply limited rain along the path taken by vapor from the source to
the recharge area and probably warmer precipitation than in the recharge area (USGS 2000,
p. 19). Thus, the primary inflection point at the end of the interglacial Stage Se in the Devils
Hole 6180 data may reflect a change in the vapor path, but not the actual end of that interglacial
period. Szabo et al. (1994, p. 93) place the end of interglacial Stage 5e at about 114 ka. The
precessional timing for the end of this stage is 116 ka (Figure 6.4-7) and, thus, at a similar
relative age difference to earlier interglacial primary inflection points. If the Szabo et al. (1994,
p. 93) timing is used, all of the precession ages and the available Devils Hole inflection point
ages are within 2.5 k.y. (or less) of each other, a good agreement for the two data sets.

6.4.3.2.2 Forecasting the Timing of Climate Change

The value of the proposed orbital clock for forecasting the timing of future climate change
(Figures 6.4-6 and 6.4-7) can be viewed from another perspective. If it were 400 ka, at the
beginning of the last orbital cycle, rather than at the present, would the forecast for the future, as
shown on Figure 6.4-8, be viewed as an accurate forecast for the timing of climate change?
Given the enormous uncertainties about how the climate system works and about the nature of
past or future climate, it appears that this forecast would be a good forecast. However, there is
an aspect of this forecast that needs to be addressed, and its cause or implication is unknown.

The precessional method for identifying the primary inflection points within the Devils Hole
record indicates there is a primary glacial inflection point (T event) at about 33 ka, thus
indicating climate change toward warmer conditions. Because the younger part of the Devils
Hole record is not available, it is not known whether the minimal precession value at 33 ka
corresponds with an inflection point in the Devils Hole record. If the Devils Hole record
responds in the same manner about 33 ka ago as it has in earlier parts of the record, then it
should show an inflection point within a couple thousand years of 33 ka.

Winograd et al. (1996, p. 169) discuss the younger part of the Devils Hole record and describe a
sharp warming trend beginning at about 28 ka, as well as other evidence for warmth in this time
frame. The earlier initiation of climate change away from the glacial (T events) on Figure 6.4-7
have higher 6180 values about 5 k.y. later (33 minus 28 k.y.) and, because higher 6'80 values
imply greater warmth, warmth at Devils Hole at 28 ka is consistent with the older parts of the
record. Thompson et al. (1997, p. 1822, Figure 3) also present evidence for warmth in the late
30 k.y. time frame, and other evidence for warmth at this time is common in the literature. Thus,
as with other periods marked with a T event on Figure 6.4-7, the one at 33 ka appears to precede
a warming period. But unlike the other T periods, it is not a continuous warming period.
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Following the warm period beginning prior to 30 ka and lasting for a few thousand years, an
extensive growth and advance of a continental glacier occurs from about 24 to 18 ka, with ice
reaching a maximum advance around 21 ka (Thompson et al. 1997, pp. 1822, 1823, Figure 3).
The climate characteristics in the vicinity of Yucca Mountain also reflect a glacial climate during
this time (Thompson et al. 1999, p. 34; Forester et al. 1999, pp. 2, 22 to 24, 32, 35). In terms of
the precession methodology and its relation to the Devils Hole 6180 record, this glacial period
represents a significant reversal in the pattern displayed in the transition periods from full-glacial
climates toward the interglacial climates observed in all earlier transitions in the past 400 k.y.
cycle. Presumably, this glaciation and its portrayal in the Devils Hole 6180 record is much
greater than its reversal, which occurred about 220 ka.

By contrast, the present interglacial, the Holocene, began about 10 ka-23 k.y. after the 33 ka
precession maximum in the northern hemisphere. The latter timing is consistent with timing for
the beginning of earlier interglacials following the primary glacial inflection point. Thus, this
unpredicted last glacial maximum may be an example of a climate variation, a feature singularly
typical of the last glacial cycle, or it may be an inconsistency in the precession orbital
clock methodology.

Figure 6.4-8 shows the precession methodology applied to the next 100 k.y. The timing of
possible climate change toward and away from a glacial period is the same as for the change
beginning about 400 ka (Figure 6.4-7). The duration between the initiation of climate change (I)
at 399 ka toward a glacial, and then away (T) from the glacial, is 44 k.y. On Figure 6.4-8, the
timing from a move toward the glacial period (I at 1 ka) to the move away (T at 44 ka) is 45 k.y.
As shown in Figure 6.4-7, the timing for the move toward and away is much longer for the
remaining three glacial periods in the 400 k.y. cycle, with durations of 58 k.y., 80 k.y., and
83 k.y. This timing is consistent with the 400 k.y. orbital cycle.

Figure 6.4-9 shows the relation between precession and the Devils Hole record from 425 to
350 ka. (The rationale for the selection of this interval will be discussed in more detail below.)
The minor lows and highs in the Devils Hole 6'80 data approximate, but do not perfectly
correspond to, the rises and falls in the precession values. This pattern is maintained for the
entire Devils Hole record (Figure 6.4-5). The intriguing and puzzling aspect about the
correspondence between precession and the Devils Hole 618 0 record is that, in some cases, low
values of 8180 correspond with minimal precession values. These low precession values
represent insolation maxima in the northern hemisphere summer, so they correspond with
processes that, from the isotope data, indicate cooler and (or) wetter conditions in the recharge
area. This may imply that there is no relation between precession and the Devils Hole 8180
record; that the response of the climate system follows or leads precession; or that maximal
precession maximum summer insolation in the northern hemisphere is linked to the genesis of
moisture necessary to initiate a glacial period, and if so, global circulation and the tropics may be
involved. Regardless of these or other factors, these data indicate that timing of the minor
inflection points in the Devils Hole record are at least approximately correlated with precession.
Consequently, the timing of future subcycles in precession should also approximate
climate change.
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6.4.3.3 Assumption 3-The Characteristics and Repetition of Past and Future Climate

The third key assumption in this analysis is that a general relation exists between the
characteristics (and magnitude) of past glacial and interglacial climates and the repetition of
those climates in the long, 400 k.y. earth-orbital cycle. This is the most difficult assumption to
deal with because support for it depends on interpreting paleoenvironments from the penultimate
400 k.y. cycle, and data from that cycle are limited. If temperature and precipitation
characteristics of past glacial and interglacial climates differ from each other in a systematic way
throughout the 400 k.y. cycle, then this relation provides a criterion for selecting particular past
climates as analogs for future climates in the next 10 k.y. or longer at Yucca Mountain. If this
assumption is not accepted, then the future climate-bounding estimates would depend on extreme
temperature (very cold) and precipitation (very wet) values from the previous 400 k.y. cycle,
instead of values within the extremes.

Using this relation, the glacial and interglacial climates of the last 400 k.y. orbital cycle, divided
into OISs (Figure 6.4-2), will correlate with the general characteristics of future climates in the
equivalent OIS in the next 400 k.y. orbital cycle. Thus, the natures of various glacial and
interglacial climates during the last 400 k.y. orbital cycle serve as analogs for future climates
during the next 400 k.y. Although a strict repetition of climate characteristics is not expected or
implied from the available data, the general characteristics (e.g., the greatest effective moisture
within the next 400 k.y.) of future precipitation and temperature for a particular
interglacial/glacial couplet will be similar to the corresponding OIS couplet in the past 400 k.y.
sequence. Because of tectonic change and other long-term climate-forcing functions, climate
change on the million-yr. time scale should be noncyclical, and the nature of climate
characteristics in nonadjacent 400 k.y. orbital cycles may be dissimilar.

6.4.3.3.1 Estimating the Characteristics and Magnitude of Climate over the Last
400,000 Years

Comparing climate series from different 400 k.y. cycles requires that climates from the last
400 k.y. cycle be known in enough detail to serve as a basic reference for comparison of climates
in older 400 k.y. cycles. If the hypothesis of repetition of climates in sequence is accepted, the
long Yucca Mountain regional climate sequence also provides the future climate analog for the
next 10 k.y. Although the Devils Hole stable isotope record (Figure 6.4-2) provides the best
dated record for sequence study, it does not provide a means of determining the magnitude
(i.e., the nature) of climate events. Therefore, another record, the microfossil record from cores
drilled at Owens Lake, California (Figure 6.4-1), is used instead to reconstruct a climate history
for the last long-orbital cycle (Section 6.3.4.1.2).

The primary data source for this discussion is the Owens Lake micropaleontological record of
diatoms and ostracodes. The ostracode species stratigraphic profiles (Figure6.4-10) provide
relative climate scenarios based on inferences about the linkage between climate and
paleolimnology in the Owens Lake Basin for the past 400 k.y. (USGS 2000, p. 29 and Forester
et al. 1999, pp. 15 to 18). To assign approximate values of mean annual temperature and mean
annual precipitation to the relative climate scenario, the relative scheme must be quantified by
comparing it to quantified climate estimates. Two climates were selected to calibrate the nature
of all of the climates recorded in the Owens Lake record from the relative climate scenario: the
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modem-day climate and the reconstructed climate for OIS-2 (Thompson et al. 1999, pp. 25
to 33). Parameters for both climates are estimated for an elevation equal to the top
of Yucca Mountain.

The modem-day climate is characterized by hot, dry, very evaporative summers because of
surface heating, low levels of mean annual precipitation because of both the summer air masses
and location east of the Sierra Nevada, and occasionally wet, but typically dry, and relatively
mild winters. Modem-day mean annual precipitation and mean annual temperature, estimated by
Thompson et al. (1999), are about 125 mm and 13.5 0C, respectively. The latter values are lower
than those commonly used by the YMP, but they are derived from a longer set of historical
meteorological data and are interpolated to Yucca Mountain from area rather than project
stations. The Thompson et al. (1999, Figures 13 and 14, pp. 27 to 28) numbers are closer to
averages from Nevada regions 3 and 4, which represent the last 100 years, rather than just the
last two decades. The modem-day warm interglacial climate at Yucca Mountain is assumed to
be typical of all of the (ostracode) Limnocythere sappaensis records found in the Owens Lake
climate record. By proximity, because climate is a regional and not a local phenomenon, the
existence of warm evaporative climates at Owens Lake implies that such climates also exist at
Yucca Mountain.

The last full-glacial climate (OIS-2) at Yucca Mountain was characterized by cold, wet (snowy)
winters because of the frequent incursions of the polar front and associated cyclones, creating
high effective moisture, and cool, dry summers resulting from both the presence of cool,
westerly flows and the absence of subtropical anticyclones in the region. The OIS-2 full-glacial
climate estimate at Yucca Mountain for mean annual precipitation is about 266 to 321 mm, and
the estimate for mean annual temperature is about 7.9° to 8.50C (Thompson et al. 1999, Table 4,
p. 24). These estimates are derived from a study of the plant macrofossils found in packrat
middens in the Yucca Mountain region.

The values given above provide climate numbers that can be applied to the relative climate
scheme developed from the microfossil record in the Owens Lake sediments. For example,
OIS-10 was wetter and warmer than marine isotope stages 2 and 6. OIS-6 was colder than
OIS-2, but probably had a mean annual precipitation similar to, or possibly higher than, OIS-2.
So OIS-10 may have had a mean annual precipitation that was much greater than about 300 mm
and a mean annual temperature that was higher than about 80C. OIS-6, by comparison, was
colder than 80C and had a mean annual precipitation of about 300 mm or higher. The
(ostracode) Limnocythere ceriotuberosa intermediate climates were typically drier and warmer
than OIS-2, but wetter and cooler than the modem-day values. So the L. ceriotuberosa intervals
had a mean annual precipitation that was greater than 125 mm, but less than about 275 mm, and
they had a mean annual temperature above 8PC but below about 13'C. The L. bradburyi
climates were wetter and slightly warmer than the modem-day climates and suggest intense
summer monsoon activity.

Lastly, the stratigraphic distances between the various ostracode assemblages in the Owens Lake
core are small, implying that the interpreted climate changes occurred rapidly. Using the Owens
Lake chronology, the timing of climate change often occurs in decades to centuries, rarely in
millennia. Such rapid changes in climate, however, are not generally from the driest and
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warmest to the wettest and coldest climates, but rather are transitioning through many
intermediate climate states.

6.4.3.3.2 The Repetition of Past Climates

The assumption discussed in this section is that a general relation exists between the
characteristics of past glacial and interglacial climates and the repetition of those climates in the
long 400 k.y. orbital cycle. Because such characteristics differ and appear to do so
systematically, this relationship provides a criterion for selecting a particular past climate as an
analog for future climate.

The ostracode fossil record from Owens Lake cores shows a number of general features relating
to the repetition and differing nature of climate regimes (Figure 6.4-10). Some features for the
past 400 k.y. include the following:

. The third glacial period in the sequence (OIS-6) was the coldest of the glacial climates
and had the highest level of effective moisture, but not necessarily the highest mean
annual precipitation.

. The first glacial period in the sequence (OIS-10) was the warmest, and perhaps the
wettest, of the glacial climates, but probably had a moderate level of effective moisture
relative to higher effective moisture in the colder glacial periods in the sequence.

. There were numerous interglacial and related warm climate periods, such as OIS-5A and
5C, when the climate was warm and dry, with low effective moisture.

. The warm, dry climate periods were occasionally punctuated by warm and wet, but low
effective moisture, tropical-dominated climates.

* There were extensive periods when climate characteristics were intermediate in nature,
between full-glacial high effective moisture and interglacial and warm climate, low
effective moisture periods.

. The rate of change between the various climates was rapid, apparently occurring on a
decade to century time scale.

The Owens Lake ostracode record, as interpreted above, indicates that the regional climate
history for the past 400 k.y. was a complex array of climates. Each of the glacial climate's
marine isotope stages 10, 8, 6, 4/2 was different from the others and became colder as the
sequence progressed, reaching the coldest and most persistent glacial climate with OIS-6. OIS-6
was followed by a complex set of climates, ranging from the wet and warm interglacial OIS-Se
to the cold and relatively short-lived glacial climates, marine isotope stages 4 and 2.

In terms of an orbital clock, the climate system presently resides at the beginning of a new
400 k.y. cycle. If the cycle repeats, then the transition climate at the beginning of the last
400 k.y. cycle (OIS-II to OIS-I0) may be a more probable analog for future climate than some
other interglacial to glacial transition. Evidence in support of this idea comes from comparing
the last cycle (400 ka to present), hereafter referred to as the "younger long climate cycle," to the
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400 k.y. cycle before the last one (800 to 400 ka), hereafter referred to as the "older long
climate cycle."

In comparing the relation between the older long climate cycle and the younger long climate
cycle, the southwestern regional climate records from the older long climate cycle are limited,
and existing records are often poorly dated or not interpreted in the detail preferred for this study.
Further, long-term climate-forcing functions, primarily tectonic, are probably not constant in this
time frame, hence may contribute to climates in the older long climate cycle time frame in a
different way or with different magnitude than those from the younger long climate cycle or
those in the future. Nonetheless, some information is available from the region, including Death
Valley, and, more generally, from the global marine records. A number of studies interpret
climate from regional records that are dated, or are believed to be dated, between 800 and
400 ka. See, for example, Smith (1984, p. 1), Jannik et al. (1991, p. 1146), Whitney and
Harrington (1993, p. 1008), Reheis et al. (1993, p. 953), Reheis (1999, p. 196), Knott (1999,
p. 90), and Oviatt et al. (1999, p. 180). A general discussion is given in Morrison (1991), but
particularly in subchapters by Smith (1991a, pp. 35 to 41; 1991b, pp. 339 to 345).

Because records from the older long climate cycle, or even older, are poorly dated, comparison
of paleoenvironmental events from a record at one site to events at another site is difficult, if not
speculative. Thus, the level of past climate detail, such as the six general features listed above
about the younger long climate cycle in the Owens Lake Basin, cannot be made for the older
records. However, aspects of the events seen in the younger part of the Owens Lake record can
be identified in the older records. During the younger long climate cycle, the coldest and highest
effective moisture climate was interpreted, based on the ostracode record and other records, as
the third glacial (OIS-6) in the younger long climate cycle. Support for the interpretation, for
example, comes from the OIS-6 lake in Death Valley that was then at least 175 m deep, but was
only about 70 m deep during OIS-2 (Ku et al. 1998, p. 261).

If the older and younger long climate cycles are similar, the third glacial period in the older long
climate cycle (OIS-16) is expected to have had the coldest and highest level of effective moisture
in that cycle. Deciphering the mean annual temperature or other climate characteristics from the
older long climate cycle is not straightforward from the available data, which are mostly lake
levels. Lake level, as discussed above and by Smith (1991a, p. 38), may be a product of higher
mean annual precipitation or colder temperature or some combination of both. Estimation of the
general order of climate change magnitude from the size of old lakes does, however, provide
insights that can be used to compare the climate characteristics of glacial periods within and
between 400 k.y. cycles.

Reheis (1999, Figures 2, 3, pp. 199 to 200) presents evidence that for several basins throughout
the Great Basin, lakes were biggest and deepest during OIS-16, the third glacial in the older long
climate cycle. Knott (1999) identifies lake sediments deposited during OIS-16 (and perhaps a
somewhat older lake) in Death Valley, but does not distinguish the possible size of the OIS-16
lake from others in the older long climate cycle. Jannik et al. (1991, p. 1146) suggest a lake
existed in the Searles Basin during OIS-16 that was large enough toward the end of OIS-16 to
overflow to the Panamint Basin. They also suggest an OIS-18 lake may have overflowed to the
Panamint Basin and that both of the latter lakes may have overflowed from the Panamint Basin
to Death Valley. Similarly, Reheis (1999, Figure 3, p. 200) presents some evidence for a large
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lake during OIS-18. Oviatt et al. (1999, p. 180) reinterpret the timing and occurrence of lakes in
the Great Salt Lake Basin. They present chronological and environmental evidence from a core
for a lake in thfat basin during marine isotope stages 16 and 12, but no others during the older
long climate cycle. Reheis (1999, Figure 3, p. 200) also presents evidence for a large lake during
OIS-12, but not as large as the one during OIS-16.

The OIS-16 lakes identified by Reheis (1999, Figure 3, p. 200) are much larger and deeper than
those from the same basins during OIS-6. Although shoreline elevations are not available, the
opposite appears to be true for lakes in the Great Salt Lake Basin (Oviatt et al. 1999, Table 2,
footnote "d," p. 182). The differences in size between the marine isotope stages 16 and 6 lakes
could be a result of various combinations of temperature and precipitation or simply a different
average position of the polar jet stream because of spatial and height differences in the two
continental ice sheets. The important aspect of this information for this discussion is that the
biggest lakes in both the older and younger long climate cycles apparently occur during the third
glacial in each cycle. The third glacial in each cycle would then seem to have had the highest
effective moisture. Whether that was generated largely because of cold temperatures, high
precipitation, or both is not known.

Similarly, Reheis (1999, Figure 3, p. 200) suggests OIS-12 lakes were also large, but not as large
as those during OIS-16. OIS-12 is in the same position in the older long climate cycle as is
OIS-2 in the younger long climate cycle, the last (fourth) glacial cycle. Ku et al. (1998, p. 261)
show that the OIS-2 lake in Death Valley was large, but smaller than the OIS-6 lakes. Jannik et
al. (1991, p. 1146) suggest that the Owens drainage lakes filled and then flowed into Death
Valley during parts of marine isotope stages 16, 12, and 6, among others, but not during OIS-2.
The absolute size of a lake in a particular basin is a function of many climatic and nonclimatic
factors, but what is important here is that, in a given basin, the behavior of a sequence of lakes
during the older long climate cycle (i.e., the lakes characterizing marine isotope stages 20, 18,
16, and 14/12), appears to be similar to the behavior of a sequence of lakes during the younger
long climate cycle (i.e., marine isotope stages 10, 8, 6, and 4/2).

Finally, the marine isotope record (Reheis 1999, Figure 3, p. 200) provides a general proxy for
ice volume, although ocean temperature may also play an important and perhaps unknown role
in this record. Marine isotopic profiles during the older long climate cycle generally are similar
to those during the younger long climate cycle. The largest ice sheets are those from marine
isotope stages 16, 12, 6, and 2. As continental ice sheets expand in area and become higher in
elevation, they force the polar air masses to the south. Therefore, large ice sheets should result in
cold and (or) wet climates in the vicinity of Yucca Mountain. Large ice sheets also result in
climates in the Yucca Mountain area with cooler summers than today, thus enhancing effective
moisture. Conversely, marine isotope stages 20, 18, 14, 10, 8, and 4 apparently had smaller or
lower ice sheets, potentially allowing for warmer, and thus lower, effective moisture climates in
the Yucca Mountain region, as, perhaps, the smaller lakes associated with those periods imply.

The records of paleoclimate are often incomplete, poorly dated, and are interpreted differently by
different researchers. The information above, however, implies that there is some repetition
between the types of climate in the older long climate cycle and the younger long climate cycle.
This provides the basis to suggest that the nature of the next glacial cycle at the beginning of the
next 400 k.y. cycle may be more like the glacials at the beginnings of the long climate cycles
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than other glacials within the long climate cycles. If so, then the transition from OIS-11 to
OIS-10 provides a past analog for forecasting future climate change, and, hence is the basis used
here to establish a potential climate scenario for the next 10 k.y.

6.4.4 Future Climate Forecasts from Paleoclimate Data

On the basis of the assumptions discussed above-that climate is cyclic, that climate can be
timed with an orbital clock, that climate sequences repeat themselves in a predictable way, and
that tectonics or other long-term climate forcing functions that could result in noncyclic future
climate behavior are constant on the time scales of interest-the OIS-11/10 transition was
selected as the analog for future climate for the next 10 k.y. The timing and nature of climate
change for the next 10 k.y. are discussed below.

6.4.4.1 Timing of Climate Change for the next 10,000 Years

Forecasting the timing of future climate change simply requires the identification of a past
climate sequence that appears to be part of a cycle that will repeat itself in the future. From this,
a past climate time series analog is identified and projected into the future. To begin, a point
representing the equivalent to the present day is identified in the younger long climate cycle
series-an analog point. Then, the next 10 k.y. of the reconstructed paleoclimatic record from
the analog point becomes the future climate forecast. The orbital clock that was derived from the
Devils Hole chronology (Section 6.4.3.2) provides the means to approximately identify the
analog point in the Owens Lake record. Figures 6.4-6a and 6.4-6b show the linkage of the
present-day position in the orbital clock (I at I ka) and the equivalent point during 01S- 1 (I at
399 ka). The orbital clock relationship is readily transferred to Devils Hole through their
respective chronologies (Figure 6.4-7).

A precession maximum in the southern hemisphere, used to time the beginning of climate
change from an interglacial toward a glacial climate, occurred 399 ka during OIS-11. The first
data point in the Devils Hole record indicating climate change away from the OIS-i1 interglacial
climate occurred 397.3 ka (ignoring the Devils Hole age standard deviation), or 1.7 k.y. after the
precession maximum. A precession maximum in the southern hemisphere during the present
interglacial climate occurred 1 ka (Figure 6.4-6b). Using the OIS-1 1/10 timing indicates that the
beginning of climate change away from the present interglacial may be about 700 yr. in the
future. Therefore, what will the climate of the next 700 yr. and beyond be like, and what will be
the timing of those future climate changes?

Placement of an analog point in the Owens Lake sedimentary record requires that the
sedimentary chronology be placed in the context of the Devils Hole chronology. The Owens
Lake chronology (Section 6.4.3.3.1), is based on a sediment mass accumulation curve.
Figure 6.4-10 shows a possible correlation of the Owens Lake sedimentary record to the OIS
periods. By correlation with the chronology of the Devils Hole 6180 record, the Owens Lake
OIS periods are given an absolute chronology. Applying the Devils Hole chronology to the
Owens Lake record indicates the sediment accumulation ages at Owens Lake are, variously, too
old, too young, or about correct in a few instances such as the OIS-1 1/10 interval. This implies
the mass accumulation rate clock variously runs too fast or too slow, but occasionally is on time.
Nonetheless, the correlation between the Owens Lake and Devils Hole records places the
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approximate position of the transition between OIS-1 1/10 in the Owens Lake record in Devils
Hole terms.

Placing of the Owens Lake sedimentary record in the Devils Hole chronology, unfortunately,
only approximates where the analog point occurs. To further refine the Owens Lake age
estimates, the ostracode and diatom data in the Owens Lake record are used to identify
environmental change during (and from) the OIS-1 1 interglacial. Then, from the identified
sequence of environmental change, it can be estimated where the analog point occurs. Inspection
of the stratigraphic distribution of ostracode species in Figure 6.4-10 shows a sequence of
ostracode species from about 425 ka (Owens Lake chronology) to about 405 ka, starting with
Candona caudata, followed by Limnocythere ceriotuberosa, and ending with L. sappaensis. The
interpretation of this ostracode sequence (Section 6.4.3.3.1) indicates a transition from a full and
spilling lake during a glacial or glacial transition climate (C. caudata), to an intermediate climate
between glacial and interglacial (L. ceriotuberosa), to an interglacial climate (L. sappaensis).
Similar ostracode sequences occur at the ends of other glacials, including the last one
(Figure 6.4-10).

During OIS-I 1, the abundance of L. sappaensis peaks at about 405 ka (Owens Lake chronology)
and is followed by abundant L. bradburyi at about 403 ka (Owens Lake chronology) (also
present around 410 ka, Owens Lake chronology). L. bradburyi does not occur in the Owens
Lake record at the transition into the present interglacial but was very common in several basins
from the southwest, such as the San Agustin Basin (Markgraf et al. 1984, p. 341, listed as new
species: n. sp.). The appearance of L. bradburyi indicates a period of intense summer monsoon
activity (Section 6.4.3.3.1).

Various saline benthic diatoms co-occur with L. sappaensis from its first appearance in OIS-II
until about 405 ka (Owens Lake chronology). The sediments are barren of diatoms from about
405 to 403 ka (Owens Lake chronology). Because diatoms are made of opal, and opal dissolves
in alkaline water, the absence of diatoms and the presence of a saline, alkaline ostracode implies
the latter interval of time was one in which Owens Lake was both very saline and very alkaline.
When L. bradburyi appears at 403 ka (Owens Lake chronology), it co-occurs with saline benthic
and planktonic diatoms, implying a saline lake, but one both fresher and deeper than the one
without diatoms. A fresher and deeper lake, if derived from snowpack, should have cold climate
ostracodes, such as L. ceriotuberosa without L. bradburyi, as is typical of much of the Owens
Lake record. The presence of planktonic saline diatoms and L. bradburyi implies a significant
summer rain input to the lake, perhaps with limited (or no) winter-precipitation-derived, surface
water flow.

The Holocene lake core (OIS-1) contains abundant Limnocythere sappaensis through about 4 or
5 ka (radiocarbon time), followed by a core containing salt and few to no ostracodes (Owens
Lake chronology). Recent historic records also report the existence of a saline, alkaline lake
before water from the Owens River was diverted to Los Angeles. The climate associated with
OIS- Il, therefore, is similar to that of OIS-1, but there are also differences. OIS-1, in particular,
has no L. bradburyi at its beginning, and L. ceriotuberosa is much more common in OIS-1,
implying that it was cooler, and perhaps wetter, than OIS-1 1.
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Assuming climate is cyclic, then the analog point in the OIS-l 1 sequence at Owens Lake is
above the large L. sappaensis abundance peak (labeled 220.0 in Figure 6.4-10), but below the
L. bradburyi peaks. The argument is that the large L. sappaensis abundance peak in the OIS-l 1
reflects a mid-stage, warm, dry climate, and the enhanced monsoon reflecting the L. bradburyi
abundance peak has yet to occur in OIS-1. Because the present interglacial is nearing its end, the
modem climate state should be close to the proposed monsoon. Accordingly, the analog point
was placed closer to the monsoon climate indicator than to the interglacial climate indicator, at
an Owens Lake chronology age of 403.97 ka (Figure 6.4-1 1). Comparison of the diatom record
from marine isotope stages 11 and 1 leads to a similar conclusion as that derived from the
ostracode data.

From the analog point at Owens Lake, the timing of the climate change intervals is forecast on
the basis of the abundance intervals for the ostracode species. The time between the sample in
the L. sappaensis abundance peak 403.97 ka and the first appearance of L. bradburyi is about
600 yr. in Owens Lake time, which is equal to the length of modem-like climate remaining
before the enhanced monsoon climate begins (Table 6.4-1). In turn, the length of the
L. bradburyi interval of monsoon climate is about 1.4 k.y. in Owens Lake time; this includes the
interval above L. bradburyi, which contains abundant L. sappaensis (Figure 6.4-11). The
monsoon interval is followed by more than 8 k.y. of glacial transition climate represented by the
Candona caudata interval, thus completing the 10 k.y. for the future climate analog
(Figure 6.4-11).

Thus, the timing of the three climate episodes noted above (modem-like for about 600 yr.,
monsoon-like for about 1.4 k.y., and glacial transition for about 8 k.y.) is based on the Owens
Lake sediment mass accumulation curve that was derived for the entire core. As discussed
above, the mass accumulation curve gives an average chronology at best and, in many places in
the core, the average sediment accumulation rate may not be a good indicator of elapsed time.
The average sediment accumulation rate is about 40 cm per 1 k.y. (Bischoff et al. 1997, p. 94)
and is the basis for the times listed in the paragraph above and on Figure 6.4-11.

The study by Litwin et al. (1999, p. 1169), which focuses on the upper part of the core, suggests
that the sediment accumulation rates during dry climate periods are much higher than during wet
climate periods. Litwin et al. (1999, p. 1169) estimate accumulation rates for interglacial,
glacial, and transitions between interglacial and glacial climates. The future climate analog
(marine isotope stages 11/10) deals with interglacial and glacial transition climates. However,
the part of the core that should be considered in terms of different accumulation rates is the
interglacial, as the glacial transition climates extend well beyond the 10 k.y. limit discussed here.
Litwin et al. (1999, p. 1161) estimate that interglacial climate sediment accumulation rates from
marine isotope stages I and 5 are 60 and 66 cm/I k.y., respectively. These values provide, for
the interglacial periods in Owens Lake, an alternative accumulation rate to the approximately
40 cm/I k.y. mass accumulation rate for the entire record.

The sediment accumulation rate for interglacial climates noted above averages about
63 cm/l k.y. There is no way of knowing whether the OIS-1 1 interglacial had a similar sediment
accumulation rate, but given that the rates for marine isotope stages 5 and 1 are similar, it is
reasonable to assume that such a rate might apply to OIS-1 1. Applying a sediment accumulation
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rate of 63 cm (25 in.) per i k.y. to OIS-1 1 results in an alternative timing for the three
climate states:

* Modem-like for about 360 yr. (rounded to 400 yr.)
* Monsoon for about 895 yr. (rounded to 900 yr.)
* Glacial transition for about 8.7 k.y. (10,000 minus 400 minus 900 yr.).

A modem-like, or warmer than modem-like, climate for about 1.3 k.y. before entering a glacial
transition climate is similar to the estimate previously discussed (700 yr.) based on a comparison
of precession and the Devils Hole record. It is also similar to the estimate by Imbrie and Imbrie
(1986, pp. 183 to 184) that earth's climate should become progressively warmer for about the
next 1 k.y. because of an increase in solar output, then begin to cool because of Milankovitch
forcing.

Combining the above estimates for timing future climate change, derived from the different
estimates of sediment accumulation rates, results in the following forecast for timing of climate
changes. A modem-like climate should persist for about 400 to 600 yr. after present. The
modem-like climate will be followed by a monsoon climate that will last from about 900 to
1,400 yr. after present, and that climate will be followed by a glacial transition climate that will
persist through the remainder of the 10 k.y. period at Yucca Mountain.

Other factors that may impact the timing of the three climate states include the standard
deviation associated with the Devils Hole ages, the uncertainty of the exact time when the Devils
Hole record implies climate change, the uncertainty of exactly where the analog point is in the
Owens Lake record (analog climate proxy record), and the uncertainty of climate change itself.
The standard deviations about the mean of the Devils Hole ages are, by their nature, an estimate
of uncertainty. That estimate was not incorporated into the analysis, in part because the other
sources of uncertainty cannot be estimated, hence their relation to standard deviation
is unknown.

The uncertainty of the exact time when the Devils Hole record implies that climate is beginning
to change has two components. The first component involves the uncertainty of knowing if the
beginning of a change in the isotope values in the recharge area is directly correlated with
changes in the mean annual precipitation and the mean annual temperature or other climate
parameters. (There could be a lead or a lag between change in regional climate parameters and a
record of recharge at Devils Hole.) The second component involves the nature of the Devils
Hole samples themselves. Each sample integrates a particular thickness of carbonate in a
continuous sample series and represents about 1.8 k.y. (Winograd et al. 1992, p. 255).
Consequently, any rapid change in the recharge recorded at Devils Hole could occur anytime
within the 1.8 k.y.

Placement of the analog point in the Owens Lake record is a matter of interpretation and has an
unknown level of uncertainty associated with it. Because this uncertainty could be large or
small, it may compound or limit the effects of obtaining time frames from estimations of
sediment accumulation.
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The final source of uncertainty comes from the chaotic nature of the climate system itself
(Stanhill 1999, p. 396). The uncertainty may be compounded because of the unknown effects of
human activity on climate change. The climate proxy records throughout the Owens Lake cores
show various degrees of variability that may reflect decade-scale or century-scale variability,
which may or may not significantly affect the timing of climate change for multi-century or
millennial time scales.

The above sources of uncertainty could, collectively, create a large uncertainty or, should they
cancel each other out, create a smaller uncertainty. Unlike the different estimates of sediment
accumulation rates, there is no simple or objective way to assess the nature of the above four
sources of uncertainty as they might apply to the future.

6.4.4.2 The Nature of Future Climate States

The past climate history proposed as timing for the future climate analog in Section 6.4.4.1 is
comprised of three climates, each characterized by particular ostracode species assemblages.
Each climate state can be forecast in terms of an upper bound and a lower bound, with modem
meteorological stations selected as representative of each. (Stations with complete and long
records were given priority.) Determining upper-bound and lower-bound values for mean annual
and seasonal precipitation and air temperature values is more defensible than establishing means
over long time periods.

The modem-like climate interval is characterized by Limnocythere sappaensis and is forecast to
persist for the next 400 to 600 yr. The second climate interval is characterized by a mixture of
L. bradburyi and L. sappaensis and is forecast to persist for about 900 to 1,400 yr. after the first
climate interval has ended. The third and last climate interval is characterized by Candona
caudata, as well as by rare occurrences of L. sappaensis. The third climate interval also is
characterized by the diatom Stephanodiscus asteroides and diatom species belonging to
Campylodiscus spp. and Anomoeneis spp. (based on the data collected by J. Platt Bradbury
[1997]), and is forecast to persist for the remainder of the 10-k.y. period.

The Modern-Like Climate State Lasting Approximately 400 to 600 Years-During this first
climate interval, Owens Lake is supported by groundwater discharge, and the Owens River is
predominantly at base flow. Summers are warm to hot and very evaporative, with evaporation
greatly exceeding precipitation at low elevation. Snowpack at high elevation is typically low to
moderate, because the polar front does not remain fixed at a southerly position during the winter.
Thus, the polar front does not set up a storm wave train that moves Pacific moisture over the
Sierra Nevada Mountains (Section 6.2.3.2). Since this leads to a low snowpack, surface water
flow in the Owens River is usually low and seasonal. Owens Lake remains saline and at a low
lake level for long time periods. Precipitation, whether as rain or snow, is typically recycled to
the atmosphere by evaporation or used by the local vegetation.

The wettest years, which represent the upper-bound moisture regimes during modem-day
climate, will typically be years when Pacific air flow is focused toward the high Sierra Nevada.
Snowpack, and hence the seasonal duration of surface water flow in the Owens River and its
potential to dilute or flush Owens Lake, is increased during these upper-bound regimes. Such
climates also focus Pacific moisture toward southern Nevada, such as the El Niho Southern
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Oscillation events that have been common during the last couple decades. Dry years, which
represent the lower-bound moisture regimes during modem-day climate, will be those years with
minimal winter precipitation. These are typically years when the polar front remains largely
north of the region, and summer precipitation is dominated by subtropical high activity, but not
to the degree necessary to generate a monsoon-type climate.

Meteorological data for the upper and lower bounds come from available stations in the region,
including the Yucca Mountain Site Characterization Project and nonproject data (Figure 6.4-12,
Table 6.4-1). Regionally averaged meteorological data from the National Oceanic and
Atmospheric Administration reported in Thompson et al. (1999, Figures 16, 17, pp. 30 to 31)
indicate that areas largely north of Yucca Mountain within central Nevada have had a range of
mean annual precipitation from about 75 mm to one value as high as 360 mm (14 in.) for the
period of record (about 100 yr.). Similarly, from the same data sets, areas largely south of Yucca
Mountain have had a range of mean annual precipitation from less than 50 mm (2 in.) to one
value as high as 325 mm (12.8 in.) for the period of record. Notably, there are more low values
than extremely high values (i.e., the typical value is in the lower half of the range). By contrast,
the mean annual temperature in both regions falls into a smaller range of about 40C, or about 16°
to 20'C, for the area south of Yucca Mountain and about 80 to 1 2'C for the area north of Yucca
Mountain (Thompson et al. 1999, Figures 16, 17, pp. 30 to 31).

Because climate is a regional phenomenon and climate is the primary driver of hydrology, the
climate that creates the environmental characteristics defined above for Owens Lake also must
be, more or less, the climate that exists at Yucca Mountain. So a hot and dry climate at Yucca
Mountain is consistent with a saline Owens Lake supported largely by base flow. Owens Lake
hydrology, therefore, is a direct proxy for climate at Yucca Mountain.

The Monsoon Climate Interval Lasting about 900 to 1,400 Years after the Modern-Like
Climate Interval-This second climate state is characterized in the Owens Lake record by a
mixture of Limnocythere bradburyi and L. sappaensis. Because L. bradburyi has a lower salinity
tolerance than L. sappaensis (Forester 1983, Table 1, p. 436; 1985, pp. 8, 10, Table 1) and does
not appear to tolerate cold winters (Smith and Forester 1994, p. 2548), its existence in Owens
Lake must imply a relatively lower total dissolved solids (less than about 10,000 mg/L) and a
source water derived from something other than snowmelt. An expansion and intensification of
the summer rain system (i.e., a stronger monsoon sufficient to generate diluting surface flow in
the Owens River) is the simplest way to explain the occurrence of this species. The diatoms that
occur during the L. bradburyi interval include saline planktonic species, which implies that the
lake is deeper and less alkaline during this period. The diatom paleoenvironment is consistent
with that implied by L. bradburyi.

Accordingly, one or more analog meteorological stations for the L. bradburyi monsoon climate
must be found south of Owens Lake in either Mexico or the southernmost United States. An
analog from Mexico would fulfill the taxon's temperature requirements and identify sites whose
primary precipitation falls in the summer season (USGS 2000, p. 52).

Two meteorological stations with long, complete records within the southwestern region of the
United States where L. bradburyi occurs have experienced strong summer monsoons. The
stations at Hobbs, New Mexico, and at Nogales, Arizona, have mean annual precipitation values
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of 418 and 414 mm (16.5 and 16.3 in.), respectively (data tracking number
GS000100001221.001). Although the mean annual precipitation at these sites may not be high
enough to generafe the appropriate lake in the Owens Basin, they are the best choices available
within the available modem meteorological data. Both stations are selected to minimize the
influence of local topographic effects.

The monsoon climate, from the analogs, is a climate where winter precipitation exists, but does
not dominate mean annual precipitation. The lesser importance of winter precipitation means
that winter air masses are also of less importance, thus the winter season was likely warmer then
than today and, hence, more evaporative. The annual transition from the winter season to the
wet summer season would be hot and dry, as is true of most seasonal transitions to a monsoon
climate. Summer rain would then expand northward, either because of a monsoon land-to-ocean
circulation or because of the northward migration of the subtropical easterlies (the trade winds).
Intense summer rain would be sufficient to sustain flow into Owens Lake to maintain a
moderate-sized and slightly saline lake, at least on a seasonal basis. Climate during this period
would vary from episodes of intense summer rain to modem-like climates, with relatively more
winter and less summer precipitation. The intense summer rain periods would necessarily be
periods with extensive cloud cover, whereas summers with lesser rain and winter seasons would
have limited cloud cover.

An expansion of the summer rain regime (Figure 6.4-13) to the Owens Lake Basin region would
also expand well north of Yucca Mountain. Because Yucca Mountain would be more centrally
located within such a summer rain regime, it may experience upper-bound levels of mean annual
precipitation that are higher than those identified above from the analog meteorological stations.

The Glacial Transition Climate Interval, Estimated to Persist for about 8,700 Years after
the Monsoon Interval-This third climate state is characterized by the appearance of Candona
caudata, as well as by the diatom Stephanodiscus asteroides and diatom species belonging to
Campylodiscus spp. and Anomoeneis spp. in the Owens Lake record. The change from the
monsoon climate to the glacial transition climate is rapid (assuming no unconformities in the
Owens Lake record), occurring within 100 to 200 yr. The magnitude of the climate change was
as large as it was fast, shifting from a strong monsoon system dominated by summer
precipitation to a winter regime with sufficient effective moisture to sustain a fresh and spilling
Owens Lake.

For the lake to be full and spilling, the polar front must be resident in the region during much of
the winter, both lowering mean annual temperature (and hence evaporation) and increasing
snowpack (and hence surface flow to the lake). The genesis of greater snowpack with a resident
polar air mass must also lower mean annual temperature and increase mean annual precipitation
at Yucca Mountain. The cooler climate, however, never becomes very cold with a high effective
moisture, as was true of the last two full-glacial periods. The ostracodes and diatoms, implying
warm, dry climates, do not persist throughout the Owens Lake record, thus indicating the warmth
is not seasonal summer warmth, as is true of the modem climate, rather it represents warm
episodes within a generally cool and wet period. The climate during the glacial transition period
was typically a cool, usually wet, winter season, with warm (but not hot) to cool summers that
were usually dry relative to the modem-day summers.
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Selecting upper-bound and lower-bound meteorological stations for the glacial transition climate
must identify sites with cool, winter wet seasons and warm to cool and dry summers, as in areas
north of the summer rain regime shown on Figure 6.4-13. In addition, if possible, the analog
sites should lie on the east side of large mountain ranges and, hence, in the rain shadow of those
ranges. The absence of Cytherissa lacustris, the ostracode implying cold, Canadian-like climate,
implies that the upper-bound analog lies within the contiguous United States.

Given all the above qualifying conditions (USGS 2000, p. 52), the upper-bound, glacial
transition meteorological site selected is in the northwestern United States, east of the Cascades,
for several reasons. The region lies east of a high mountain range and thus falls within a rain
shadow, as does Yucca Mountain. The regional mean annual precipitation is dominated by
winter precipitation and is under the influence of the polar front during the winter, as well as
being situated near the average position of the polar front throughout the year. Furthermore,
unlike localities farther north in Canada, the region does not experience extended dominance by
the very cold arctic high-pressure air, typical of the cold, full-glacial periods. A number of
meteorological stations in the region have mean annual precipitation values well above 300 mm,
which, in today's temperature regime in the Owens Lake Basin, support only a saline lake.
The regional values of mean annual temperature are on the cool side, but several stations are
above the 80C values considered to be a lower limit for the glacial transition climate. The
diatoms and ostracodes common to the glacial transition interval in Owens Lake are known to
live in lakes in the region, such as Sprague Lake, Washington. Thus, lakes in the region contain
a common biology, hydrology, and climate linkage with the paleolake in the Owens Lake Basin.

Examination of the meteorological station data from eastern Washington, both in the context of
the above considerations and in terms of length and completeness of the record, provides three
stations that fit all criteria for the upper-bound glacial transition climate (Figure 6.4-12,
Table 6.4-1). The stations-Spokane, Rosalia, and St. John-are close to each other but do not
have identical records, presumably reflecting local differences in mean annual precipitation and
mean annual temperature. As in other cases, selecting multiple meteorological stations is
intended to minimize local effects of meteorological phenomena.

The meteorological stations representing the lower-bound glacial transition climate should be in
a place where mean annual temperature is higher than for the upper bound, thus most will be
south of the upper-bound localities. The mean annual temperature should, however, be lower
than that for the Owens Lake Basin today so that effective moisture levels are higher, consistent
with a fill-and-spill lake. The stations should have a lower mean annual precipitation than the
upper-bound sites, because the record from the Owens Lake Basin shows episodes when either
saline diatoms or ostracodes (or both) are present, implying less surface flow in the Owens
River. The absence, however, of abundant saline taxa implies that effective moisture is higher
than modern day. This likely reflects cooler-than-modern-day mean annual temperature values
rather than high mean annual precipitation values. So, the lower-bound meteorological sites may
have mean annual precipitation values that are similar to, or even lower than, modern-day Owens
Lake Basin. As with the upper-bound meteorological sites, the region should be dominated by
winter precipitation, be north of the summer rain regime, and have some (or all) of the ostracode
or diatom species found in the fossil record at Owens Lake.

TDR-CRW-GS-00000 I REV 01 ICN 01 6.4-2 1 September 2000



Inspection of meteorological sites that fit these conditions reveals that there are few choices
available. The one set of meteorological data that fits all these criteria, and also has a long and
complete record of weather data, is found at Delta, Utah; thus that site is selected as one of the
lower-bound sites (Figure 6.4-12, Table 6.4-1). The site at Beowawe, Nevada, was added as a
second lower-bound meteorological station because its meteorological data meet most of the
requirements noted above.

The upper-bound mean annual precipitation values for the monsoon and the glacial transition
climates are only slightly higher than the modem high values from the region. Thompson
et al. (1999, Figure 16, p. 30) show the National Oceanic and Atmospheric Administration data
for region 3, generally north of Yucca Mountain, and region 4, generally south of Yucca
Mountain. The latter data show upper-bound values in the mid-300s of millimeters and
numerous values in the low 300s of millimeters. Thus, selection of meteorological stations
having upper-bound values in the low 400s of millimeters implies that the future climate states
are only somewhat wetter than the modem climate. The lower-bound mean annual precipitation
value, selected as a future climate analog for the glacial transition climate, is much higher than
the modem lower-bound values reported for regions 3 and 4 (see Thompson et al. 1999, Figure
16, p. 30). Similar to the lower-bound glacial transition value for mean annual precipitation, the
values of mean annual temperature for the glacial transition analog climate are much lower than
the mean annual temperature values in the Yucca Mountain and Owens Lake region today.
Therefore, the apparent principal differences between the modem-day climate and the glacial
transition climate upper and lower bounds are that the latter climates are not as dry or as warm as
modern day (i.e., the biggest differences from today are in the lower-bound values, not the
upper-bound values). The mean annual temperature and its impact on evaporation, and hence on
effective moisture, would seem to affect the future climate analog more than gains in mean
annual precipitation.

6.4.4.3 Climate Change beyond 10,000 Years

Using paleoclimate data and the same approach as for the next. 10 k.y. (Sections 6.4.4.1 and
6.4.4.2), the forecast of future climates could be extended beyond 10 k.y. Such an analysis is
ongoing for the period from 10 to 100 k.y., but the work is not yet complete.
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6.5 SUMMARY

The purpose of this section is to summarize what is known about past, present, and future climate
in the vicinity of Yucca Mountain. Sections 6.2, 6.3, and 6.4 cover the present climate, past
climate (paleoclimate), and future climate, respectively.

Section 6.2 discusses the dynamics of modem-day weather and climate, from the global-scale
characteristics of atmospheric circulation to the particulars of site-scale weather. Global-scale
circulation characteristics provide the framework for understanding modem climate patterns.
Synoptic-scale features show how air mass dynamics (circulation) in the Pacific can result in a
variety of local weather patterns. Understanding how these characteristics vary provides the
basis for interpreting past and forecasting future climates.

Section 6.3 documents the timing, magnitude, and character of past climate change in the Yucca
Mountain region and establishes the rationale for projecting such changes into the future.
Successive past climate regimes are discussed in the context of regional, discrete (local), and site
records of climate change. These records may be long and continuous, such as those from
Owens Lake or Devils Hole, or short and discontinuous, such as those obtained from packrat
middens and marsh deposits.

Section 6.4 establishes timing relations between calculated Earth-orbital parameters and past
climate cycles and uses these relations to forecast future climate. This section compares orbital
parameters with the Devils Hole climate change chronology to establish a methodology to
estimate the timing of past climate states and when those climate states may be repeated in the
future (a past/future analog). The Owens Lake climate record is then used to describe the
magnitude and character of the past/future climate analog. The forecast for the next 10 k.y.
includes three distinct climates, each of which are described in terms of an upper-bound and a
lower-bound climate value. Modem meteorological stations are chosen as analog sites to
represent these three climate states.

6.5.1 Present Climate and Meteorology

To summarize the global-scale characteristics of climate, the modem-day earth climate system
may be thought of as a three-component (or cell) system: two active components, the tropical
(Hadley) and polar cell air masses, and a more passive mixing zone between them, the westerlies
(Ferrell cell). Regional climate in the conterminous United States is a result of the seasonal
expansion and contraction of the tropical and polar air masses. In southerly areas of the United
States, tropical air masses and warm westerlies dominate the annual climate, whereas in
northerly areas climate is dominated by polar air masses.

The northern edge of the tropical air masses, the subtropical highs, consists of high-pressure,
descending air that creates a hot, dry, and hence, low-precipitation and high-evaporation climate.
The subtropical highs define the global hot desert belts and dominate the climate of the Yucca
Mountain region today. Regions south of the subtropical highs fall under the influence of the
much wetter subtropical easterlies.

The southern edge of the polar air masses, the polar lows, consists of low-pressure, rising air that
creates a cool, wet, and hence a high-precipitation and low-evaporation climate. The average
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seasonal position of the polar lows approximately defines the boreal forests and also dominated
some past glacial climates in the Yucca Mountain region. The central (northernmost) part of the
polar air mass is characterized, especially in winter, by dense, cold, descending air creating lower
tropospheric high-pressure cells. Air streams flow southward from these high-pressure cells
producing the Arctic (polar) easterlies. Arctic (polar) highs are typically characterized by cold,
dry air, and hence, low-precipitation and low-evaporation climates. The arctic highs also
dominated some past glacial climates in the Yucca Mountain region.

The general climate characteristics associated with the global air masses are often modified by
regional features such as topography, large lakes, and the oceans. Today in the Yucca Mountain
region, from late spring through early fall, climate is dominated by the northward movement and
intensification of the subtropical highs. The subtropical high activity commonly occurs with
local convective thunderstorms and intense evaporation enhanced by the mountains to the west
and southwest. By creating and sustaining a major rain shadow in the Yucca Mountain region,
the Sierra Nevada and the Transverse Range amplify the evaporative action of the subtropical
highs during the modern-day and past interglacial climates.

During late fall through early spring, the subtropical highs weaken and retreat south, leaving the
region largely under the influence of the westerlies, whose moisture potential is also greatly
reduced by the mountain ranges. Polar low and occasionally arctic high pressure may intrude
into the area, resulting in wetter and less evaporative conditions. The wettest winters are often
associated with the El Nifto years, when the polar front moves south over the Pacific Ocean,
steering subtropical moisture into the Yucca Mountain region. The El Nifio circulation is usually
not sustained, and the subtropical highs return to exert their evaporative influence over the
region's hydrology.

6.5.2 Paleoclimatology

This subtropical-high-dominated climate regime has influenced regional climate in the Yucca
Mountain area for about the past 7 to 8 k.y., with some episodes being hotter and drier, and
others being cooler and wetter, than the modern climate. However, the modern interglacial
climate, and that of the past 8 k.y. or so, is not typical of the climate during the last several
hundred thousand years.

Past climates in the Yucca Mountain region have included glacial periods and a variety of
climates intermediate between glacial and interglacial, all of which may be simplistically thought
of in terms of dominance of the polar and tropical air masses. During glacial periods continental
ice expanded southward into what is now the United States, and the polar air masses became
persistent in more southerly areas throughout the year. Because the basic physical laws of
atmospheric circulation are conserved, as the polar air masses expand and become more
persistent, the polar lows must also move southward. As the polar lows expand southward, the
wet, cool "boreal" realm also moves southward, resulting in wetter and cooler conditions in
places that today are warmer and drier. However, local topography and air mass dynamics will
modify the polar low climate so that, for example, the very wet northwest U.S. climates do not
get literally transposed southward.
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A glacial climate in the Yucca Mountain region exhibits longer winter seasons and shorter
summer seasons than modem. Subtropical highs are less persistent, so mean annual temperature,
summer terniprature, and the high summer evaporation rates are lower. Mean annual
precipitation is greater than modem because more frequent and persistent incursions of Polar
Low activity occur, bringing more rain and snow than today. During some glacial periods, when
large continental ice sheets existed, arctic highs were likely resident in the Yucca Mountain
region for much or perhaps all of the year, resulting in very cold and dry conditions with
limited evaporation.

There were also interglacial (modem-like) periods in the Yucca Mountain region. Some of these
interglacial periods appear to have been warm and wet and were caused by an expansion and/or
intensification of the subtropical highs resulting in a northward shift of the southwestern
monsoon. Summer precipitation probably increased dramatically, resulting in higher mean
annual precipitation, but because this was summer precipitation, much of it likely was lost due to
higher air temperatures and transpiration by the vegetation community. Conversely, there were
times during glacial transition climates when the climate was wetter than during some glacial
periods and cooler than the interglacial period. The diverse paleoenvironmental records for this
region indicate that each glacial and interglacial period appears to have a unique and
characteristic climate.

Although the interglacial climates persisted only for about 20 percent of the documented
interglacial/glacial history, the times when very large ice sheets existed were limited; therefore,
much of the Yucca Mountain climate history is dominated by intermediate climates. For
example, the full ice-maximum of the last glacial period, around 21 ka, lasted only a couple
thousand years. By contrast, the penultimate glacial period from about 140 to 175 ka may have
sustained a large ice sheet for as long as 35 k.y. with cold, low-evaporative, and possibly wet
conditions in the Yucca Mountain region. The importance of the penultimate glacial in the
Yucca Mountain region is shown by the existence at that time of a large, 175-m-deep lake in
Death Valley, now one of the driest areas in the United States. Other glacial climates-for
example, those about 300 to 400 ka-were cool and wet, rather than cold and either dry or wet,
in the Yucca Mountain region.

6.5.3 Future Climate Variation

The past-to-future climate analog forecasts that the modem-day climate at Yucca Mountain
should persist for 400 to 600 yr., followed by a warmer and much wetter monsoon climate for
900 to 1,400 yr., followed by a cooler and wetter glacial-transition climate for 8,000 to 8,700 yr.
The ranges of ages represent uncertainty in the sediment accumulation rates in Owens Lake
during the climate analog period.

The upper-bound annual precipitation values for the monsoon and glacial-transition climates
exceed the upper bounds of the region's modern-day climate by about 100 mm. The glacial-
transition climate's lower bound exceeds the modern lower-bound precipitation values by about
150 mm. Thus, the future climate based on this method of analysis is wetter, but not
substantially wetter, than the modem climate. Temperature, however, defines an important
difference between the modem climate and the glacial-transition climate. The glacial-transition
climate is cooler than the modern climate, so evaporation is substantially lower than during
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modem times. A lower level of evaporation means that precipitation will be more readily stored,
and hence available for infiltration, than is so in today's climate.

Representative meteorological stations selected to represent future climates include:

* Modem interglacial climate: Regional and Yucca Mountain stations

. Monsoon climate: Nogales, Arizona, and Hobbs, New Mexico, for average upper
bound; Regional and Yucca Mountain stations for average lower-bound stations

. Glacial-transition climate: Spokane, Rosalia, and St. John, Washington, for average
upper bound; Beowawe, Nevada, and Delta, Utah, for average lower bound.

Forecasting the future by using a past climate sequence to bound future climate has many
uncertainties. Selecting which particular past climate sequence used as the past-to-future analog
will change the forecast. The chaotic nature of climate itself, phenomena such as volcanic
activity or meteor impacts, and/or human activity may change the climate system in a way that
will change the cyclical patterns. Therefore, in this analysis, the rationale for a particular method
is described, and the method is applied to acquire possible future climate values. Despite all the
uncertainties, it is believed that this method is reasonable and defensible because it is based on a
given interpretation of available data, rather than on it being more likely to occur relative to other
possible scenarios.
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6.6.2 Codes, Standards, Regulations, and Procedures

64 FR 8640. Disposal of High-Level Radioactive Wastes in a Proposed Geologic Repository at
Yucca Mountain, Nevada. Proposed rule 10 CFR 63. Readily available.

64 FR 67054. 10 CFR Parts 960 and 963. Office of Civilian Radioactive Waste Management;
General Guidelines for the Recommendation of Sites for Nuclear Waste Repositories; Yucca
Mountain Site Suitability Guidelines. Readily available.

ASTM D 5741-96. 1998. Standard Practice for Characterizing Surface Wind Using a Wind
Vane and Rotating Anemometer. West Conshohocken, Pennsylvania: American Society for
Testing and Materials. TIC: 236772.

Regulatory Guide 1.23, Rev. 0. 1972. Onsite Meteorological Programs. Washington, D.C.:
U.S. Atomic Energy Commission. Readily available.

6.6.3 Source Data, Listed by Data Tracking Number

GSOOO 100001221.001. EarthInfo, Inc. Western US Meteorologic Station Weather Data - NCDC
Summary of Day (West 1) and NCDC Summary of Day (West 2). Submittal date: 01/25/2000.

M00004YMP98129.002. Locations of the Regional Meteorological Stations. Submittal date:
04/19/2000.

M00004YMP99053.002. Locations of the Yucca Mountain Project Meteorological Monitoring
Sites. Submittal date: 04/19/2000.
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Figure 6.2-3. Wind-Rose Plots for 10 m and 60 m at Site 1
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Figure 6.2-4. Wind-Rose Plots for Sites 4 and 7
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Figure 6.2-5. Wind-Rose Plots for Sites 3 and 9
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Figure 6.2-6. Wind-Rose Plots for 850- and 700-mb Levels at Desert Rock Airport
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Source: CRWMS M&O (1997b, Figure 3-48 (d))

Figure 6.2-7. Wind-Rose Plot for 500-mb Level at Desert Rock Airport
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NOTE: The eccentricity signature embedded within insolation is evident at the equator, but it has an even larger
signature at high latitudes.

Figure 6.3-6. Insolation Values for June and December at Different Latitudes for the Past 500,000 Years
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NOTE: The stratigraphic distribution of saline diatoms represents add climates that approximate modern
conditions. The distribution of freshwater planktic diatoms indicate a through-flowing freshwater lake that
spilled to basins downstream from Owens Lake. The freshwater planktonic diatom profile documents
periods during the past 525 k.y. when winter precipitation and mean annual temperatures were higher and
lower, respectively, than today.

Figure 6.3-9. Principal Ecologic Groups of Diatoms in the Owens Lake Core for the Past 525,000 Years
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NOTE: The ostracodes are aligned according to their salinity and, hence, climate preferences, from fresh, cold,
and wet on the left (toward the stratigraphic column) to saline and dry on the right. L. sappanensis on the
right lives in springs discharging onto the lake bed today.

Figure 6.3-10. Stratigraphic Distribution of Ostracode Species from the Owens Lake Core for the Past
400,000 Years
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NOTE: Even numbers in circles next to the SPECMAP profile identify the widely recognized oxygen isotope stages
(OlSs) that correspond to glacial periods; the odd numbers in circles identify the interglacial periods. Each
number refers to a particular OIS. There is a general correspondence between large percentages of
freshwater planktonic diatoms and glacial periods represented by even-numbered OlSs from the
SPECMAP curve. Discrepancies in the correlation between the Owens Lake diatom record and the
SPECMAP and Devils Hole oxygen isotope records may reflect the different chronological controls for the
respective records, or may represent actual differences in the proxy climate records from these systems, or
both.

Figure 6.3-11. Stratigraphic Distribution of Freshwater, Planktonic Diatoms from the Owens Lake Core
for the Past 500,000 Years Compared to the SPECMAP and Devils Hole Oxygen Isotope
Records
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Oxygen Isotopes

(/ f '(



U-series
OIs dating d

(ka)

1 9.6 +/- 3.3*-o

epth
(m) fithology

-,. - __

U-series
dating

(ka)
depth

(I)environment

30.1 +/- 3.3 *

20 -

85
97.1 +/-6.8*

90.

100

119.6 +/-2.6* 110o

120-

2

127.9 +/-5.9* i

3

59.3 +/-1.0 0
57.5 +/- 5.0 0-

4

130*

146+/-6 *
140-

170 +/-17 *150

186.3 +/-8.5* 160

170-

150*
192.3 +/- 10.7*

Ea-

I

lithollogy

_ - . -

_ I

:q 9

environment
-Salt pan-

Mud flat

OIS

5

6

Perennial
Saline
Lake

Perennial
Lake

Perennial
=Saline.

Lake

Perennial
Lake

Perennial
- Saline =

Lake

Salt pan/
Shallow

Saline Lake

5 98.6 +/- 3.7 *

86 -
7co-nued to nghi

Explanation

- Primary halite aj Mud

[E2 Massive halite r Mud cracks

[EX Vertical dissolution pipes 0 No
in halite core recovered

- Samples studied

U-a

8 ai
2
I 0

Source: Modified from Roberts and Spencer (1995); Li et al. (1996)

Figure 6.3-13. Lithology and Age Control for Death Valley, California
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NOTE: Temperatures are plotted against time and sequence of lacustrine paleoenvironments represented by core
lithology and lake level data. Maximum homogenization temperatures match the maximum brine
temperatures during the crystallization of halite.

Figure 6.3-14. Maximum Homogenization Temperatures Measured from Halite Fluid Inclusions from
Death Valley Core
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Figure 6.3-15. Stratigraphic Abundance Profiles with Time of Key Ostracode Species Found in Samples Collected from Corn Creek Flat
Deposit in the Las Vegas Valley
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Figure 6.3-16. Stratigraphic Abundance Profiles with Time for Ostracode Species from Corn Creek Flat
Deposits Combined into Two Environmental Groups, Wetland Taxa and Spring-Stream
Taxa
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Figure 6.3-18. Lithostratigraphic Section Measured just North of Cactus Spring, Nevada
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Figure 6.3-19. Histograms of Radiocarbon (from Calcite) and Uranium-Series (from Calcite and Opal)
Ages Obtained for Outermost Mineral Surfaces
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Figure 6.3-20.Stable Oxygen and Carbon Values of Pedogenic Carbonate from Southwestern Nevada as a Function of Elevation
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Paleozoic (Pz) marine sedimentary section. Fields of percolation-deposited calcite and early, probably
nonpercolation calcite, are also outlined. Stable isotope compositions are reported as the per mil (%o)
deviations of the samples from the international standards Peedee Cretaceous formation Belemnite (for C)
and Standard Mean Ocean Water (for 0). UZ = unsaturated zone.

Figure 6.3-21. Plot of the Delta Carbon-13 and Delta Oxygen-18 Values of Calcite versus Depth Below,
or Height Above, the Water Table

TDR-CRW-GS-00000 I REV 01 ICN 01 F6.3 -2 1 September 2000



100
0 I 0 I | + I X i I i I I I I I I I i I i I I + I; i . I . r r i

90 I-

80 .-

70 t-

l
-4

l-4

-J

-1
z
w

a
w
L-

50-

40irF
3D0~

Number of samples=880
20 - - 7-

10 -

0 - -F-_-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10

6"C, IN PER MIL 83-22.TIF-SITEDESC-ROl

Source: Forester et al. (1999, Figure 16)

NOTE: Stable isotope compositions are reported as the per mil (%o) deviations of the samples from the international
standard Peedee Cretaceous formation Belemnite.

Figure 6.3-22. Histogram of Unsaturated Zone Delta Carbon-13 Values from Calcite Occurrence in the
Exploratory Studies Facility Tunnel and from Drill Core
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Figure 6.3-23. Secondary Calcite Delta Carbon-13 Values Plotted Against Ages
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Source: USGS (2000, Figure 6-1)

Figure 6.4-1. Meteorological Areas Representing Various Climates
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Figure 6.4-2. Devils Hole Stable Isotope Record Showing the Timing and Cyclical Nature of Climate Change
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Figure 6.4-3. Generalized View of Precession, an Orbital Parameter Related to the Timing of Earth's
Long-Term Climate Change
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Figure 6.4-4. Relation between Precession and Eccentricity for the Past 425,000 Years
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Figure 6.4-6. Proposed Relation between the Timing of Past Climate Change and Earth-Orbital Parameters during a Long Climate Cycle
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Figure 6.4-8. Proposed Timing of Future Climate Change during the Next 100,000 Years
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Figure 6.4-12. Meteorological Stations Selected to Represent Future Climate States at Yucca Mountain,
Nevada
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Table 6.2-1. Regional Meteorological Stations

Latitude Approximate Distance and
Longitude Elevation Direction from Yucca

Station Name (deg0 min') (m Eft]) Data Availability Mountain

Amargosa Farms Garey 36034'N 746.8 1965 to Present 30 km (19 mij S

116028'W [2449.5]

Austin 39030'N 2013.2 1931 to Present 290 km [180 mi] NNW

117004'W [6603.3]

Battle Mountain 40037'N 1383.8 1944 to Present 410 km [255 mi] NNW

116054'W [4538.9]

Beatty 36055'N 1007.1 1931 to 1972 25 km [16 mi] WNW

116045'W P303.31

Beatty 8 N 37000'N 1082.0 1972 to Present 25 km [16 mi] WNW

116043'W [3549.] _

Caliente 37037'N 1341.1 1931 to Present 170 km [106 mi] NE

114031'W [4398.8]

Desert National Wildlife 36026N 890.0 1940 to Present 109 km [68 mi] ESE
Range 115022W [2919.2]

Elko Municipal Airport 40050'N 1548.4 1948 to Present 425 km [264 mi] NNE

115048'W [5078.8]

Ely Yelland Field 39018'N 1908.7 1948 to Present 300 km [186 mi] NE

114051'W [6260.5]

Indian Springs 36035'N 951.9 1949 to 1963 76 km [47 mi] ESE

115041'W [3122.2]

Las Vegas McCarran 36005'N 648.2 1951 to Present 150 km [93 mi] SE
International Airport 115°O9'W [2126.4]

Mercury Desert Rock 36037'N 1006.1 1984 to Present 45 km [28 mi] SE
Airport 116002'W [3300.0]

Pahranagat Wildlife 37016'N 1036.3 1964 to Present 128 km [80 mi] ENE
Refuge 11 507'W [3399.1]

Pioche 37057'N 1883.7 1939 to Present 215 km (133 mil NE

114°28'W 16178.5]

Ruby Lake 40°12'N 1831.8 1940 to Present 381 km [287 mi] NNE

115030'W [6008.31

Snowball Ranch 39002'N 2182.4 1966 to 1999 243 km [151 mi] N

11 6012'W [7158.3]

Tonopah Airport 38004'N 1655.1 1954 to Present 140 km [87 mil NW

117005'W [5428.7]

Winnemucca Municipal 40°54'N 1309.7 1950 to Present 464 km [228 mi] NNW
Airport 117048'W [4295.8]
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Table 6.2-1. Regional Meteorological Stations (Continued)

Latitude Approximate Distance and
Longitude Elevation Direction from Yucca

Station Name (deg0 min') (m [ft]) Data Availability Mountain
4JA 36047'N 1043 1967 to Present 15 km [9 mi] ESE

11 6017'W [3422]

Area 12 Mesa 37011'N 2283 1959 to 1993 44 km [27 mi] NNE

116013'W [7490]

Source: NCDC (2000) and CRWMS M&O (1997a, Table 2-2)

NOTES: All except the last two stations in the table are National Weather Service Primary or Cooperative stations.
The last two stations were established as part of the NOAA Air Resources Laboratory, Special Operations
and Research Division network to monitor meteorological conditions on the Nevada Test Site. Some
stations have moved slightly during their period of operation. Latitude, longitude, and elevation are given for
the most current location. Data availability is the time range for which some 'Summary of the Month
Cooperative' data are available (for National Weather Service stations); however, for most stations
availability is discontinuous for this range. For some analyses reported in this section, data from nearby
stations were combined to create a longer period of record.

Table 6.2-2. Radiological and Environmental Program Department Meteorological Monitoring Sites

Latitude Longitude Elevation
Site (deg' min' sec") (deg' min' sec") (above mean sea level)

Site 1 65'4N1 '55" 3750 ft
(Nevada Test Site-60) 36050'34"N 116"25'50"W 1143 m

Site 2 3511N 16256W4850 ft
(Yucca Mountain) 36°51'19"N 116"27'56W 1478 m

Site 3 36051'17"N 116'27'06"W 4195 ft
(Coyote Wash) 1279 m

Site 4 3515 N162415W4050 ft
(Alice Hill) 36"51'51"N 11602415"W 1234 m

Site 5 36S45'52"N 116°23'26"W 3125 ft
(Fortymile Wash) 953552N11 r26n

Site 6 36053'40"N 116026'45"W 4315 ft
(WT-6) 1315 m
Site 7 36350'49"N 115624'28"W 3545 ft

(Sever Wash) 3654N162'8W1081 m

(Knothead Gap) 36°49'42"N 11 6°25'35"W 3710 ft

Site 9 36°40'17"N 116°24'08"W 838 m

Source: CRWMS M&O (1997a, Table 2-1)
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Table 6.2-3. Annual Precipitation Statistics for Three Stations (1 986 to 1996)

Mercury Desert Rock
Parameter REPD Site I Beatty 8N Airport

Mean 4.97 in. [126.24 mm] 5.63 in. 143.00 mm] 5.67 in. [144.02 mm]
Maximum 9.17 in. [232.92 mm] 8.45 in. [214.63 mm] 8.56 in. [217.42 mm]

(year occurred) (1995) (1995) (1987)
Minimum 1.44 in. [36.58 mm] 2.43 in. [61.72 mm] 1.25 in. [31.75 mm]

(year occurred) (1989) (1989) (1989)
Standard Deviation 2.22 in. [56.39 mm] 1.74 in. [44.20 mm] 2.13 in. [54.10 mm]

Source: CRWMS M&O (1 997a, Table 4-2)

NOTE: REPD = Radiological and Environmental Programs Department

Table 6.2-4. Annual Precipitation Statistics for Two Stations (1966 to 1995)

Parameter Amargosa Farms Beatty/Beatty 8N

Mean 4.39 in. [112 mm] 5.66 in. [144 mm]

Maximum 10.37 in. [263 mm] 11.49 in. [292 mm]
(year occurred) (1983) (1983)

Minimum 0.72 in. [18 mm] 1.98 in. [50 mm]
(year occurred) (1989) (1971)

Standard Deviation 2.71 in. [69 mm] 2.25 in. [57 mm]

Source: Calculated from data presented in Table 6.2-25.

Table 6.2-5. Average Monthly Temperature for Five Stations

Mercury
Statistic Desert Rock

Month (IC) Site 1 Site 5 Airport Austin Caliente
Mean Max 10.9 12.6 12.4 4.9 7.8

January Mean Min 2.4 1.8 0.4 -7.4 -8.2

Mean Max 34.2 36.3 36.9 30.6 35.3
July Mean Min 22.1 21.8 21.3 12.1 13.6

Source: CRWMS M&O (1997a, Tables A-1, A-5, A-11, and A-12)
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Table 6.2-6. Meteorological Monitoring Station Equipment

Parameter Measurement Method
Wind speed Cup anemometer with photochopper
Wind direction Vane, with potentiometer at Sites 2 to 9 and resolver at Site 1

Delta-temperature Mechanically aspirated shields with thermistor (Sites 2 to 9) or platinum wires (Site 1)

Relative humidity Capacitance sensors at Sites 2 to 9
Dew point Chilled mirror at Site 1
Barometric pressure Aneroid wafer
Precipitation Tipping bucket, 0.01-inch per tip
Solar radiation Pyranometer
Vertical wind speed Propeller anemometer with generator or optical chopper

Source: CRVVMS M&O (1999a, Table 1-3)

Table 6.2-7. Meteorological Data Reported Hourly

Parameter Calculation Method Units
scalar average

Wind speed maximum of 1-s averages meters per second
maximum of 3-s averages

Wind direction average (unit vector) degrees
Sigma-A root-mean-square of 1 5-min standard deviation of horizontal wind degrees

direction

Sigma-w standard deviation of vertical wind speed meters per second
Temperature average degrees Celsius

Delta-temperature average of differences: 10 m - 2 m at Sites 1 to 9 and 60 m - 10 m degrees Celsius
at Site 1

Barometric pressure average millibars
Relative humidity average: measured at Sites 2 to 9, and calculated for Site 1 percent
Solar radiation average watts per square meter
Precipitation total inches
Dew point average: measured at Site 1, and calculated for Sites 2 to 9 degrees Celsius

Source: CRWMS M&O (1999a, Table 1-4)

- '
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Table 6.2-8. Meteorological Data Reported at 1 O-Minute Intervals

Parameter Calculation Method Units
scalar average

Wind speed maximum of 3-s running averages meters per second
maximum 1-min. average

Sigma-u standard deviation of horizontal wind speed meters per second
average (unit vector)

Wind direction 1-min. average direction during maximum degrees
1-min. wind speed

Sigma-A standard deviation of wind direction degrees
Vertical wind speed average meters per second
Sigma-w standard deviation of vertical wind speed meters per second
Temperature average degrees Celsius
Relative humidity average: measured at Sites 2 to 9, and calculated for Site 1 percent
Dew point average: measured at Site 1, and calculated for Sites 2 to 9 degrees Celsius
Barometric pressure average millibars
Delta-temperature average of difference: 10 m - 2 m temperatures degrees Celsius
Solar radiation average watts per square meter

Source: CRWMS M&O (1999a, Table 1-5)

Table 6.2-9. Meteorological Data Reported Daily

Parameter Calculation Method Units

maximum 3-s running average -
Wind speed meters per second

maximum 1-min. average

maximum 1-min. average .degrees Celsius
Temperature

minimum 1-min. average degrees Celsius

Precipitation total inches

Source: Modified from CRWMS M&O (1999a, Table 1-6)
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Table 6.2-10. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 1 (Nevada Test
Site-60)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Temperature (0C)

Extreme Maximuma 20.5 26.3 26.2 31.7 36.0 39.8 40.9 40.3 37.3 34.7 26.2 20.3 40.9

Mean Maximum' 10.9 13.4 16.1 21.1 24.9 31.0 34.2 33.7 29.0 23.5 15.5 10.6 22.0

Mean' 6.3 8.7 11.3 15.9 19.5 25.3 28.6 27.9 23.5 18.0 10.4 6.0 16.8

Mean Minimum2  2.4 4.4 6.5 . 10.2 13.4 18.6 22.1 21.7 17.7 12.8 5.9 2.1 11.5

Extreme Minimuma -7.0 -11.1 -3.9 0.8 0.3 4.5 10.9 13.9 6.9 -0.3 -6.1 -11.7 -11.7

Number of Days
Precipitation

0.01 in. or more 4.5 4.3 5.2 2.9 4.2 2.7 1.9 3.2 2.8 3.5 2.8 3.8 41.8

Temperature'
320C (90'F) and above 0 0 0 0 3 13.8 22.9 21.5 6.4 2.7 0 0 70.3

0WC (320F) and below 7.2 6 2.6 0 0 0 0 0 0 0 3.7 10.1 29.6

Barometric Pressure (mb)

Meana 888.4 886.7 884.6 884.2 882.4 883.1 885.1 885.7 885.7 886.7 888.4 888.8 885.8

Mean Relative Humidity (%)
Hour 0400 (PST)a 44.6 45.3 41.5 32.3 31.5 22.8 23.5 25.5 25.9 28.0 37.2 45.9 33.7

Hour 1000a 39.8 40.0 34.7 25.4 22.7 18.3 18.0 20.0 21.2 22.4 30.3 38.7 27.6

Hour 1600a 33.1 30.9 26.2 18.8 17.1 13.0 13.4 14.3 14.8 18.1 25.1 31.9 21.4

Hour 2200 41.9 40.6 35.5 25.8 23.8 16.8 17.3 19.2 20.1 24.5 33.4 42.8 28.5

Precipitation (in.)
Max 1-hr. total 0.19 0.16 0.58 0.21 0.27 0.12 0.47 0.66 0.12 0.19 0.40 0.23 0.66

Max 6-hr. totalb 0.77 0.49 0.84 0.71 0.42 0.16 0.86 1.18 0.39 0.48 0.66 0.70 1.18

Max 24-hr. totalb 1.39 0.76 1.33 1.32 0.46 0.24 1.22 1.18 0.44 0.62 1.29 1.00 1.39

Total 0.92 0.61 0.90 0.25 0.39 0.09 0.25 0.53 0.09 0.25 0.24 0.45 4.97
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Table 6.2-10. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 1 (Nevada Test
Site-60) (Continued)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Wind
Mean Speed (m/s)a 2.8 3.2 3.7 4.0 4.0 3.9 3.7 3.5 3.3 3.0 3.2 2.8 3.4

Fastest 1-min.c
Speed (ms) n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Direction (deg) n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Peak 3-s Gust (mis) n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Source: CRWMS M&O (1997a, Table A-1)

NOTES: a Values are derived from 1-s data averaged over 1 hr.
bA continuous running period, which may encompass more than one calendar day.
CValues are derived from 1-s data averaged over 1 min.
n/a = no data available
PST = Pacific Standard Time
To convert in. to mm, multiply by 25.4.
To convert m/s to mi/hr, multiply by 2.24.-3
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Table 6.2-11. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 2 (Yucca
Mountain)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Temperature (CC)

Extreme Maximum a 18.5 23.6 24.0 29.8 34.2 39.9 39.7 39.1 36.1 33.5 24.3 18.9 39.9

Mean Maximuma 8.6 11.0 14.0 19.0 22.9 29.1 32.3 31.6 27.1 21.0 13.0 8.3 19.8

Meanb 5.6 7.4 10.2 14.6 18.2 23.9 27.1 26.7 22.7 17.1 9.5 5.5 15.7

Mean Minimuma 2.9 4.3 6.9 10.5 13.7 19.1 22.4 22.4 18.6 13.6 6.5 2.9 12.0

Extreme Minimuma -10.1 -12.5 -3.7 -0.6 -1.2 2.4 10.2 12.7 5.6 -1.5 -7.3 -12.3 -12.5

Number of Days
Precipitation

0.01 in. or more 5.4 5.7 5.4 1.4 2.3 1.0 1.1 1.1 1.0 1.4 1.7 3.7 31.4

Temperatureb
32 0C (90'F) and above 0 0 0 0 0.2 6.7 16.2 12.4 2.6 0.1 0 0 38.2

00C (32 0F) and below 7.3 5.6 2 0.3 0.2 0.1 0 0 0 0.3 2.9 6.7 25.4

Barometric Pressure (mb)

Meanb 851.5 850.8 849.7 849.1 848.3 849.8 852.1 852.6 852.6 852.1 852.6 851.5 851.1

Mean Relative Humidity (%)
Hour 0400 (PST)b 45.6 42.3 40.1 28.5 27.5 16.0 18.5 22.2 23.2 27.4 35.9 41.4 30.7

Hour 10 0 0b 43.2 41.2 38.0 25.5 22.9 13.6 14.9 19.2 19.8 25.1 33.0 38.7 27.9

Hour 16 0 0 b 38.8 33.5 29.5 18.2 16.5 8.6 10.6 13.2 13.8 19.9 27.1 34.3 22.0

Hour 22 0 0 b 43.8 39.4 34.7 23.7 22.0 12.3 14.4 17.9 18.4 24.5 32.4 39.9 27.0

Precipitation (in.)
Max 1-hr. total 0.31 0.21 0.32 0.13 0.21 0.36 0.20 0.50 0.17 0.12 0.26 0.23 0.50

Max 6-hr. totalc 0.63 0.64 0.92 0.22 0.37 0.58 0.26 0.56 0.34 0.42 0.71 1.03 1.03

Max 24-hr. totalc 1.31 1.20 1.70 0.48 0.45 0.67 0.28 0.56 0.34 0.75 1.17 1.78 1.78

Total 1.29 1.51 1.55 0.14 0.22 0.14 0.11 0.23 0.09 0.23 0.31 0.74 6.56
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Table 6.2-11. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 2 (Yucca
Mountain) (Continued)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Wind

Mean Speed (m/s) b 3.6 4.1 4.5 5.0 .4.8 4.6 4.2 4.6 4.2 4.1 4.0 3.8 4.3
Fastest 1-min.a

Speed (m/s) 23.2 26.3 28.7 28.9 21.6 30.0 23.0 19.7 20.9 29.4 25.0 26.1 30.0
Direction (deg) 326 312 307 237 285 324 99 268 316 325 269 319 239

Peak 3-s Gust (m/s) 27.2 31.0 34.8 38.2 27.2 33.4 28.5 25.2 24.1 33.3 31.9 31.6 38.2

Source: CRWMS M&O (1997a, Table A-2)

NOTES: aValues are derived from 1-s data averaged over 1 min.
bValues are derived from 1-s data averaged over 1 hr.
CA continuous running period, which may encompass more than one calendar day.
PST = Pacific Standard Time
To convert in. to mm, multiply by 25.4.
To convert m/s to mi/hr, multiply by 2.24.
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Table 6.2-12. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 3 (Coyote
Wash)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Temperature ( 0C)

Extreme Maximuma 19.5 24.9 25.0 30.9 34.6 40.4 39.9 39.6 36.6 33.6 25.2 19.7 40.4

Mean Maximuma 9.9 12.5 15.1 20.3 23.8 30.0 33.0 32.5 28.2 22.1 14.4 9.5 20.9

Meanb 6.3 8.6 10.8 15.6 19.0 24.8 28.0 27.5 23.4 17.8 10.3 5.9 16.5

Mean Minimuma 3.0 4.9 6.4 10.5 13.6 18.8 22.2 22.1 18.4 13.4 6.4 2.5 11.8

Extreme Minimuma -7.9 -10.7 -4.3 -0.3 0.1 4.2 10.5 14.3 7.2 0.3 -5.9 -12.2 -12.2

Number of Days
Precipitation

0.01 in. or more 5.1 4.6 5.3 1.4 3.3 1.1 1.3 1.3 1.6 1.4 2.3 4.6 33.3

Temperatureb
32 0C (90'F) and above 0 0 0 0 0.5 9.6 17.5 16.6 4.5 0.3 0 0 49.0

0WC (32 0F) and below 6.8 4.1 1.9 0.1 0 0 0 0 0 0 1.9 8.2 23.0

Barometric Pressure (mb)

Meanb 872.9 871.8 870.1 869.6 867.9 868.7 870.8 871.3 871.6 872.0 873.2 872.7 871.0

Mean Relative Humidity(%).

Hour 0400 (PST)b 45.1 44.5 43.4 33.9 33.1 21.9 22.9 26.2 28.9 31.4 37.6 45.4 34.5

Hour 1 ooob 39.4 39.6 37.3 27.2 24.7 16.8 16.8 20.8 22.3 25.1 30.8 38.3 28.3

Hour 16 0 0b 35.4 31.8 29.6 19.9 18.4 12.4 13.0 15.1 16.4 21.4 26.5 34.7 22.9

Hour 2 2 00 b 42.9 40.8 38.0 26.9 25.2 16.6 17.1 20.3 22.5 27.9 33.8 42.9 29.6

Precipitation (in.)
Max 1-hr. total 0.32 0.20 0.43 0.14 0.23 0.29 0.18 0.31 0.27 0.17 0.57 0.26 0.57

Max 6-hr. totalc 0.74 0.61 1.13 0.21 0.36 0.60 0.18 0.62 0.27 0.53 0.77 0.77 1.13

Max 24-hr. totalc 1.53 1.22 1.89 0.31 0.41 0.67 0.18 0.67 0.27 0.79 1.60 1.12 1.89

Total 1.33 1.29 1.57 0.14 0.33 0.14 0.09 0.20 0.15 0.31 0.39 0.75 6.70
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Table 6.2-12. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 3 (Coyote
Wash) (Continued)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Wind

Mean Speed (m/s)b 2.2 2.4 2.7 2.8 2.8 2.8 2.6 2.4 2.4 2.4 2.6 2.3 2.5

Fastest 1-min.a
Speed (m/s) 16.3 15.9 16.0 17.0 13.7 17.3 18.6 11.7 13.9 18.0 15.2 14.6 18.6
Direction (deg) 300 306 309 302 290 299 107 294 89 307 310 302 107

Peak 3-s Gust (m/s) 23.3 21.8 25.2 24.5 19.2 24.3 21.0 17.3 19.5 26.2 21.5 22.0 26.2

Source: CRWMS M&O (1997a, Table A-3)

NOTES: a Values are derived from 1-s data averaged over 1 min.
bValues are derived from 1-s data averaged over 1 hr.
CA continuous running period, which may encompass more than one calendar day.
PST = Pacific Standard Time
To convert in. to mm, multiply by 25.4.
To convert m/s to mi/hr, multiply by 2.24.
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Table 6.2-13. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 4
(Alice Hill)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Temperature (0C)

Extreme Maximuma 20.7 25.3 26.5 32.3 36.8 42.3 41.6 41.0 38.0 34.8 26.5 20.4 42.3

Mean Maximuma 10.4 12.8 15.8 20.6 24.4 30.5 33.7 33.5 28.9 22.6 14.7 10.0 21.5

Meanb 6.5 8.6 11.2 15.6 19.2 25.2 28.4 28.1 23.6 17.6 10.3 6.2 16.7

Mean Minimuma 2.9 4.5 6.8 10.3 13.8 19.2 22.7 22.5 18.1 12.5 6.2 2.6 11.8

Extreme Minimuma -7.3 -11.0 -4.1 -0.0 -0.3 4.0 11.2 14.1 7.4 0.0 -6.0 -12.6 -12.6

Number of Days
Precipitation

0.01 in. or more 5.8 4.6 5.4 1.6 2.4 1.4 0.9 1.3 0.9 1.6 2.2 4.0 32.0

Temperatureb
32CC (90'F) and above 0 0 0 0 1 11.2 20.3 18.5 6 0.4 0 0 57.4

0WC (32 0F) and below 5.3 4.3 1.4 0.1 0.1 0 0 0 0 0 1.4 6.3 18.9

Barometric Pressure (mb)

Meanb 877.7 876.5 874.5 873.9 872.2 873.2 875.3 876.0 876.4 876.5 878.3 878.1 875.7

Mean Relative Humidity (%)
Hour 0400 (PST)b 46.5 46.0 43.0 30.4 30.2 18.9 20.4 22.7 25.1 30.9 37.8 45.1 33.1

Hour 1 00 0 b 43.7 42.7 37.7 24.4 22.3 14.7 15.5 18.0 20.3 24.9 32.9 40.0 28.1

Hour 16 0 0 b 36.2 33.2 28.3 17.3 15.7 9.9 12.6 12.7 14.1 19.4 26.1 33.1 21.6

Hour 2 2 0 0 b 44.0 42.1 37,3 24.2 22.3 13.9 15.3 17.6 19.9 26.8 33.3 42.4 28.3

Precipitation (in.)
Max 1-hr. total 0.29 0.22 0.33 0.17 0.14 0.12 0.33 0.38 0.24 0.19 0.42 0.23 0.42

Max 6-hr. totalc 0.69 0.61 0.95 0.35 0.31 0.43 0.36 0.53 0.49 0.43 0.81 0.81 0.95

Max 24-hr. totalc 1.19 1.13 1.76 0.53 0.50 0.49 0.37 0.56 0.58 0.74 1.51 1.86 1.86

Total 1.49 1.16 1.43 0.21 0.22 0.12 0.16 0.17 0.11 0.32 0.37 0.84 6.57
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Table 6.2-13. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 4
(Alice Hill) (Continued)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Wind

Mean Speed (m/s)b 3.7 4.2 4.6 5.2 5.1 4.8 4.3 4.1 4.1 4.1 4.5 3.7 -4.4

Fastest 1-min.a,
Speed (mis) 24.4 25.3 27.8 29.3 24.6 26.8 25.1 19.9 22.9 33.2 25.6 23.7 33.2
Direction (deg) 340 339 2 351 10 338 37 33 329 345 342 344 345

Peak 3-s Gust (m/s) 28.0 29.2 31.4 32.2 29.3 30.0 28.3 28.5 24.9 37.2 29.8 27.9 37.2

Source: CRWMS M&O (1997a, Table A-4)

NOTES: aValues are derived from 1-s data averaged over 1 min.
bValues are derived from 1-s data averaged over 1 hr.
CA continuous running period, which may encompass more than one calendar day.
PST = Pacific Standard Time
To convert in. to mm, multiply by 25.4.
To convert mis to mi/hr, multiply by 2.24.
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Table 6.2-14. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 5 (Fortymile
Wash)

Parameters Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Temperature (*C)

Extreme Maximuma 22.9 27.9 28.6 34.6 38.8 43.6 43.5 42.8 39.9 36.9 28.3 22.2 43.6

Mean Maximuma 12.6 15.3 18.4 23.4 27.2 33.1 36.3 35.7 31.3 25.6 17.5 12.3 24.1

Meanb 6.8 9.5 12.5 17.0 20.9 26.4 29.6 28.9 24.5 18.8 11.2 6.4 17.7

Mean Minimuma 1.8 4.3 6.5 10.2 13.6 18.3 21.8 21.4 17.4 12.6 5.7 1.4 11.2

Extreme Minimuma -7.1 -11.8 -4.7 0.5 1.4 2.6 11.1 13.0 5.5 -0.7 -6.6 -13.1 -13.1

Number of Days
Precipitation

0.01 in. or more 4.7 4.6 4.9 1.6 2.7 0.9 1.0 1.3 0.7 1.1 1.4 3.3 28.1

Temperatureb
320 C (90'F) and above 0.0 0.0 0.0 0.6 3.1 18.8 27.4 25.0 13.3 2.8 0.0 0.0 91.0

00 C (320 F) and below 7.5 3.7 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.1 2.0 8.5 22.6

Barometric Pressure (mb)

Meanb 908.1 906.7 904.5 903.5 901.5 901.9 903.6 904.5 904.8 905.9 908.2 908.2 905.1

Mean Relative Humidity (%)
Hour 0400 (PST)b 49.1 47.3 46.1 33.2 34.0 21.4 22.5 25.4 25.8 29.2 36.8 44.4 34.6

Hour 1 0 0 0 b 40.7 38.0 34.5 23.2 21.9 14.4 15.1 18.4 18.7 21.1 27.5 34.6 25.7

Hour 16 0 0b 32.2 28.8 26.3 16.6 15.8 9.4 10.5 12.4 12.5 15.9 20.7 26.6 19.0

Hour 2 2 00 b 47.1 43.9 40.1 27.2 25.0 15.2 16.4 19.0 20.4 25.6 32.6 41.9 29.5

Precipitation (in.)
Max 1-hr. total 0.23 0.26 0.16 0.22 0.10 0.19 0.50 0.38 0.33 0.25 0.16 0.23 0.50

Max 6-hr. totalc.50 0.59 0.72 0.53 0.74 0.49 0.70 0.78 0.78

Max 24-hr. totalc 1.02 0.89 0.94 0.26 0.49 0.53 0.72 0.53 0.84 0.97 1.05 1.63 1.63

Total 1.14 0.94 0.89 0.12 0.20 0.10 0.15 0.12 0.14 0.26 0.23 0.79 5.10
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Table 6.2-14. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 5 (Fortymile
Wash) (Continued)

Parameters Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Wind

Mean Speed (m/s)b 3.7 4.1 4.3 4.6 4.6 4.5 4.3 4.3 4.3 4.1 4.2 3.9 4.2

Fastest 1-min.a
Speed (m/s) 17.2 19.7 19.7 21.6 20.3 20.9 18.4 16.7 16.7 25.3 18.2 18.4 25.3
Direction (deg) 350 185 349 346 317 344 82 227 178 337 336 178 337

Peak 3-s Gust (m/s) 20.7 23.1 24.9 26.4 24.8 25.1 26.5 20.0 20.7 30.4 21.7 22.1 30.4

Source: CRWMS M&O (1997a, Table A-5)

NOTES: a Values are derived from 1-s data averaged over 1 min.
bValues are derived from 1-s data averaged over 1 hr.
CA continuous running period, which may encompass more than one calendar day.
PST = Pacific Standard Time
To convert in. to mm, multiply by 25.4.
To convert mis to mi/hr, multiply by 2.24.
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Table 6.2-15. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 6 (WT-6)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Temperature (0C)

Extreme Maximuma 19.8 23.1 24.5 30.4 34.7 39.6 39.6 41.9 36.3 33.7 25.5 18.5 41.9

Mean Maximuma 9.8 12.3 16.2 19.8 24.2 30.5 33.9 33.9 29.1 22.1 14.2 10.0 21.3

Meanb 4.7 6.8 10.1 13.4 17.5 23.3 27.4 26.6 22.0 15.5 8.3 5.1 15.1

Mean Minimuma 0.2 1.5 4.1 6.4 9.9 14.6 18.4 18.3 14.5 9.4 2.7 -0.1 8.3

Extreme Minimuma 99 -9.9 -6.9 -1.4 -0.3 2.3 11.0 12.0 6.2 -1.0 -7.8 -7.2 -9.9

Number of Days
Precipitation

0.01 in. or more 7.5 5.8 4.3 1.5 4.0 1.5 1.0 1.0 1.3 1.0 2.3 3.5 34.5

Temperatureb
32'C (90'F) and above 0.0 0.0 0.0 0.0 0.8 12.3 23.0 22.0 5.8 0.5 0.0 0.0 64.3

0WC (32 0F) and below 12.3 10.8 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 13.3 45.3

Barometric Pressure (mb)

Meanb 867.4 866.5 866.5 865.2 864.4 866.3 868.3 868.2 867.9 867.4 868.9 868.9 867.1

Mean Relative Humidity (%)
Hour 0400 (PST)b 61.7 61.2 55.2 41.7 45.8 30.4 29.8 30.4 31.6 36.0 45.8 56.2 43.8

Hour 10 0 0b 49.2 45.3 38.7 26.3 26.2 18.3 16.5 17.3 18.7 23.8 31.4 39.6 29.3

Hour 16 0 0 b 46.4 37.7 29.5 18.5 19.3 11.6 11.4 11.4 12.8 18.8 27.7 36.2 23.4

Hour 2200b 59.3 57.9 47.1 33.4 34.9 22.0 20.3 21.5 23.2 31.0 41.9 53.0 37.1

Precipitation (in.)
Max 1-hr. total 0.44 0.27 0.25 0.19 0.34 0.27 0.31 0.28 0.28 0.17 0.25 0.24 0.44

Max 6-hr. totalc 1.24 0.56 1.16 0.40 0.39 0.58 0.40 0.61 0.36 0.39 0.87 1.10 1.24

Max 24-hr. totalc 1.54 1.27 2.14 0.51 0.41 0.69 0.40 0.64 0.38 0.76 1.45 1.78 2.14

Total 2.35 1.50 1.52 0.34 0.38 0.25 0.21 0.26 0.17 0.36 0.68 0.68 8.69
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Table 6.2-15. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 6 (WT-6) (Continued)1-3
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Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Wind

Mean Speed (m/s)b 3.4 3.6 4.1 4.6 4.2 4.2 4.1 4.0 4.0 3.8 3.8 3.6 4.0
Fastest 1-min.a

Speed (m/s) 17.6 18.4 20.2 21.4 19.7 22.7 17.5 16.0 19.1 19.8 19.9 20.8 22.7
Direction (deg) 336 335 346 147 145 341 114 142 135 345 337 337 149

Peak 3-s Gust (m/s) 21.5 25.7 26.1 28.7 26.5 28.8 23.6 21.1 24.0 27.0 26.7 23.6 28.8

Source: CRWMS M&O (1997a, Table A-6)

NOTES: a Values are derived from 1-s data averaged over 1 min.
bValues are derived from 1-s data averaged over 1 hr.
CA continuous running period, which may encompass more than one calendar day.
PST = Pacific Standard Time
To convert in. to mm, multiply by 25.4.
To convert m/s to mi/hr. multiply by 2.24.

.t'
-q

PI'J

co

0

D

0

CD

F9
a,
no



~0

c)

(n
(D
a

0

El

V-

a

-3

00

z

CD
C3,

CT

0
0

Table 6.2-16. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 7
(Sever Wash)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Temperature (*C) 42.8

Extreme Maximuma 22.2 25.3 27.1 33.3 37.8 42.3 42.8 42.3 39.3 36.1 27.8 20.5

Mean Maximum' 11.9 14.7 18.9 22.6 27.3 33.5 36.9 36.8 32.0 24.5 16.3 11.9 24.0

Meanb 5.0 7.4 11.1 14.7 18.9 24.5 28.4 27.6 22.6 15.6 8.5 5.1 15.8

Mean Minimuma -1.6 -0.0 2.8 5.3 8.9 13.0 16.9 16.8 12.4 6.7 0.2 -2.4 6.6

Extreme Minimuma -11.3 -10.8 -6.6 -1.7 -0.8 0.2 10.6 9.2 3.8 -5.0 -9.7 -12.8 -12.8

Number of Days
Precipitation

0.01 in. or more 5.8 5.3 4.8 1.5 3.5 1.3 1.0 1.0 1.0 1.8 3.3 2.8 32.8

Temperatureb
32 0C (90'F) and above 0.0 0.0 0.0 0.3 2.0 19.3 30.3 28.5 14.0 2.3 0.0 0.0 96.5

00C (32 0F) and below 17.3 11.5 3.5 0.8 0.3 0.0 0.0 0.0 0.0 0.3 10.8 18.8 63.0

Barometric Pressure (mb)
Meanb 893.1 891.9 891.6 890.2 888.8 890.0 891.7 891.7 891.9 892.2 893.8 894.0 891.7

Mean Relative Humidity (%) 47.5
Hour 0400 (PST)b 66.9 67.5 59.9 44.9 48.8 32.9 31.8 31.4 33.5 39.5 50.4 62.5

Hour 1 0 0 0b 48,7 44.6 35.6 23.2 23.3 15.8 14.2 15.1 16.3 21.0 29.3 39.1 27.2

Hour 16 0 0b 41.9 34.3 25.9 16.4 16.5 9.4 9.1 9.4 10.5 16.2 23.8 31.5 20.4

Hour 220ob62.5 62.2 49.9 34.5 34.2 21.5 20.2 21.4 23.5 31.4 44.2 56.2 38.5

Precipitation (in.) .
Max 1-hr. total 0.41 0.23 0.24 0.15 0.18 0.12 0.59 0.33 0.05 0.20 0.40 0.28 0.59

Max 6-hr. total' 0.97 0.52 0.94 0.26 0.24 0.46 0.60 0.50 0.07 0.48 0.81 0.93 0.97

Max 24-hr. totalc 1.18 1.25 1.69 0.37 0.35 0.49 0.60 0.55 0.08 0.73 1.49 2.15 2.15

Total 1.90 1.32 1.11 0.30 0.28 0.16 0.22 0.19 0.03 0.36 0.57 0.74 7.17
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Table 6.2-16. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 7
(Sever Wash) (Continued)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Wind

Mean Speed (m/S)b 2.5 2.8 3.3 3.9 3.6 3.6 3.4 3.3 3.1 2.9 2.9 2.5 3.2

Fastest 1-min.a 232
Speed (mis) 15.8 16.7 18.1 21.3 18.9 18.5 15.6 15.2 16.9 23.2 18.0 17.1
Direction (deg) 320 328 329 331 163 162 165 152 218 331 333 162 333

Peak 3-s Gust (mis) 20.5 20.7 22.3 25.5 23.0 24.8 23.5 21.5 26.9 27.7 21.9 20.6 27.7

Source: CRWMS M&O (1997a, Table A-7)

NOTES: a Values are derived from 1-s data averaged over 1 min.
bValues are derived from 1-s data averaged over 1 hr.
CA continuous running period, which may encompass more than one calendar day.
PST = Pacific Standard Time
To convert in. to mm, multiply by 25.4.
To convert m/s to mi/hr, multiply by 2.24.

08
.i'

Cj2

,I'
0
0l

0



C)

0
0

0

1o

C)

C)

a>

0

D
0

C)
C)

0

z

Cd2

0n
(ID

05
0
0r

Table 6.2-17. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 8 (Knothead
Gap)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Temperature (0C)

Extreme Maximuma 21.2 24.7 26.2 32.8 37.1 41.9 42.0 41.3 38.2 35.6 27.2 19.7 42.0

Mean Maximuma 11.4 14.1 18.3 21.9 26.6 32.8 36.2 36.2 31.3 24.0 15.8 11.5 23.4

Meanb 5.2 7.5 11.1 14.6 19.0 24.7 28.7 27.9 23.0 15.8 8.8 5.5 16.0

Mean Minimuma -0.5 1.0 3.8 6.3 10.1 14.4 18.5 18.4 14.0 8.3 1.7 -0.7 7.9

Extreme Minimuma -9.9 -9.5 -6.6 -1.0 0.0 2.5 12.0 11.1 5.9 -3.1 -8.0 -9.6 -9.9

Number of Days
Precipitation

0.01 in. or more 6.0 5.0 4.8 1.5 3.3 1.3 1.3 1.5 1.3 1.0 2.5 2.8 32.0

Temperatureb
32 0C (90'F) and above 0.0 0.0 0.0 0.0 1.5 17.5 29.8 27.8 11.8 1.8 0.0 0.0 90.0

0WC (32 0F) and below 11.8 10.5 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 7.5 14.3 46.3

Barometric Pressure (mb)

Meanb 888.8 887.7 887.1 885.6 883.9 884.8 886.3 8864 886.8 887.5 889.1 889.4 887.0

Mean Relative Humidity (%)
Hour 0400 (PST)b 62.7 64.0 57.0 41.6 45.1 30.1 28.9 29.3 31.1 36.8 46.8 58.2 44.3

Hour 1 00 0 b 47.6 44.4 35.4 22.9 23.2 15.4 13.9 15.2 16.0 20.5 29.0 38.3 26.8

Hour 16 0 0 b 41.4 34.1 26.2 15.7 16.5 9.1 9.0 9.2 10.2 16.1 23.9 32.0 20.3

Hour 2200b 59.2 57.5 47.0 32.2 32.8 20.0 18.8 19.9 21.9 30.1 41.3 52.9 36.1

Precipitation (in.)
Max 1-hr. total 0.43 0.21 0.22 0.23 0.26 0.14 0.29 0.39 0.04 0.13 0.40 0.23 0.43

Max 6-hr. totalc 1.06 0.47 0.84 0.23 0.31 0.58 0.31 0.69 0.08 0.53 0.76 1.02 1.06

Max 24-hr. totalc 1.18 1.25 1.43 0.29 0.38 0.62 0.31 0.73 0.11 0.84 1.42 2.43 2.43

Total 1.94 1.36 1.14 0.25 0.32 0.19 0.20 0.27 0.04 0.22 0.52 0.56 6.99
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Table 6.2-17. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 8 (Knothead
Gap) (Continued)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Wind

Mean Speed (m/S)b 2.4 2.7 3.2 3.8 3.6 3.5 3.3 3.2 2.9 2.7 2.7 2.4 3.0

Fastest 1-min.a
Speed (m/s) 16.6 18.9 17.7 19.9 17.3 19.7 15.5 15.0 16.7 21.3 16.4 17.1 21.3

Direction (deg) 327.9 331.1 189.9 204.1 171.1 337.2 322.5 168.2 167.4 332.3 4.1 200.7 220

Peak 3-s Gust (m/s) 20.5 22.6 25.0 27.6 20.7 23.9 20.5 18.9 21.4 27.3 21.9 20.8 27.6

Source: CRWMS M&O (1997a, Table A-8)

NOTES: a Values are derived from 1-s data averaged over 1 min.
bValues are derived from 1-s data averaged over 1 hr.
'A continuous running period, which may encompass more than one calendar day.

PST = Pacific Standard Time
To convert in. to mm, multiply by 25.4.

To convert m/s to mi/hr, multiply by 2.24.
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Table 6.2-18. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 9
(Gate 510)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Temperature ( 0C)

Extreme Maximuma 22.9 26.6 29.2 35.4 39.5 45.1 44.7 43.8 40.5 37.8 28.5 22.5 45.1

Mean Maximuma 13.4 16.5 20.8 24.6 29.2 35.6 39.5 38.9 33.9 26.0 18.2 14.2 25.9

Meanb 7.0 9.7 13.3 16.8 21.3 27.6 31.4 30.5 25.4 17.8 10.5 7.1 18.2

Mean Minimuma 1.0 3.3 5.9 8.2 12.3 16.4 21.2 21.0 16.4 9.8 3.4 1.2 10.0

Extreme Minimuma -7.6 -5.3 -3.8 0.0 1.2 2.5 12.2 13.8 7.5 0.6 -6.8 -7.7 -7.7

Number of Days
Precipitation

0.01 in. or more 6.5 5.0 4.5 2.0 3.5 0.8 1.0 0.5 0.3 1.0 1.8 2.5 29.3

Temperatureb
32°C (90'F) and above 1.5 1.0 1.3 3.0 8.5 24.5 31.0 30.8 21.0 3.3 1.8 1.3 128.8

0WC (32 0F) and below 7.8 5.8 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 10.8 31.3

Barometric Pressure (mb)

Meanb 919.7 918.4 918.2 916.6 914.4 915.0 916.3 916.3 916.5 917.7 919.5 920.5 917.4

Mean Relative Humidity (%)
Hour 0400 (PST)b 61.0 59.3 53.9 39.1 42.5 26.4 23.7 24.2 26.6 32.6 44.6 55.1 40.7

Hour 10 0 0 b 46.9 42.7 34.3 21.1 23.5 14.1 12.6 14.0 15.6 19.2 28.4 37.6 25.8

Hour 16 0 0b 39.0 30.9 23.3 14.2 16.0 7.8 7.2 8.2 9.1 14.0 21.2 28.5 18.3

Hour 2200b 57.1 53.0 43.6 30.6 30.1 17.0 15.4 16.6 19.0 25.8 37.6 49.5 33.0

Precipitation (in.)
Max 1-hr. total 0.13 0.29 0.12 0.16 0.18 0.32 0.02 0.04 0.01 0.19 0.16 0.20 0.32

Max 6-hr. totalc 0.39 0.57 0.40 0.16 0.43 0.68 0.03 0.05 0.02 0.44 0.50 0.42 0.68

Max 24-hr. totalc 0.65 0.94 0.61 0.18 0.57 0.68 0.04 0.05 0.02 0.63 0.63 0.97 0.97

Total 1.11 0.84 0.58 0.15 0.28 0.21 0.02 0.02 0.01 0.27 0.26 0.49 4.20
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Table 6.2-18. Monthly and Annual Climatological Summaries: Radiological and Environmental Programs Department Site 9
(Gate 510) (Continued)

Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Wind

Mean Speed (mls)b 3.8 4.2 4.4 4.8 4.7 4.7 4.6 4.7 4.4 4.1 4.1 4.0 4.4
Fastest 1-min.a

Speed (m/s) 16.5 19.3 19.1 19.9 18.5 17.8 19.2 20.5 16.8 19.1 16.7 19.8 20.5
Direction (deg) 320 182 171 195 163 356 85 137 164 335 335 167 354

Peak 3-s Gust (mls) 20.2 24.7 22.7 25.4 23.6 26.7 23.2 25.1 20.1 23.0 19.2 23.2 26.7

Source: CRWMS M&O (1997a, Table A-9)

NOTES: a Values are derived from 1-s data averaged over 1 min.
bValues are derived from 1-s data averaged over 1 hr.
CA continuous running period, which may encompass more than one calendar day.
PST = Pacific Standard Time
To convert in. to mm, multiply by 25.4.
To convert m/s to milhr, multiply by 2.24.
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Table 6.2-19. Yearly Climatological Data Summary

Parameter Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9

Temperature (°C)
Extreme Maximuma 40.9 39.9 40.4 42.3 43.6 41.9 42.8 42.0 45.1

Mean Maximuma 22.0 19.8 20.9 21.5 24.1 21.3 24.0 23.4 25.9

Meanb 16.8 15.7 16.5 16.7 17.7 15.1 15.8 16.0 18.2

Mean Minimuma 11.5 12.0 11.8 11.8 11.2 8.3 6.6 7.9 10.0

Extreme Minimuma -11.7 -12.5 -12.2 -12.6 -13.1 -9.9 -12.8 -9.9 -7.7

Number of Days
Precipitation

0.01 in. or more 41.8 31.4 33.3 32.0 28.1 34.5 32.8 32.0 29.3

Temperature (Hourly
Averaged)

320C (90'F) and above 70.3 38.2 49.0 57.4 91.0 64.3 96.5 90.0 128.8

00C (320F) and below 29.6 25.4 23.0 18.9 22.6 45.3 63.0 46.3 31.3

Mean Relative Humidity (%)
Hour 0400 (PST)b 33.7 30.7 34.5 33.1 34.6 43.8 47.5 44.3 40.7

Hour 1000b 27.6 27.9 28.3 28.1 25.7 29.3 27.2 26.8 25.8

Hour 1 6 00 b 21.4 22.0 22.9 21.6 19;0 23.4 20.4 20.3 18.3

Hour2200b 28.5 27.0 29.6 28.3 29.5 37.1 38.5 36.1 33.0

Precipitation (in.)
Max 1-hr. total 0.66 0.50 0.57 0.42 0.50 0.44 0.59 0.43 0.32

Max 6-hr. total 1.18 1.03 1.13 0.95 0.78 1.24 0.97 1.06 0.68

Max 24-hr. total 1.39 1.78 1.89 1.86 1.63 2.14 2.15 2.43 0.97

Total 4.97 6.56 6.70 6.57 5.10 8.69 7.17 6.99 4.20

Wind

Mean Speed (mls)b 3.4 4.3 2.5 4.4 4.2 4.0 3.2 3.0 4.4

Fastest 1-min.b
Speed (m/s) n/a 30.0 18.6 33.2 25.3 22.7 23.2 21.3 20.5

Direction (deg) n/a 239 307 345 337 149 333 220 354

Peak 3-s Gust (mis) n/a 38.2 26.2 37.2 30.4 28.8 27.7 27.6 26.7

Source: CRWMS M&O (1997a, Table A-10)

NOTES: aValues are derived from 1-s data averaged over 1 min.
bValues are derived from 1-s data averaged over 1 hr.

Site information is listed on Table 6.1-2.
n/a = no data available

PST = Pacific Standard Time
To convert in. to mm, multiply by 25.4.

To convert m/s to mi/hr, multiply by 2.24.
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Table 6.2-20. Climatological Summary for Austin and Battle Mountain Meteorological Stations

Station and Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Austin, NV

Temperature (OC)
Extreme Maximum 18.3 21.1 23.3 28.3 32.8 36.1 40.6 37.8 36.1 30.0 23.9 21.1 40.6
Mean Maximum 4.9 6.7 9.1 13.6 18.7 24.7 30.6 29.5 24.5 17.8 9.9 5.9 16.4
Mean Minimum -7.4 -5.9 -4.1 -0.8 3.2 7.4 12.1 11.3 7.1 2.1 -3.3 -6.4 1.3
Extreme Minimum -31.7 -27.8 -21.1 -16.1 -11.1 -5.0 2.2 -1.1 -7.8 -16.7 -21.7 -28.9 -31.7

Precipitation (in.)
Mean Monthly 1.18 1.15 1.61 1.62 1.53 0.97 0.56 0.61 0.60 0.96 1.03 1.20 13.51
Monthly Maximum 4.00 2.95 5.36 5.96 5.85 3.55 2.53 2.45 3.45 3.72 3.73 4.19 22.37
Maximum Daily 1.64 1.60 1.76 2.01 1.57 1.57 1.99 1.25 1.65 2.04 1.18 1.19 2.04

Snowfall (in.)
Mean Monthly 0.92 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.05 1.13
Monthly Maximum 16.70 1.40 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.00 2.00 16.70
Daily Maximum 24.0 16.8 19.0 22.0 12.0 8.0 0.0 T 9.0 20.0 13.0 10.4 24.0

Battle Mountain, NV
Temperature ( 0C)

Extreme Maximum 19.4 22.2 26.7 32.2 36.1 40.0 42.8 41.1 38.9 33.9 26.7 19.4 42.8
Mean Maximum 4.8 8.8 12.2 17.3 22.7 28.1 33.9 32.8 27.5 20.2 10.9 5.4 18.9
Mean Minimum -9.6 -6.1 -4.0 -1.2 3.3 7.1 10.4 8.7 3.8 -1.3 -5.6 -9.0 -0.2
Extreme Minimum -37.2 -31.7 -19.4 -13.3 -10.0 -4.4 -0.6 -2.2 -11.7 -14.4 -22.8 -39.4 -39.4

Precipitation (in.)
Mean Monthly 0.65 0.58 0.69 0.78 1.01 0.88 0.28 0.32 0.51 0.64 0.68 0.75 7.60
Monthly Maximum 2.22 2.20 2.42 3.02 4.91 3.39 1.62 1.65 2.92 2.83 2.08 2.58 12.50
Maximum Daily 0.75 0.90 0.73 1.00 1.10 1.10 0.70 0.50 0.97 1.10 0.84 1.00 1.10

Snowfall (in.)
Mean Monthly 7.72 3.09 1.16 0.91 0.12 0.00 0.00 0.00 0.00 0.12 2.35 3.35 18.82
Monthly Maximum 33.00 13.00 5.00 5.00 2.00 0.00 0.00 0.00 0.00 2.00 18.00 10.00 54.00
Daily Maximum 7.8 10.0 7.0 12.0 3.9 T 0.0 0.0 T 3.0 6.0 12.4 12.4

Source: CRWMS M&O (1997a, Table A-11)

NOTES: To convert in. to mm, multiply by 25.4.
T = trace amount
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Table 6.2-21. Climatological Summary for Caliente and Desert Rock Meteorological Stations

Station and Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Caliente, NV
Temperature (0C)

Extreme Maximum 21.7 27.2 32.2 33.3 36.7 42.8 42.8 42.2 41.1 34.4 26.7 21.7 42.8

Mean Maximum 7.8 11.3 15.6 20.7 25.8 31.5 35.3 33.9 29.8 23.1 14.8 9.0 21.6

Mean Minimum -8.2 -5.3 -2.3 1.2 5.5 9.6 13.6 12.9 7.7 1.8 -4.0 -7.3 2.2

Extreme Minimum -35.0 -28.3 -16.7 -9.4 -4.4 0.6 4.4 1.7 -3.9 -12.2 -17.8 -27.8 -35.0

Precipitation (in.)
Mean Monthly 0.86 0.84 1.08 0.71 0.61 0.34 0.80 0.96 0.63 0.76 0.76 0.70 8.82

Monthly Maximum 3.47 3.15 4.59 3.71 2.27 1.95 5.36 4.18 3.14 4.29 3.38 3.76 18.73

Maximum Daily 1.41 1.90 1.35 1.15 1.48 0.99 1.51 1.70 1.56 2.13 1.80 2.11 2.13

Snowfall (in.)
Mean Monthly 3.96 2.42 1.14 0.11 0.01 0.00 0.00 0.00 0.03 0.07 0.83 2.85 13.80

Monthly Maximum 31.00 27.60 9.50 3.70 0.50 0.00 0.00 0.00 2.00 4.00 12.00 20.00 46.60

Daily Maximum 12.0 14.0 8.0 2.5 0.5 0.0 0.0 0.0 2.0 4.0 5.0 11.0 14.0

Mercury Desert Rock Airport, NV
Temperature (0C)

Extreme Maximum 22.8 28.3 28.9 33.9 38.9 43.9 44.4 42.8 39.4 35.6 29.4 22.2 44.4

Mean Maximum 12.4 15.5 18.8 23.9 28.2 33.9 36.9 36.1 31.8 25.6 16.8 12.3 24.6

Mean Minimum 0.4 2.6 5.2 8.8 13.0 17.9 21.3 20.7 16.1 10.3 3.4 -0.2 10.2

Extreme Minimum -8.9 -11.7 -5.0 -1.1 0.6 4.4 11.7 12.8 4.4 0.0 -7.2 -14.4 -14.4

Precipitation (in.)
Mean Monthly 1.02 0.74 0.67 0.28 0.34 0.08 0.76 0.71 0.25 0.40 0.52 0.65 5.50

Monthly Maximum 3.37 3.29 2.39 1.50 1.94 0.41 3.64 3.14 1.43 1.65 1.76 1.91 8.56

Maximum Daily 0.87 1.15 0.65 0.72 0.92 0.39 2.03 1.10 1.25 0.67 1.48 0.91 2.03

Snowfall (in.)
Mean Monthly 1.33 0.77 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23 0.83 2.86

Monthly Maximum 5.10 6.00 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.50 6.60 8.80

Daily Maximum 4.3 6.0 0.5 0.0 T 0.0 0.0 0.0 0.0 0.0 1.5 4.0 6.0
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Source: CRWMS M&O (1997a, Table A-12)

NOTES: To convert in. to mm, multiply by 25.4.
T = trace amount
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Table 6.2-22. Climatological Summary for Elko and Ely Meteorological Stations

Station and Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Elko Municipal Airport, NV

Temperature ( 0C)
Extreme Maximum 17.8 21.1 25.0 30.0 33.3 40.0 41.7 41.7 37.2 31.1 25.6 18.3 41.7

Mean Maximum 2.2 5.5 9.9 15.3 20.6 26.3 32.5 31.4 26.1 18.8 9.4 3.5 16.8

Mean Minimum -11.4 -7.9 -4.6 -1.7 2.2 5.8 9.4 8.1 2.9 -2.0 -6.6 -10.2 -1.3

Extreme Minimum -41.7 -38.3 -22.8 -18.9 -12.2 -5.0 -1.1 -6.7 -12.8 -16.1 -24.4 -38.9 -41.7

Precipitation (in.)
Mean Monthly 1.09 0.81 0.90 0.81 1.00 0.80 0.35 0.44 0.48 0.69 0.99 1,02 9.38

Monthly Maximum 3.35 2.49 2.39 2.17 4.09 2.61 2.35 4.61 3.22 2.76 2.80 4.21 18.34

Maximum Daily 1.25 0.89. 0.79 1.07 1.73 1.05 1.04 4.13 2.25 1.31 1.33 1.60 4.13
Snowfall (in.)

Mean Monthly 10.05 6.09 5.07 2.29 0.78 0.00 0.00 0.00 0.06 0.70 4.74 7.85 37.75

Monthly Maximum 29.20 26.10 23.20 15.60 11.30 0.00 0.00 0.00 2.00 5.60 20.00 33.20 85.40

Daily Maximum 16.3 9.0 8.2 9.3 7.8 T T T 2.0 5.2 10.6 9.3 16.3

Ely Yelland Field, NV
Temperature ( 0C)

Extreme Maximum 20.0 19.4 22.8 27.8 31.7 37.2 37.8 36.1 33.9 28.9 23.9 19.4 37.8

Mean Maximum 3.8 6.1 9.0 14.2 19.3 25.6 30.4 29.2 24.4 17.6 9.6 4.8 16.3

Mean Minimum -12.7 -9.7 -6.4 -3.3 0.8 4.6 8.7 8.1 3.0 -2.2 -7.6 -11.8 -2.3

Extreme Minimum -32.8 -34.4 -25.0 -20.6 -13.9 -7.8 -1.1 -4.4 -9.4 -19.4 -26.1 -33.9 -34.4

Precipitation (in.)
Mean Monthly 0.74 0.66 0.99 0.89 1.17 0.74 0.63 0.75 0.83 0.75 0.62 0.68 9.48

Monthly Maximum 2.08 2.19 2.40 3.41 3.26 3.53 2.30 2.51 4.99 3.67 1.82 2.11 15.98

Maximum Daily 0.88 1.38 0.69 0.80 1.37 1.44 1.20 1.01 2.52 1.09 1.17 0.84 2.52

Snowfall (in.)
Mean Monthly 9.43 7.27 9.35 6.12 2.67 0.14 0.00 0.00 0.33 2.34 5.31 7.69 50.55

Monthly Maximum 24.80 20.00 25.30 24.50 12.10 1.70 0.00 0.00 6.30 12.10 17.30 22.30 101.30

Daily Maximum 0.88 1.38 0.69 0.80 1.37 1.44 1.20 1.01 2.52 1.09 1.17 0.84 2.52

Source: CRWMS M&O (1997a, Table A-13)

NOTES: To convert in. to mm, multiply by 25.4.

T = trace amount
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Table 6.2-23. Climatological Summary for Las Vegas and Tonopah Meteorological Stations

Station and Parameter Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Las Vegas McCarran
International Aiprort, NV

Temperature ( 0C)
Extreme Maximum 25.0 30.6 32.8 37.2 42.8 46.1 46.7 46.7 45.0 39.4 30.6 25.0 i 46.7

Mean Maximum 13.4 16.9 20.4 25.6 30.8 36.9 40.1 38.8 34.7 27.4 19.0 13.9 26.6

Mean Minimum 0.9 3.6 6.4 10.6 15.5 20.7 24.6 23.6 19.0 12.2 5.4 1.2 12.0

Extreme Minimum -13.3 -8.9 -5.0 -0.6 4.4 8.9 15.6 13.3 7.8 -3.3 -6.1 -11.7 -13.3

Precipitation (in.)
Mean Monthly 0.58 0.47 0.48 0.18 0.20 0.10 0.42 0.48 0.25 0.21 0.40 0.37 4.14

Monthly Maximum 3.00 2.52 4.80 2.44 0.96 0.97 2.48 2.59 1.58 1.22 2.22 1.71 9.88

Maximum Daily 0.74 1.29 1.20 0.97 0.83 0.82 1.36 2.58 1.07 1.05 1.09 0.95 2.58

Snowfall (in.)
Mean Monthly 0.92 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.05 1.13

Monthly Maximum 16.70 1.40 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.00 2.00 16.70

Daily Maximum 7.4 1.4 0.1 T T T 0.0 T 0.0 T 3.0 2.0 7.4

Tonopah Airport, NV
Temperature (TC)

Extreme Maximum 19.4 23.9 25.6 31.1 34.4 38.9 40.0 39.4 35.6 32.2 25.0 21.1 40.0

Mean Maximum 6.4 9.6 12.9 17.4 22.7 28.9 32.8 31.6 26.8 20.3 12.1 7.3 19.2

Mean Minimum -7.6 -4.7 -2.3 0.7 5.5 10.3 13.4 12.5 8.3 2.8 -3.3 -7.0 2.4

Extreme Minimum -26.1 -22.8 -15.6 -12.8 -7.2 -2.8 4.4 2.8 -3.9 -10.6 -15.6 -25.0 -26.1

Precipitation (in.)
Mean Monthly 0.40 0.45 0.53 0.38 0.61 0.30 0.55 0.53 0.46 0.37 0.44 0.27 5.33

Monthly Maximum 2.25 2.68 2.38 2.13 2.03 1.67 2.49 2.65 2.05 2.16 2.68 1.02 10.64

Maximum Daily 0.59 0.55 0.67 0.85 0.96 1.06 1.23 1.36 1.13 1.14 0.67 0.62 1.36

Snowfall (in.)
Mean Monthly 3.22 2.71 2.43 1.14 0.42 0.00 0.00 0.00 0.01 0.07 1.50 1.85 13.53

Monthly Maximum 16.50 13.60 16.40 7.50 5.00 0.00 0.00 0.00 0.40 1.50 9.60 17.00 31.30

Daily Maximum 7.1 9.7 9.0 7.2 5.0 T 0.0 T 0.4 1.0 8.0 7.6 9.7

Source: CRWMS M&O (1997a, Table A-14)

NOTES: To convert in. to mm, multiply by 25.4.
T = trace amount
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Table 6.2-24. Annual Precipitation for National Weather Service Stations: 1921 to 1947

0o L 0.
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1921 - 9.21 - - - - - - - - - - - - - - -

1922 - 17.86 - - _ _ _ 5 _ _ _ _ _ _ _ 2 _ 5
1923 - 10.15 _ _ - - - - - - - - -
1924 - 9.14- - - - - -- - - - - - - - -

1925 - 17.66 - - 3 _ _ 1 _ _ _ _ _ _ 4 _ 9
1926 - 4.57 _- - - - - - - -

1927 - 10.64 - - - - - - - - - - - - - - - -

1928 - 10.44 - - - - 5.17 - - - - - - - 2.63 - 5.52
1929 - 10.65 - - 1.84 - - 6.84- - - - - - - 3.36 - 3.85

1930 - 16.67 - - 3.56 - - 13.30 - - - - - - 4.49 - 9.60

1931 - 11.77 - - 9.49 - - 6.07 - - - - - - 6.53 - 4.87

1932 - 12.43- - 11.81 - - 12.23 _ _ _ - 3.88 - 8.70
1933 - 10.16 - - 8.16 - - 6.65 _ _ _ _ _ _ _ 2.19 - 5.67
1934 - 14.63 - - 7.14 - - 6.72 _ _ _ _ 3.48 - 9.07
1935 - 16.26 - - 9.43 - - 8.23 _ _ _ _ _ _ _ 3.40 - 10.59
1936 - 14.91 - - 11.60 - - 10.52 - - - - - - - 4.62 - 8.76
1937 - 7.03 - - 6.84 - - 7.12 - - - - - - - 4.39 - 9.35
1938 - 16.51- - 4.43 - - 9.75- - - - - - - 7.71 - 11.98
1939 - 10.46 - - 9.41 - - 7.78 - - - - - - - 6.25 - 7.79
1940 - 14.51 - - 7.49 - - 10.76 - - - - - _ - 4.59 - 11.69
1941 - 19.36 - - 18.73 - - 16.27 - - - - - _ _ 6.29 - 13.24
1942 - 10.81 - - 6.63 - - 12.26 - - 2.19 - 10.07
1943 - 11.89 - - 11.70 - - 9.58 - - _ _ 6.56 - 6.60

1944 - 10.68 - - 7.96 - - 9.59 - - _ _ _ _ _ 3.49 - 10.34
1945 - 16.31 - - 11.60 - - 12.62 - - _ _ _ _ - 5.77 - 14.54
1946 - 16.93 -_ 12.36- - 10.18- - _ _ - _ - 0.27- 10.65
1947 -_ 6.40 _ 7.47- - 7.25 _ - - - - - 3.66 6.24

Source: CRWMS M&O (1997a, Table A-15)

NOTE: A dash for a given station and year signifies no data are available.
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Table 6.2-25. Annual Precipitation for National Weather Service Stations: 1948 to 1995

t
o Ct

CL

E _0 9 a) 5.43 1 62 7

(U C.)

2.1.4 1 0 .66 2.34 .. _ 10.6w o oz 0 0 f

19 8 - 1.0m .3 07 -: 74 - -0 - 3.8 4.8 (a.1 75
19 9 -910 54 0.3 62 7.0 68 .4 44 15.6 1.7 - .8 6.23

19 01.2 20 5 - .2 .1 - 46 6.0 0.6 ,34 - .. 1 18.1 - .8 -06

1951 11.38 2.60 - 10.15 4.21 7.97 7.29 1.84 2.81 - 13.98 12.84 - 4.99 _ 8.63

1952 - 10.34 8.36 - 11.52 6.54 - 7.28 10.98 3.26 5.08 - 16.14 10.49 - 7.89 _ 10.33

1953 - 6.73 0.69 - 4.66 1.00 - 6.85 5.22 1.41 0.56 - 7.26 10.18 - 2.91 6.28

1954 - 9.92 6.44 - 9.31 3.05 - 6.58 7.89 2.92 4.71 - 13.28 8.20 - - 3.13

1955 - 11.02 4.31 - 7.13 3.64 - 9.52 8.76 1.73 5.40 - 14.09 11.92 - - 4.13 7.28

1956 - 12.30 1.67 - 4.77 0.85 - 10.04 6.36 1.86 2.04 - 3.81 12.98 - - 2.51 7.29

1957 - 12.70 5.91 - 9.11 5.87 - 10.10 9.14 4.70 4.98 - 17.14 14.54 - - 5.10 10.02

1958 - 8.93 4.23 - 8.13 5.86 - 6.40 7.58 4.38 4.52 - 15.51 9.39 - - 3.38 9.61

1959 - 5.91 3.39 - 4.83 3.94 - 5.51 5.97 3.50 4.17 - 10.41 9.76 - - 2.37 4.07

1960 - 8.49 5.12 - 9.77 4.20 - 7.84 7.89 5.14 4.40 - 12.85 13.81 - - 3.69 8.11

1961 - 9.38 3.29 - 8.80 5.76 - 7.60 7.29 2.75 3.17 - 9.62 10.98 - - 2.90 7.79

1962 - 6.96 2.67 - 4.76 1.79 - 8.24 7.36 2.02 1.45 - 7.53 12.20 - - 5.84 6.83

1963 - 16.61 5.00 - 10.15 4.27 - 15.03 11.14 2.91 3.87 - 12.80 .14.35 - - 6.03 10.86

1964 - 15.62 2.11 - 6.58 1.11 - 12.14 12.70 - 1.12 - 7.88 16.25 - - 3.88 10.47

1965 - 19.28 7.33 - 10.61 7.41 - 11.17 10.77 - 7.96 7.80 17.99 13.63 - - 5.58 7.75

1966 1.28 7.85 3.22 - 6.15 2.34 - 6.50 6.08 - 1.91 3.93 16.04 7.46 - - 3.00 4.51

1967 1.42 10.22 4.88 - 12.86 4.93 - 8.62 14.73 - 5.54 8.83 14.46 12.14 11.20 - 7.68 7.70

1968 3.00 12.23 4.45 - 6.79 1.47 - 14.63 10.03 - 1.11 6.60 12.38 11.97 8.35 - 6.56 8.48

1969 6.95 15.16 6.53 - 9.76 7.53 - 9.71 11.45 - 5.09 8.35 18.66 15.81 11.14 - 5.16 9.67
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Table 6.2-25. Annual Precipitation for National Weather Service Stations: 1948 to 1995 (Continued)

t

0 i tiAS0
E - j t- 0 O 0.

m .-L o 0 2-
U. 0  r t2- c E 0

0 0 0 Cw0 C ECD

w ) T 0 m C .2 0 0.

1970 _ 13.95 3.00 _ 8.39 2.60 _ 15.19 10.69 _ 4.29 4.41 18.07 13.97 8.37 - 3.11 9.09
1971 - 20.71 1.98 - 8.75 1.50 - 13.67 9.42 _ 2.54 3.93 12.88 14.61 8.08 - 3.36 9.17 :f

1972 _ 11.85 _ _ 7.20 6.57 _ 8.47 6.59 - 4.85 5.36 8.99 9.89 6.02 - 5.59 6.62
1973 _ 15:71 _ 6.72 9.75 4.58 - 9.10 11.23 _ 4.68 7.14 12.51 13.07 7.44 _ 5.11 7.92
1974 - 10.92 - 5.80 8.01 4.77 - 4.77 4.22 - 4.52 5.45 10.28 5.94 5.32 - 4.43 6.33
1975 - 20.35 _ 4.84 7.56 5.15 _ 11.34 9.77 _ 3.47 5.01 12.22 15.95 8.06 - 4.38 8.59
1976 - 13.58 - 7.82 10.74 6.35 - 7.10 8.25 - 6.77 8.16 11.78 10.24 10.93 - 7.14 7.31
1977 - 12.62 - 6.44 8.51 3.03 - 6.46 9.19 - 3.97 4.03 9.38 12.52 10.43 - 7.34 8.08

1978 - 19.42 _ 10.80 16.83 6.88 _ 11.14 12.47 - 7.65 9.46 27.29 17.84 11.63 - 10.64 8.10

.0_ _

1979 2.16 12.60 _ 4.71 9.31 1.95 7.74 7.39 _ 6.79 000 10.60 14.70 7.47 _ 5.94 8.73
1980 6.24 12.67 6.01 11.67 4.54 - 12.81 12.78 - 5.63 5.58 18.38 19.41 13.16 - 4.18 7.36
1981 3.20 11.84 - 3.73 9.60 3.26 - 8.78 10.29 - 3.14 6.58 11.81 11.22 6.87 - 9.21 8.44
1982 4.30 16.82 - 6.07 12.90 4.87 - 13.72 15.98 - 3.99 9.87 17.50 16.87 10.57 - 6.29 9.04
1983 10.37 22.37 - 11.49 12.21 6.34 - 18.34 14.84 - 4.86 11.54 18.78 23.86 14.24 - 9.64 14.47
1984 8.80 17.72 - 6.53 13.11 10.38 - 10.36 14.84 - 6.85 8.86 9.40 17.78 8.27 - 6.95 12.87
1985 1.00 15.83 4279 7.89 2.58 4.77 7.30 9.89 - 1.27 4.84 12.22 10.84 6.98 - 5.96 7.01
1986 3.75 5.98 - 5.22 7.94 4.66 6.92 6.08 8.60 2.65 4.37 11.36 12.00 6.35 - 2.53 5.51
1987 8.18 18.98 - 7.38 12.08 7.21 8.56 8.62 12.30 - 6.59 7.71 17.42 11.20 10.35 - 8.33 9.04
1988 5.59 16.53 - 6.21 6.22 3.12 5.84 6.72 8.66 - 2.29 5.32 6.69 9.34 10.21 - 5.67 6.73
1989 0.72 9.56 - 2.43 5.20 1. 1. 1.25 7.88 6.60 - 2.11 2.23 7.31 10.28 6.18 - 3.00 5.56
1990 2.58 13.32 - 4.92 8.93 2.82 4.88 9.43 8.76 - 3.75 5.70 2.06 9.78 7.25 - 5.18 6.37
1991 3.40 14.01 - 5.15 7.49 4.07 5.55 7.85 9.98 - 4.06 5.52 8.72 11.89 10.14 - 5.79 7.80
1992 6.09 8.83 - 7.37 12.00 8.85 6.35 7.56 9.78 369.88 9.66 15.75 10.62 7.30 3- .30 4.14
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Table 6.2-25. Annual Precipitation for National Weather Service Stations: 1948 to 1995 (Continued)
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19 5 527 1.2 .5 .8 453 7.0 1.6 1.0 - 3.9 75 52 87 9.75 6.5 98

Source: CRWMS M&O (1997a, Table A-16)

NOTE: A dash for a given station and year signifies no data are available.
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Table 6.2-26. American Society of Heating, Refrigeration, and Air-Conditioning Engineers Summary Table for the Radiological and Environmental
Programs Department Meteorological Sites

Prevailing Winds,
Winter, 0C Summer, *C M/s Temp, 'C

Design Dry-Bulb/Mean Mean Design Median of
Elev. Design Dry-Bulb Coincident Wet-Bulb Daily Wet-Bulb Annual Extr.

Station Latitude Longitude (m) 99% 97.5% 1% 2.5% 5% Range 1% T 2.5% 5% Winter Summer Max Min
Site 1 360 50'34'N 116 025'50"W 1143 -5 -3 37/16 36/16 35/15 12 18 17 16 NNW S 39 -6
(Nevada Test Site-60) 3

Site 2 36°51'19"N 116'27'56"W 1478 -6 -4 35/13 34/13 33/13 9 17 16 15 NE WSW 36 -7
(Yucca Mountain) _ 6

Site 3 36051'17'N 116 027'06"W 1279 -5 -3 36/15 35/15 34/15 10 19 18 17 WNW SSE 38 -7
(Coyote Wash) 3

Site 4 36°51'51"N 116 024'1 5"W 1234 -5 -3 37/16 36/16 34/15 1 0 18 1 8 17 NNE S 38 -6
(Alice Hill) 5

Site 5 36045'52"N 116'23'26"W 953 -4 -2 39/15 38/15 37/15 14 20 19 18 N S 41 -9
(Fortymile Wash) . 4

Site 6 36053'40"N 11 6026'45"W 1315 -4 -2 36/15 35/14 34/14 14 18 17 1 6 NW SSE 38 -6
(WT-6) 3__

Site 7 36'50'49"N 116 024'28"W 1081 -6 -5 39/15 38/15 37/15 18 19 18 17 WNW S 41 -10
(Sever Wash) 1

Site 8 36049'42"N 116'25'35"W 1131 -5 -4 39/15 38/14 36/14 16 18 18 17 NNW S 41 -8
(Knothead Gap) I

Site 9 36°40'1 7"N 116'24'08"W 838 -3 -2 42/16 40/16 39/16 17 20 19 18 NNE SW 44 -6
(Gate 510) _ ____4

Source: CRWMS M&O (1997a, Table A-17)

NOTES: To convert m to ft. multiply by 3.28.
To convert m/s to mi/hr, multiply by 2.24.
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Table 6.3-1. Estimation of the Delta Oxygen-1 8 Composition of Infiltration for a Modern and Glacial I
Climate

618O HO 8180 H20
Modern Climate Glacial Climate

Depth (m) 8180 Calcite (MAT = 150C) (MAT = 50C)
100 16 to 21%o -13.4 to -8.4Kho -15.7 to -10.7%oo
500 - 14 to 18Yoo -12.5 to -8.50/oo -14.5 to -10.50oo

Source: Forester et al. (1999, p. 38)

NOTE: MAT = mean annual temperature
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Table 6.4-1. Meteorological Stations Selected to Represent Future Climates at Yucca Mountain, Nevada

Representative Location of Meteorological Stations
Climate Duration Meteorological Stations North Latitude West Longitude

Modern Interglacial 400 to 600 yr. Site and regional
Climate meteorological stations

Monsoon Climate 900 to 1,400 yr. Average Upper Bound

Nogales, Arizona 31°21' 110°55'

Hobbs, New Mexico 32°42' 103°08'

Average Lower Bound

Site and regional
meteorological stations

Glacial Transition 8,000 to 8,700 yr. Average Upper Bound
Climate Spokane, Washington 47038 11 7°32'

Rosalia, Washington 47°14' 117°22'

St. John, Washington 47'06' 117°35'

Average Lower Bound

Beowawe, Nevada 40°35'25" 116°28'29"

Delta, Utah [ 39°20'22" 112°35'45"

Source: USGS (2000, Table 1)

NOTE: See Section 6.4 for explanation
locations.

of representative meteorological stations and Figure 6.4-12 for station
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evapotranspiration," which assumes unlimited water supply and typically is much higher than the
figure quoted here. Streamflow results from regional storms, mostly during the winter, and from
localized thunderstorms that occur mostly during the summer.

As a result of the dry climate, there are no perennial streams in the Yucca Mountain region, and
even the larger streams are ephemeral (i.e., they flow only in immediate response to
precipitation, and are dry most of the time). Throughout the Death Valley Basin, perennial flow
is only observed downgradient of spring discharges and around the margins of playas and salt
pans where the land surface and water table converge.

Surface water flows have been monitored at numerous data collection sites in the Yucca
Mountain region as shown on Figures 7.1-2, 7.1-3, and 7.1-4. Site numbers, names, types, and
other basic site data are shown in Table 7.1-1. Peak discharge data recorded at these sites are
shown in Table 7.1-2. The extremely erratic nature of streamflow in the desert terrain of the
Amargosa River basin can be appreciated from a brief examination of data in Table 7.1-2. For
example, the continuous record gauging station on the Amargosa River near Beatty, Nevada
(Site 18, Table 7.1-2), recorded no flow in water years 1979, 1980, and 1981. Likewise, the
continuous station at Fortymile Wash at the Narrows (Site 25, Table 7.1-2) recorded no flow
over the 6-yr. period from water year 1986 through water year 1991.

Because of the erratic and sparse areal distribution of rainfall in the Yucca Mountain region, flow
rarely occurs simultaneously in more than one site including the major drainages. Beck and
Glancy (1995) described one such event of March 11, 1995, when the Amargosa River and
Fortymile Wash both flowed continuously for 10 to 12 hr. This resulted in discharge to Death
Valley and significant flood damage on the Nevada Test Site and in the Amargosa Desert. As
shown in Table 7.1-2 (Sites 18, 25, 36, 38, 49), the peak discharges on March 11, 1995, were
36.8 m3/s (1,314 ft3/s) at Amargosa River near Beatty, 85 m3/s (3,036 ft3/s) at Fortymile Wash at
the Narrows, 85 m3/s (3,036 ft3/s) at Fortymile Wash near well J-13, 34 m3/s (1,214 ft3/s) at
Fortymile Wash near Amargosa Valley, and 2.83 m3 /s (101 ft3/s) at Amargosa River near Eagle
Mountain, respectively. Indeed, the peak discharge on Fortymile Wash at the Narrows
represents a new record peak for Station 25 (Table 7.1-3). Continuous hydrographs of discharge
at the Fortymile Wash stations on March 11, 1995, are illustrated in Figure 7.1-5 and in two
tributaries in Figure 7.1-6. The downstream progression of the flood peak on Fortymile Wash is
evident in the hydrographs of Figure 7.1-5.

Tables 7.1-3, 7.1-4, and 7.1-5 summarize peak discharges, and indicate several other salient
points regarding streamflow in the Yucca Mountain region:

* The flood of February 24 to 25, 1969, was the greatest runoff since streamflow records
began in the early 1960s.

* Although the Amargosa River drainage area exceeds that of Fortymile Wash, unit peak
discharges commonly are greater in Fortymile Wash.

* Unit peak discharges typically are greater in small drainage basins than in larger basins.

* Maximum peak discharges do not correlate closely with maximum unit peak discharges.

TDR-CRW-GS-00000I REV 01 ICN 01 7.1-3 September 2000



7.1.4 Data Sources

Surface water flows have been monitored at a variety of geographic locations (Figures 7.1-2,
7.1-3, and 7.14) representing different drainage basin areas and physical characteristics
(e.g., soil types, percent bedrock exposed, different rock types, and vegetation types) both at
Yucca Mountain and in the region. The monitoring network consisted of sites operated as part of
the Yucca Mountain investigations and regional sites operated by the U.S. Geological Survey
(USGS) for other purposes.

The types of stream gauging sites and data recorded are as follows:

. Continuous monitoring gauging stations, which provide continuous discharge data
(including peak discharge), strearnflow volume and duration, and a continuous gauge
height record

Crest-stage gauges, which provide data on peak discharge and peak gauge height only

. Miscellaneous sites, which provide data on discharge (generally peak flow) at selected
ungauged sites of importance.

Site numbers, station numbers, station names, location by latitude and longitude, size of drainage
areas, types of record, and periods of record are tabulated for the continuous monitoring stations,
crest-stage gauges, and miscellaneous sites in Table 7.1 -1.

Most of the early gauging station records were of the crest-stage type because the principal
concern with strearnflow in the region related to flash floods and their impact on transportation
facilities. However, a few continuous record stations were operated on the Amargosa River as
early as 1962 and 1964 at Tecopa, California, and Beatty, Nevada (Table 7.1 -1, Sites 50 and 18).

Numerous additional stations were established in support of the Yucca Mountain Site
Characterization Project under U.S. Department of Energy auspices. The stream
gauging program reached its maximum level in water year 1995 (October 1, 1994, through
September 30, 1995) when 28 gauges of all types were in operation, including 15 continuous
gauging stations. At the end of water year 1995, all but four continuous stations were
discontinued, and these were terminated at the end of water year 1997. In water year 1998, four
continuous gauging stations were operated in the vicinity of the potential repository (Sites 27 and
29 on Pagany Wash, and 33 and 34 on Split Wash) (Table 7.1-1, Figure 7.1-2); however, at the
end of water year 1998, these stations were discontinued. As of water year 1999, no gauging
stations of any type were operated in the Amargosa River drainage basin. Because recharge
from streamflow was found to be relatively small (Section 7.2.2), operation of gauging stations
was reduced to a low priority.

Gauging station records are published annually or for 5-yr. periods in statewide summary reports
issued by the USGS (see sources on Table 7.1-1). The detailed records for each station are
stored permanently by the USGS. Continuous records of stages are obtained with digital records,
data collection platforms, or data loggers that sample stage values at selected time intervals.
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Crest-stage gauges record only peak gauge height during strearnflows by means of a high water
mark on a fixed rod enclosed in a pipe installed in an ephemeral stream channel. Following
flows, the gauge is visited and peak high water is recorded. The associated peak discharge is
computed from the gauge height record and a rating curve for the channel.

Miscellaneous sites are established after large streamflow events at sites other than gauging
stations. Peak discharges are determined at these sites by indirect measurements after the
streamflow has occurred. No gauge height record is obtained at these sites. Table 7.1-2 presents
dates and peak discharges at continuous gauging stations, crest-stage gauges, and miscellaneous
sites in the Yucca Mountain region. Tables 7.1-3, 7.1-4, and 7.1-5 provide region-wide data for
the 10 largest observed peak discharges, the 10 largest observed unit peak discharges, and the
10 largest observed unit peak discharges, respectively, for sites with drainage basin areas greater
than 10 km2 (4 mi. 2).

Streamflow data were collected by the USGS following standard methods and procedures
described in various USGS publications. Detailed records, including copies of recorder charts,
discharge measurements, notes, precipitation data, and summary data, have been supplied to the
Yucca Mountain Technical Data Management System for water years 1983 through 1997.
Streamflow records prior to 1983, are maintained permanently by the USGS in the
national archives.
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7.2 INFILTRATION OF STREAMFLOW AS SOURCE OF GROUNDWATER
RECHARGE

7.2.1 Introduction

Early in the Yucca Mountain Site Characterization Project, some investigators (e.g., Benson and
Klieforth 1989, p. 57) raised doubts about whether much present-day infiltration from
streamflow in the Fortymile Wash channel system reached the water table, and thus constituted
significant groundwater recharge. This rationale was based on the concept that the evident
infiltration from streamflow was returned to the atmosphere in the form of evaporation and plant
transpiration, collectively termed evapotranspiration.

However, early simulation modeling of groundwater flow in the Yucca Mountain region
suggested significant recharge in the Fortymile Wash channel system. For example, Czarnecki
and Waddell (1984, p. 12, Model Variable Qfm) estimated recharge to be about 8 million m3/yr.
(280,000,000 ft3/yr.) in the reach from 5 km (3 mi.) upstream of the Pah Canyon confluence to
midway between the stream gauges near well J- 13 and near Amargosa Valley, Nevada, based on
a trial and error fit to water-level data from wells.

7.2.2 Estimates of Streamflow and Groundwater Recharge

Records from stream gauges, operated since 1984, provide data to make estimates of
groundwater recharge based on channel losses. Savard (1998, p. 27) used streamflow data from
continuous streamflow gauging stations, crest-stage gauges, and miscellaneous sites during 1969
to 1995 and depth-to-water data in boreholes from 1983 to 1995 to estimate streamflow volumes,
infiltration loss, and groundwater recharge in the Fortymile Wash channel system. A long-term
groundwater recharge rate was estimated based on the winter/spring and summer/fall
groundwater recharge rate for four reaches of the channel system. The four reaches are defined
by three continuous flow gauging stations (shown as data collection sites 25, 36, and 38 on
Figure 7.1-2). The four reaches are:

I. Upstream from Fortymile Wash at the Narrows (site 25), termed the Fortymile Canyon
reach (from the Pah Canyon confluence 7.1 km (4.4 mi.) downstream to the Narrows)

2. From Fortymile Wash at the Narrows to Fortymile Wash near well J-13 (site 36),
termed the Upper Jackass Flats reach

3. From Fortymile Wash near well J-13 to Fortymile Wash near the settlement of
Amargosa Valley, Nevada (site 38), termed the Lower Jackass Flats reach

4. Downstream from Fortymile Wash near Amargosa Valley, Nevada, termed the
Amargosa Desert reach.

Streamflow occurred throughout the Fortymile Wash channel system from the Pah Canyon area
in Fortymile Canyon (7.1 km [4.4 mi.] north of the Narrows) to the Amargosa Desert in
March 1995 (Figure 7.1-2) (Savard 1998, p. 29). Based on data from gauging stations and
miscellaneous sites, strearnflow probably occurred throughout the Fortymile Wash system in
January and February 1969, March 1983, and July and August 1984. In July 1985, streamflow
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occurred throughout much of the Fortymile Wash system, but probably not throughout the entire
system. In August 1991, February and March 1992, January and February 1993, and
January 1995, streamflow occurred in the Fortymile Canyon reach. In February, May, and
November 1987, September 1990 and 1991, February and March 1992, and January 1993 and
1995, streamflow occurred in small sections of the Fortymile Wash system in Jackass Flats and
in the Amargosa Desert. As a result of infiltration into the channel sediments, groundwater
levels rose in boreholes in Fortymile Canyon after the streamflow in 1983, 1992, 1993, and 1995
(Savard 1998, p. 27).

Using measured flow losses between gauging stations for four flow events, Savard (1998, Y. 14,
Table 2, Figure 7) developed a streamflow volume loss factor of 7,300 m3 /km (414,800 ft /mi.)
for Fortymile Wash, which was applied to all known flows from January 25, 1969, to March 15,
1995, for all reaches. The estimated flow losses, together with groundwater records, were used
(Savard 1998, p. 20) to establish a minimum infiltration volume of 9,000 m3 (320,000 ft3), below
which groundwater recharge likely did not occur.

Groundwater recharge volumes were assumed to increase linearly in proportion to infiltration,
and a graph was developed relating volume of infiltration loss to volume of recharge for the
reaches defined earlier (Savard 1998, Figure 8). This relationship was applied to estimate
groundwater recharge volume for all flow events from January 25, 1969, through
March 15, 1995, which were identified by reaches and separated into three selected time periods:
1969 to 1995, 1983 to 1995, and 1992 to 1995 (Savard 1998, Table 4). An estimated average
long-term groundwater recharge rate was then computed for each reach for each time period.
Because winter/spring and summer/fall precipitation patterns result from different storm patterns,
the recharge rates were segregated by season (Savard 1998, Table 5). Combined long-term
average annual recharge rates calculated in this manner were 27,000 m3/yr. (964,000 ft3 /yr.) for
the Fortymile Canyon reach, 1,100 m3/yr. (39,000 ft3 /yr.) for the Upper Jackass Flats reach,
16,400 m3/yr. (586,000 ft3/yr.) for the Lower Jackass Flats reach, and 64,000 m3/yr.
(2,280,000 ft3/yr.) for the Amargosa Desert reach.

Groundwater recharge has been estimated throughout the Amargosa River basin above
Shoshone, California, using a geomorphic/distributed-parameter simulation approach
(Osterkamp et al. 1994, pp. 493, 496 to 499, Figure 2). Average annual volumes of runoff,
evapotranspiration, channel loss, upland recharge, and total recharge were estimated for
watersheds upstream of 53 sites, including 25 sites in the Fortymile Wash basin. The estimates
were based on a water balance approach that combined geomorphic field techniques for
determining streamflows with distributed-parameter simulation models to calculate transmission
losses of ephemeral strearnflow and upland recharge resulting from low-frequency precipitation
events. At each site for which water balance was calculated, mean stream discharge was
estimated from measured channel properties (Osterkamp et al. 1994, p. 498). All channel loss
was assumed to represent groundwater recharge (Osterkamp et al. 1994, p. 496). The Savard
(1998, pp. 26 to 27) technique, on the other hand, differentiated between total infiltration
(channel) loss and groundwater recharge (part of total infiltration loss). Osterkamp et al. (1994,
Table 2) estimated average annual recharge at 4,220,000 m3/yr. over the entire 95 km course of
Fortymile Wash, as compared to the shorter segment (42 km) described herein in the immediate
vicinity of Yucca Mountain.
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The Osterkamp results compared to the Savard results (Savard 1998, pp. 26 to 27), adjusted to a
common basis, are summarized in Table 7.2-1. Savard's recharge estimates were adjusted to
total infiltration loss by adding long-term average annual recharge to infiltration not believed to
contribute to recharge; that is, ultimately returned to the atmosphere.

The comparison presented in Table 7.2-1 shows that the total infiltration loss for the Fortymile
Wash channel system estimated by the two methods is comparable in magnitude despite different
approaches involving many different assumptions. In Table 7.2-1, the Osterkamp estimates
indicate that the bulk of infiltration occurs in the Upper Jackass Flats reach, whereas the Savard
estimates show more uniform distribution, with maximum infiltration in the downstream reaches.
Both estimates are smaller by more than an order of magnitude than the estimate of Czarnecki
and Waddell (1984, p. 12) for a comparable reach of Fortymile Wash of about 8 million m3/yr.
(280 million ft3 /yr.).

Although the repository area is upgradient from the reach for which Savard's estimate applies,
production wells J-12 and J-13, which supply the Yucca Mountain Site Characterization Project,
are in the gauged reach of Fortymile Wash. Therefore, infiltration along Fortymile Wash is
pertinent to the potential repository.

7.2.3 Infiltration Loss and Permitted Groundwater Withdrawals

Permitted groundwater withdrawals for site characterization purposes are 430.19 a.-ft/yr.
(530,640 m /yr.) (Section 9.2.5.3). This total permitted groundwater withdrawal is somewhat
less than the total infiltration loss estimate of Osterkamp et al. (1994)-namely 478 a.-ft/yr.
(590,000 m3 /yr.)-and nearly twice the total infiltration loss estimate of Savard (1998)-namely
241 a.-ft/yr. (298,000 m3/yr.) (Table 7.2-1). Considering that the Savard (1998, Table 5)
estimated average annual groundwater recharge from streamflow loss in Fortymile Wash is
108,800 m3/yr. (88 a.-ft/yr.), the permitted withdrawal is about five times this recharge rate.
Regarding the impact of groundwater recharge from Fortymile Wash on the area of the potential
repository, it should be noted that most of Fortymile Wash downstream from the Narrows is
down the groundwater gradient from Yucca Mountain (Tucci and Burkhardt 1995, Figure 4).
Thus, most infiltration from Fortymile Wash would contribute recharge to the Amargosa Desert
and to the vicinity of production wells J-12 and J-13, which currently supply water to the Yucca
Mountain Site Characterization Project, although recharge would not contribute directly to the
potential repository area.

7.2.4 Data Sources

Data sources used by Savard (1998, Figure 1) consist of U.S. Geological Survey stream gauging
records, described in Section 7.1.4, together with water-level data from boreholes UE-29 afl,
UE-29 a#2, and UE-29 UNZ#91 in Fortymile Canyon. Data developed and used by Osterkamp
et al. (1994, Table 2) include estimates of average annual precipitation, average annual recharge,
average annual channel loss, average annual evapotranspiration, average annual upland runoff,
and average annual cumulative recharge at 53 sites in the Amargosa River Basin. The
techniques applied in analyzing and synthesizing the data are presented in Osterkamp et al.
(1994, pp. 496 to 499). Streamflow data used by Savard (1998) were collected by standard
methods and procedures, as described in Section 7.1.4.
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7.3 FLOOD HISTORY AND POTENTIAL

7.3.1 Introduction

The current major flood hazard at and near Yucca Mountain probably is flash flooding
(Glancy 1994, p. 1). Flash floods are the result of intense rainfall and runoff from localized
convective storms or from high-intensity precipitation cells within regional storm systems. Flash
floods and associated debris movement commonly result in degradation of mountainous terrain,
development of alluvial fans, and evolution of drainage channel morphology. Flood flows range
in character from water-dominated (Newtonian) fluids, which have widely varying
concentrations of entrained sediments, to sediment-dominated debris flows (non-Newtonian or
Bingham fluids), which contain interstitial water. A debris flow is the mass movement of loose,
granular rock material mixed with water and air; its hydraulic characteristics are intermediary
between those of landslides and water floods, and thus it has flow characteristics different from
either of these processes.

Flood hazards are caused by the flow of water and rock debris. Flowing water is destructive
because of its capacity to erode and inundate and because of its momentum. The associated
process of debris transport can cause wide-scale damage during erosion, movement, and
deposition. In the semiarid southwest, the damage potential of debris transport commonly is
greater than that of the water carrying the debris. Therefore, effective flood hazard mitigation at
Yucca Mountain depends on understanding flowing water and debris, particularly knowledge of
debris transport.

Transported debris generally causes damage by erosion of the stream channel along the flow
path, impact with obstacles, abrasion of material swept into the flow, and burial of objects and
groundwater surfaces. Resulting landscape modifications commonly are vivid. Erosion and
deposition of sediment within (and along) the channel system also affect the hydraulic
characteristics of future flood flows by changing the geometry of stream channels.

The following sections summarize studies on the history of drainage system patterns, ancient and
historical surface water flow conditions, and historical flood occurrences and flood discharges in
the Yucca Mountain region. Data derived from these studies advance the understanding of past
climatic, geomorphic, and streamflow conditions and, in some cases, of future climatic and
surface hydrologic conditions within the region.

7.3.2 Flooding History

Non-aboriginal settlement of southern Nevada dates back about 150 yr.; written records of floods
are scarce. However, floods leave evidence of high stage in the form of sediments deposited in
valleys and even as high water marks that, in some circumstances, can be dated by IC

techniques. Actual stream gauging records in the Yucca Mountain region date only from the
early 1960s (Table 7.1-1).

Glancy (1994, p. 29) discussed the geologic evidence found for prehistoric flooding in Coyote
Wash on Yucca Mountain. Trenches excavated across and along the modern-day channel
exhibited sediments indicative of multiple flood events, including debris-flow deposits. Glancy
(1994, p. 30) concluded that moderately indurated sediments overlying the bedrock and
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underlying the stream terraces adjacent to the channel were probably deposited during the late
Pleistocene or early Holocene (mostly more than 1O ka), and that nonindurated sediments
overlying the older sediments were probably of Holocene age (less than 10 ka). Using surficial
boulders near the trenches, Glancy (1994, p. 38) estimated the magnitude of the flood that
deposited them during the Holocene. Assuming the flood was water dominated (Newtonian
fluid) and all the boulders were emplaced by the same flood, a peak discharge of 68 m3/s
(2,400 ft3 /s) was estimated to have occurred in the North Fork of Coyote Wash. The combined
flows of the north and south forks could result in a peak flow as large as 142 m3/s (5,000 ft3/s).

Ely (1997, p. 177) synthesized flood records from 19 rivers in Arizona and southern Utah,
including more than 150 radiocarbon dates and evidence of more than 250 flood deposits. Ely
(1997, p. 175) concluded that the largest floods over the past 5,000 yr. cluster into distinct time
periods related to regional and global climatic fluctuations. High-magnitude floods were
frequent during the periods from 5,000 to 3,600 yr. ago (14C dating), 1,100 to 900 yr. ago, and
500 yr. ago onward. In contrast, the periods 3,600 to 2,200 yr. before present, and 800 to 600 yr.
before present were characterized by less frequent large floods. A strong connection was found
(Ely 1997, p. 175) between wet El Nifo conditions and large floods associated with winter
storms and tropical cyclones.

7.3.3 Flood Potential

Because of heavy damage and loss of life from flash flooding, much attention has been directed
to assessing flood potential in southern Nevada. Several principal investigations were conducted
that are applicable to the Yucca Mountain region.

Crippen and Bue (1977, p. 1, Figures 1 to 19) analyzed floods at 883 sites throughout the United
States with drainage areas of less than 10,000 mi.2 (25,900 kMn2), and developed regional
envelope curves relating drainage area to peak discharge. These curves make it possible to
estimate peak discharge of a basin from its area, which generally is known. The curve for
Region 16, which includes most of Nevada (Crippen and Bue 1977, Figure 18) was modified by
Crippen (1982, Figure 2). These data are shown on Figure 7.3-1, along with plots of local floods
recorded from 1961 to 1996. It can be seen that none of the local floods approach the
magnitude of the regional maximum discharges estimated by the Crippen and Bue (1977) or
Crippen (1982) data.

Moosburner (1978, p. 1) summarized peak discharges, gauge heights, and flood dates at
continuous record stream gauges, and peak flow measurements at other stream sites throughout
Nevada through the water year 1977. Moosburner (1978, Figure 2) presented a graph relating
peak discharge per unit area to drainage area- for selected stations. These results have been
superseded by U.S. Geological Survey (USGS) data, as shown on Figure 7.3-1.

Thomas et al. (1994, p. 1) described methods for estimating 2-, 5-, 10-, 25-, 50-, and 100-yr.
recurrence frequency peak discharges at ungauged sites in small drainage basins in the
southwestern United States. However, this methodology has not been applied in the Yucca
Mountain Site Characterization Project area because of insufficient records for gauging stations.
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Several investigations of flooding potential in specific areas have been carried out in the Yucca
Mountain vicinity. These include investigations of Topopah Wash in eastern Jackass Flats (east
of Yucca Mountain, Figure 7.1-2), Fortymile Wash and southwestern tributaries (east of Yucca
Mountain), and Drill Hole Wash (on the eastern flank of Yucca Mountain).

Christensen and Spahr (1980, p. 21) used records of 71 gauged basins in Nevada to estimate
100-yr., 500-yr., and maximum potential floods in the Topopah Wash area. Typical cross
sections of peak stages and a map showing estimated areas of inundation for various recurrence
frequencies were presented by Christensen and Spahr (1980, Figure 7, Plate 1). The map is
reproduced in this report as Figure 7.3-2.

Squires and Young (1984, pp. 15, 31) used records of 12 gauging stations adjacent to the Nevada
Test Site to estimate 100-yr. and 500-yr. flood magnitudes of Fortymile Wash and its principal
southwestern tributaries, Busted Butte (now Dune), Drill Hole, and Yucca washes. The Region
16 envelope curve of Crippen and Bue (1977, p. 15) was used by Squires and Young to estimate
the regional maximum floods. Squires and Young (1984) presented typical cross sections of
peak stages (Figures 14 to 17) and a map (Plate 1) showing estimated areas of inundation for
various recurrence frequencies. The inundation map is reproduced here as Figure 7.3-3.

Bullard (1986, p. 2, Plates 2, 3, Table 10) developed probable maximum flood hydrographs for
15 sites within 11 small drainage basins on Yucca Mountain when vertical shafts were being
planned to access the potential repository rock strata. Four additional probable maximum flood
hydrographs for sites just downstream of the confluence of two upstream drainage basins were
also developed by adding the results of the upstream probable maximum flood hydrographs
(Bullard 1986, pp. 2, 8). Both local and general maximum precipitation events were used to
compute probable maximum floods for the 1 1 small drainage basins, which ranged in area from
0.01 to 4.31 mi.2 (0.03 to 11.2 kM2) (Bullard 1986, p. 2, Table 10).

Bullard's local probable maximum flood peak discharges ("Thunderstorm PMF") ranged from
245 to 43,300 ft3/s (7 to 1,230 m3/s), and volumes ranged from 7 to 3,096 a.-ft (8,600 to
3,819,000 mi3 ). The general probable maximum flood peak discharges ("General Storm PMF")
ranged from 16.8 to 6,419 f&3 /s (0.48 to 182 m3 /s), and volumes ranged from 4 to 2,169 a.-ft
(4,900 to 2,674,000 M3) (Bullard 1986, Table 10). Local probable maximum floods always have
larger peaks and larger volumes than general probable maximum floods. For design purposes,
the local probable maximum floods are preferred to general probable maximum floods
(Bullard 1986, p. 8). As shown on Figure 7.3-1, and as expected, probable maximum flood peak
discharges of Bullard (1986) are larger than a regional maximum flood envelope curve and local
gauge flood data.

Bullard (1992, Table 1, Figure 2) developed probable maximum flood hydrographs for an
additional seven sites at Yucca Mountain when tunnels instead of shafts were being planned to
access the potential repository rock strata. Only local precipitation events were used to compute
probable maximum floods for the small drainage basins of interest, because Bullard's (1986, p.
8) study showed this to be the preferred design storm. The probable maximum flood peak
discharges ranged from 360 to 33,500 fO/S (10.2 to 949 m3/s), and volumes ranged from 14 to
2,800 a.-ft (17,300 to 3,450,000 in3 ) (Bullard 1992, Figures 17, 22). As can be seen in
Figure 7.3-1 (see also Bullard 1992, Figure 24), the probable maximum flood peak discharge
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(as computed by Bullard) is significantly higher than the regional maximum flood as estimated
by the USGS envelope curve, especially for the smallest drainage areas.

Blanton (1992, p. 2) computed new probable maximum floods for the Bullard (1992) sites using
a bulking factor for the entrained air, debris, and sediment load in the streamnflow (Blanton 1992,
pp. 2, 3). Blanton used a bulking factor of two (proposed by the U.S. Bureau of Reclamation) to
account for increased flow depths caused by the presence of entrained air, debris, and sediment
load relative to clear water flow. This bulking factor was applied by Blanton (1992, p. 3) to
adjust the Bullard (1992) clear water probable maximum flood hydrographs. Blanton then
routed the adjusted hydrographs through measured cross sections and plotted maximum flood
inundation areas (Blanton 1992, p. 7), which are shown on Figure 7.3-3.

The lateral extent of the probable maximum flood within the preclosure controlled boundary
(including the potential repository) is shown on Figure 7.3-3. The flood inundation areas are
mostly confined to the channels and adjacent overbanks of Fortymile Wash and its western
tributaries. The only location where projected inundation overlies the potential repository is near
and above the northwest end of the Exploratory Studies Facility North Ramp (along Drill
Hole Wash).

In 1999, additional hydrologic engineering studies were initiated in the area of the North Portal
Pad (Figure 7.3-3). These studies reviewed the previous work of Blanton (1992) and Bullard
(1986, 1992) in light of existing and planned surface modifications. The proposed modifications
included a centralized interim storage facility and rail access via a railroad/highway bridge
(trestle). When these studies are completed, the results will be reported in future Yucca
Mountain Site Characterization Project documents.

7.3.4 Data Sources

Stream gauging data used in USGS national and regional reports (Crippen and Bue 1977;
Moosburner 1978; Thomas et al. 1994) were collected under standard methodologies described
in Section 7.1.4. The regional paleoflood data analyzed and interpreted by Ely (1997) were
derived from many other investigations listed in Ely (1 997, Table 1).

Studies of flood potential of specific areas in the Yucca Mountain region used two principal data
sources, USGS stream gauging records and National Weather Service Hydrometeorological
Report 49, Probable Maximum Precipitation Estimates, Colorado River and Great Basin
Drainages (Hansen et al. 1984).
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7.4 EROSION AND DEPOSITION AT YUCCA MOUNTAIN AND VICINITY

Surface process studies were conducted in the Yucca Mountain area to evaluate erosional and
depositional processes occurring during the Quaternary and landscape response to Quaternary
climate changes. The regulatory driver for these studies cited in 10 CFR 60(c)(16)
(48 FR 28194) was whether the potentially adverse condition of "extreme erosion" had occurred
at Yucca Mountain during the Quaternary and whether such erosional events could occur during
the regulatory period of the potential repository (10 k.y.). In addition, the possibility of erosion
occurring in valleys that lie directly over the potential repository (within the repository footprint)
sufficient to breach the repository was considered. Studies, were completed (1) to estimate the
long-term average rate of erosion on the hillslopes of Yucca Mountain and vicinity, (2) to
estimate the average rate of vertical bedrock erosion on the ridge crests of Yucca Mountain, and
(3) to estimate the rate of erosion on volcanic landforms of the region.

7.4.1 Erosion and Deposition in the Present Climate

Little data on modern geomorphic processes have been collected in the Yucca Mountain area.
The primary reason for the paucity of data and studies is the infrequency of runoff events since
the early 1980s, when characterization studies of Yucca Mountain began.

Modern dust deposition in southern Nevada has been studied by annual collection of dust
samples from 1984 to 1989 from 55 sites in southern Nevada and southern California (Reheis
and Kihl 1995, p. 8,915, Table 7). The average silt and clay flux (rate of deposition) ranges from
4.3 to 15.7 g/m /yr. Annual dust flux increases with mean annual temperature and appears to be
more strongly affected by decreases in annual precipitation than increases in temperature. Playa
and alluvial sources produce about the same amount of dust per unit area; however, the total
volume of dust produced from alluvial sources is much larger. The mineralogic and major oxide
composition of dust samples indicates that sand (and some silt) is locally derived and deposited,
whereas clay (and some silt) can be derived from distant sources. Eolian dust constitutes much
of the pedogenic material in the Pleistocene and Holocene soils in desert regions. Modern and
Holocene dust has been accumulating primarily as vesicular soil horizons (designated Av) below
desert pavements on alluvial and colluvial surfaces in the Yucca Mountain region.

Hillslope erosion and stream runoff at Yucca Mountain are related to infrequent large storms that
pass across the southern Great Basin. One such runoff event at Yucca Mountain took place on
March 11, 1995. This event is important because it represents the first documented case during
site characterization studies in which Fortymile Wash and the Amargosa River flowed
simultaneously throughout their entire reaches in Nevada (Beck and Glancy 1995).
U.S. Geological Survey and Nevada Test Site rain gauges showed that cumulative precipitation
ranged from 5 to 15 cm during March 9 to 11, 1995, with the larger amounts falling at higher
altitude sites. In addition to the rainfall, high-altitude snowmelt also probably contributed to the
10- to 12-hr. runoff event in Fortymile Wash. The last time both rivers were reported to have
flowed extensively was in February 1969.

Short-duration flow in Fortymile Wash was first documented during site characterization studies
in March 1983, and again during July 1984, when the wash flowed briefly on three separate
occasions in response to severe (but localized) convective storms.
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The storm that occurred on July 21 and 22, 1984, triggered debris flows on the south hillslope of
Jake Ridge, located about 6 km east of the Yucca Mountain crest. Nearby rain gauges recorded
65 and 69mm on July21, and 20 and 17mm on July22 (Coe, Glancy et al. 1997, p. 11).
Rainfall intensities ranged up to 73 mm/hr. on July 21 and 15 mm/hr. on July 22. Digital
elevation models from pre-storm and post-storm aerial photographs were used to map hillslope
erosion and downslope redistribution of debris (Coe, Glancy et al. 1997, p. 17). Volumetric
calculations indicate that about 7,040 m3 of debris was redistributed during the 2-day storm.
About 65 percent of the eroded sediment was deposited at the base of the slope and on a
Fortymile Wash stream terrace; the remaining 35 percent was deposited in a short tributary of
Fortymile Wash and in the wash itself. The maximum and mean depths of erosion were about
1.8 m and 5 cm, respectively. Precipitation intensity and duration relations developed from data
recorded at a nearby precipitation gauge show that this storm was more intense than the
hypothetical 500-yr. storm. Furthermore, field observations of the amount and stability of the
remaining hillslope sediment indicate this erosional event is related to a storm interval
significantly larger than 500 yr., because a frequency of occurrence of 500 yr. for this event
would have stripped most of the Pleistocene colluvium from Jake Ridge (Coe, Glancy et al.
1997, p. 11). This conclusion is further strengthened by the paucity of modern erosional scars in
the general region of the Nevada Test Site. The 1984 debris flow at Jake Ridge is characteristic
of the present erosional environment related to the dry, semiarid climate at Yucca Mountain.

7.4.2 Quaternary Erosional and Depositional Processes

7.4.2.1 Model of Landscape Response to Quaternary Climate Change at Yucca
Mountain

The model of landscape response proposed for the Yucca Mountain region is an area-specific
modification that builds upon the general semiarid landscape model of Bull (1991,
Chapters 3, 4). The Yucca Mountain landscape response model, however, emphasizes the
response of hillslope processes to climate change.

The Yucca Mountain landscape model is primarily driven by climate change and emphasizes the
different depositional and erosional processes that are active, especially on hillslopes, during
different phases of the Quaternary climatic cycle. Several factors help determine the texture and
volume of sediments derived during a specific climatic phase. These factors include:

* Amplitude and duration of climate change in terms of differences in both temperature
and precipitation

* The type and distribution of both summer and winter precipitation

. The sensitivity of the bedrock (Bull 1991, Table 3.5, p. 159) to effects of these climatic
changes.

Rock types that have a high climatic sensitivity (e.g., coarse-grained granites) respond to wetter
climate by rapidly weathering. Such lithologies, as they weather, produce large quantities of
relatively fine-grained material that result in high volumes of hillslope sediment that is delivered
to adjacent basins, producing relatively thick, fine-grained basin depositional units. Conversely,
rock types that are insensitive to climate change (e.g., welded tuffs) respond very slowly to a
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change to wetter climate and may show little response to either a short-term and/or small-
amplitude climate change. During long, wetter phases, such rock types may produce only small
quantities of fairly coarse-grained sediments that result in thin, coarser grained alluvial basin
deposits.

In the landscape response model for the Yucca Mountain region, major geomorphic work
(i.e., erosion and deposition) occurs primarily during climatic transitions, with times of more
stable climate being times of relative landscape stability. The greater the magnitude in
temperature and precipitation fluctuations during these transitions, the greater the landscape
response. Thus, the times of climate transition are the times during which more rapid
modification of the landscape occurs.

The landscape response model to climate change in the Yucca Mountain region ideally has four
phases with the following primary characteristics:

1. Pluvial (full glacial) conditions are generally characterized by much wetter and colder
conditions than modem. Bedrock weathering occurs by both block extraction, due to
freeze and thaw processes (Whitney and Harrington 1993, p. 1,016), and by other
physical weathering that results in reduction of initial block size. Chemical
weathering processes are relatively ineffective and may produce only minor granular
disintegration and small amounts of fine-grained material. The quantity of large
blocks and smaller clasts produced depends upon the duration of the colder and wetter
conditions. Aggradation on middle to lower hillslopes occurs during the coldest
intervals; the dominant hillslope process that moves material downslope is rock and
soil creep. Deposition of bouldery colluvium, produced during cold pluvials, protects
parts of the lower hillslope from subsequent debris-flow stripping (Whitney and
Harrington 1993, p. 1,016). If talus is not abundant enough to mantle the entire
hillslope, boulders tend to fill drainage channels, forming boulder streams. Colluvial
aprons that cover the lower hillslope form during these climatic episodes and, if
conditions persist long enough, grow headward up the hillslope until they reach the
hillslope summit.

Hillslope surface stability is enhanced by vegetation, which results in low sediment
yield into stream valley drainages. Streams may incise through alluvium and form
stream terraces. Wetter periods are times of accelerated soil formation as eolian-
deposited carbonate is moved by water from near the surface to deeper within the soil,
resulting in formation of carbonate horizons. During these wetter periods, fine-grained
materials also accumulate in soil horizons. Pluvial conditions result in the chemical
weathering of material in this soil zone to produce a fine-grained (silt and clay rich)
reddish horizon.

2. The pluvial to interpluvial climatic transition is characterized by progressively warmer
and typically drier conditions that result in lower vegetation density, especially on
hillslopes. Hillslopes are progressively destabilized due to increased vegetation loss.
Sediment yield from the hillslopes increases primarily through debris-flow transport of
previously weathered material to the basin floor. Physical erosion of bedrock on the
hillslope is not an efficient process, as evidenced by a lack of incised bedrock channels

TDR-CRW-GS-00000 I REV 01 ICN 01 7.4-3 September 2000



on the hillslope; instead, broad, shallow channels are only minimally cut into the
hillslope bedrock.

A change in precipitation regimes occurs from relatively equally distributed seasonal
precipitation of the pluvials to drier summers with infrequent thunderstorms.
Debris-flow stripping of hillslopes occurs during infrequent, high-intensity,
short-duration thunderstorms, resulting in both alluvial fan building, valley
aggradation, and the formation of alluvial fill terraces. Eolian activity increases and
sand ramp aggradation occurs.

3. Interpluvial (interglacial) conditions are characterized by much warmer and generally
drier conditions. Low-intensity and infrequent high-intensity precipitation and runoff
occur during this climate phase, resulting in low vegetation density with little to no
grassland. Infrequent hillslope stripping results in local aggradation and fan building.
Main valleys aggrade slowly or remain essentially stable, while smaller washes
aggrade more quickly. Deposition of eolian silt dominates surfaces and enhances
carbonate buildup in near-surface soils, forming Av (vesicular) soil horizons beneath
desert pavements. Eolian fine-grained material is also deposited on hillslopes within
the matrices of boulder deposits (Whitney and Harrington 1993, p. 1,015). Sporadic
large sediment yield from hillslopes continues until most colluvium has been removed;
then hillslopes stabilize as a result of a lack of sediment that can be moved toward
the basins.

4. The interpluvial to pluvial transition is characterized by progressively greater and
more seasonally equal precipitation and cooler temperatures. Increasing precipitation
results in increased vegetation density, greater hillslope stability, and lower hillslope
sediment yields. Hillslope deposition begins as greater vegetation density retards
removal of hillslope colluvium and enhances trapping of eolian material on the
hillslopes. Alluvial deposition in main channels changes to valley incision due to
greater hillslope stability.

There appears to be a general correlation of basin sediment thickness and coarseness
with the duration of the previous optimum weathering period (including both
temperature and precipitation) on the adjacent hillslopes. Deposits that have a high
ratio of coarse-grained to fine-grained material suggest that the hillslopes provided
dominantly physically weathered material, suggesting that weathering occurred when
temperatures were cold enough to promote frost wedging of bedrock outcrops. Basin
deposits that contain high percentages of fine-grained material consist of both
reworked eolian material transported to the basin floor by debris flows and rock
material that was continually downsized during long-term physical weathering. In
general, thick deposits (when measured between sequential erosional surfaces or
buried soils) indicate longer weathering durations than thin deposits.

7.4.2.2 Quaternary Erosion Rates at Yucca Mountain

Erosion rates on two landform types were examined in the Yucca Mountain area: hillslopes and
bedrock outcrops on ridge crests.
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Initially, the surface exposure age of hillslope boulder deposits was calculated using the rock
varnish cation ratio dating method (Harrington and Whitney 1987, pp. 967 to 970). Because the
rock varnish cation ratio dating method was a relatively new technique, the ages obtained for the
boulder deposits were corroborated using the cosmogenic nuclide dating method. Subsequently,
cosmogenic '0Be was also used to determine vertical erosion rates on bedrock outcrops on ridge
crests of Yucca Mountain and to obtain surface exposure ages on volcanic flows near Yucca
Mountain. The cation ratio dating technique and in situ cosmogenic nuclide dating are discussed
in Section 4.4.3.2.

7.4.2.2.1 Erosion Rates on Bedrock Ridges at Yucca Mountain

On the ridge crests of Yucca Mountain, exposed bedrock outcrops are eroded by exfoliation
(detachment of thin rock sheets) and grusification (the grain by grain weathering of rock).
A unique advantage of cosmogenic nuclide techniques over other dating methods is their
usefulness in directly determining, for a sampled outcrop, the maximum possible rate of bedrock
erosion, assuming that erosion proceeded at a gradual and constant rate over the exposure
duration. Such an erosion rate (the vertical bedrock erosion rate) can be calculated from the
measurement of a single nuclide (10Be) in multiple surface samples. The concentration of a
cosmogenic nuclide is controlled by the production rate of that isotope and by the erosion of the
surface. If the exposure time is considered infinite, the maximum erosion rate that could permit
the measured concentration can be calculated.

Rock samples taken from bedrock outcrops along an east-west ridge crest profile on two ridge
spurs (Antler Ridge and Whaleback Ridge) on the eastern flank of Yucca Mountain were
analyzed for 10Be in quartz separates from the tuff bedrock. Because these tuffs are relatively
quartz deficient (approximately 2 percent), only small quantities of fine-grained quartz were
obtainable, even after very lengthy laboratory processing times. The concentrations of '0Be in
these seven rock samples result in the calculated maximum possible erosion rate for these
bedrock outcrops of 0.04 to 0.27 cnv/k.y. (0.1 to 0.3 cm/k.y.). This maximum possible erosion
rate integrates all erosion occurring on the summit of Yucca Mountain under all climatic
conditions that have existed in the area during a significant part, if not the entire, Quaternary.
The 10Be data from the summit bedrock outcrops record a remarkable erosional stability for this
landscape. The rate of vertical erosion on bedrock (0.1 to 0.3 cm/k.y.) compares remarkably
well to the long-term average erosion rate in hillslope colluvium on the middle to lower
hillslopes at Yucca Mountain (0.22 cm/k.y.) (YMP 1993, Table 5).

The bedrock erosion values for Yucca Mountain also are very similar to erosion rates calculated
for Australian granitic landforms (Bierman and Caffee 1996, p. A-306), where bedrock erosion
rates of less than 0.5 cm/k.y. were determined for landforms in an arid part of Australia and a
rate of 1 to 3 cm/k.y. was derived for a less arid northern Australian area.

7.4.2.2.2 Hillslope Erosion Rates from Dated Colluvial Boulder Deposits

To calculate the long-term rate of removal of unconsolidated material on the middle and lower
hillslopes of Yucca Mountain, the surface exposure ages of relict boulder deposits on Yucca
Mountain and nearby hillslopes were dated and the depth of erosion in a 50-m zone on either
side of the deposit, including channel incision, was measured (YMP 1993, Table 5).
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The paleotopographic hillslope surface was assumed to be represented by the top of the boulder
deposit on the hillslope. Because of the low relief across the middle hillslope today
(2 m maximum), and inasmuch as stripping of hillslopes by debris flows is the dominant process
at present moving material down these hillslopes, the modem relief on these hillslopes is
probably a maximum for much of the late Quaternary.

Boulder deposits range from wide continuous mantles to isolated narrow bands that typically are
bounded by gullies. The boulders in these deposits range in size from 0.3 to 2 m in diameter.
Eleven boulder deposits were sampled (Whitney and Harrington 1993, p. 1,013) for cation ratio
dating (Figure 7.4-1): six on the flanks of Yucca Mountain, three on the southwest hillslope of
Skull Mountain, one on the northeast slope of Little Skull Mountain (Skull Mountain Pass), and
one on the east slope of Buckboard Mesa.

The erosion rate (centimeters per thousand years) was calculated as the amount of erosion that
had occurred on the hillslope since the boulder deposit formed divided, by the surface exposure
age of the deposit.

7.4.2.2.3 Cation Ratio Dating of Hillslope Boulder Deposits

Relict boulder deposits on Yucca Mountain and nearby hillslopes were dated using the rock
varnish cation ratio and the in situ cosmogenic nuclide dating methods (Whitney and
Harrington 1993, pp. 1,013 to 1,014; Gosse. Reedy et al. 1996, pp. 135 to 142) to calculate the
long-term removal rate of unconsolidated material on the middle and lower hillslopes of
Yucca Mountain.

The cation ratio data were first plotted on the original rock varnish cation ratio curve calibrated
for the Yucca Mountain area (Figure 7.4-2) (Harrington and Whitney 1987, Figure 1, p. 968).
The cation ratios were calibrated to ages of surfaces independently dated by K-Ar and U-trend
methods. K-Ar dating was used for basalt rock sites older than 0.5 m.y. and U-trend dating for
sites on younger terrace surfaces (Harrington and Whitney 1987, Table 1, p. 969). The cation
ratio ages of the boulder deposits, calculated from the curve, ranged from 170 k.y.
(130 to 220 k.y.) to approximately 1.4 m.y. (1.03 to 1.89 m.y.) (Whitney and Harrington 1993,
Table 1, p. 1,014).

Following a reevaluation of the calibration sites used for the original cation ratio dating curve
due to concerns about the reliability of the U-trend method, new younger ages were used to
recalibrate the cation ratio curve, based on U-series, thermoluminescence, and cosmogenic
surface exposure ages. The cation ratio ages for the boulder deposits were recalculated using the
recalibrated curve. The recalculated rock varnish cation ratio ages of the 11 dated boulder
deposits range in estimated age from 100 k.y. (80 to 140 k.y.) to 1,020 k.y. (730 to 1,430 k.y.).
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7.4.2.2.4 In Situ Cosmogenic Nuclide Dating of Hillslope Boulder Deposits

The following boulder deposits, listed with their rock varnish age estimates, were dated by the
cosmogenic nuclide method:

* Buckboard Mesa deposit (BM-1), 730 to 1,430 k.y.

* Skull Mountain Pass deposit (LSM-1), 500 to 930 k.y.

* West side, lower hillslope, Yucca Mountain deposit (YMW-3), 360 to 660 k.y.

* East side, upper hillslope, Yucca Mountain deposit (YME-1), 320 to 590 k.y.

These deposits were selected because they had the older cation ratio ages, and their substrate
lithology included either basalt or ash-flow tuff. The older deposits were selected for
cosmogenic dating so that differences in the two dating techniques would be amplified by the
longer time period.

The cosmogenic dating was carried out to evaluate if the rock varnish cation ratio age estimates
obtained earlier for the hillslope colluvial boulder deposits were in reasonable agreement with
the new cosmogenic nuclide exposure ages. If the two techniques resulted in a large difference
in the calculated age, an evaluation was made to determine whether a large increase in erosion
rates resulted.

Each potential cosmogenic sample was examined to obtain those having:

* The most complete rock varnish coating for the deposit

. No rock varnish on the underside of the rock sample, but instead a rubification (reddish
hue) on the bottom surface

. Clasts with no appreciable weathering rind beneath the rock varnish coating on the rock
sample.

Such precautions were taken to increase the likelihood that the rock sample was derived from the
interior part (greater than the depth of penetration of cosmic rays) of the source outcrop and to
minimize (although not preclude) the possibility of an inherited cosmogenic concentration in the
hillslope boulder deposit sample.

It is generally impossible to determine the inherited cosmogenic nuclide concentration that may
have been present in the boulders at the time of deposition (the deposit from the crest on the
eastern flank, YME-1, is an exception; see below). Thus, the sampling strategy was selected to
minimize the probability of an inherited cosmogenic nuclide component being present. If the
sampled boulders did, however, contain some inherited concentration, the apparent exposure age
calculated would be older than the boulder deposit's true age.

This possibility was minimized because most samples were collected from boulders with top
surfaces that were flat and horizontal; a geometry correction was needed for only one sample.
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The in situ cosmogenic '0Be exposure ages for these four dated boulder deposits (Table 7.4-1)
are close to the cation ratio ages for the same deposit. The cosmogenic age uncertainty bounds
for each boulder deposit overlap with the cation ratio age bounds (Table 7.4-2).

The boulder deposit on the upper eastern flank of Yucca Mountain (YME-1) is unique among all
the boulder deposits dated because it appears to have fonned in situ; that is, the clasts were not
transported downslope after formation. In addition, there is no indication of drainage channels
that incise the margins of the deposit; instead, the deposit lies close to the crest of the hillslope in
the zone of little to no erosion. Thus, the entire concentration of cosmogenic isotopes in the
boulders was acquired while they were at their present location (as either outcrop or boulders).
Therefore, the maximum cosmogenic age (645 k.y.) must represent the time the boulders in this
deposit have been at the surface (Table 7.4-1). The cosmogenic age range for this deposit
(480 to 805 k.y.) overlaps the uncertainty range for the rock varnish (320 to 590 k.y.) and
demonstrates basic agreement of the results from the two dating techniques.

The cosmogenic "0Be analyses for the two basalt samples from the Buckboard Mesa deposit
(Table 7.4-1), which were collected several meters apart, yield almost identical exposure ages
(585 and 640 k.y.). Unless these samples had acquired a significant and similar inherited
cosmogenic concentration due to exposure in the outcrop prior to being dislodged, there should
be a low probability that these two boulders would have the same calculated exposure age.
Additionally, this boulder deposit was dated using the in situ 36C1 cosmogenic method (Whitney
and Harrington 1993, Table 2, p. 1,014). Three samples from the Buckboard Mesa boulder
deposit yielded 36C1 ages of 310, 420, and 600 k.y. Such ages are consistent with the I°BC age of
approximately 600 k.y. Therefore, a high probability exists that the exposure age of the
Buckboard Mesa deposit is approximately 600 k.y. The cosmogenic age range for the
Buckboard Mesa deposit (460 to 765 k.y.) overlaps the upper cation ratio age bound
(Table 7.4-2).

The basalt boulder deposit in Skull Mountain Pass yields divergent exposure ages for each of the
three basalt samples collected for cosmogenic dating: 420, 845, and 1,210 k.y. (Table 7.4-1).
The boulders of this deposit were derived from the flow that once covered the part of Little Skull
Mountain that lies directly uphill from the boulder deposit. Except for two small outcrop areas,
almost all of the flow has been removed by the downhill movement of basalt blocks. Therefore,
an inherited concentration of cosmogenic nuclide is probable for some of the boulders within this
deposit. The exposure age of this deposit is taken as the mean of the cosmogenic ages (825 k.y.).

The hourglass-shaped boulder deposit (YMW-3) on the middle to lower hillslope on the western
flank of Yucca Mountain also provided very different exposure ages for the three samples of ash-
flow tuff boulder analyzed for 1OBe: 360, 1,410, and 7,270 k.y. (Table 7.4-1). Because an
inherited cosmogenic component may have been acquired while in the source outcrop. which is
certainly true for the 7,270 k.y. date, the cosmogenic age for this deposit is taken as the mean of
the younger two samples (880 k.y.).

The cosmogenic i°1e exposure ages for the four boulder deposits generally have the same
relative age chronology as the cation ratio ages. The small number of cosmogenic samples,
however, do not permit a statistically based evaluation of the two chronologies. In like manner,
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there is not a large enough data set to evaluate the influence of lithologic substrates on the
agreement between the cation ratio and the '0Be ages for these deposits.

The erosion rate of stripping of unconsolidated material from the hillslopes calculated using the
cation ratio dating curve of Harrington and Whitney (1987, Figure 1, p. 968) averages
approximately 0.2 cm/k.y. (0.02 to 0.6 cm/k.y.) for Yucca Mountain. When the ages of the
boulder deposits are calculated using either the recalibrated cation ratio dating curve or the
cosmogenic nuclide exposure ages, the long-term average erosion rates for Yucca Mountain
hillslopes are less than 0.5 cmlk.y.

7.4.2.3 Quaternary Erosion on Volcanic Landforms in Crater Flat

Surface exposure dating and radiometric ages of basaltic flows and cones show that erosion of
topographic highs in the vicinity of Yucca Mountain has proceeded very slowly. Erosional
modification of flows was evaluated at the Black Cone center where the flows erupted
approximately 1 Ma. Rock samples for cosmogenic IOBe analysis were collected from an
outcrop of degraded pressure ridge where a K-Ar age of 1.0 ± 0.1 m.y. was obtained (CRWMS
M&O 1998, Table 2.B, p. 2.13). Cosmogenic '°Be surface exposure ages, adjusted for existing
shielding conditions and assuming no recent erosion of the rock surface because of the presence
of thick continuous coatings of rock varnish, are 1,000, 750, 550, and 440 k.y. (Table 7.4-1).
The minimum exposure age of the lava is taken to be the approximately 1,000-k.y. date because
all geologic factors affecting the exposure history of the flow surfaces (erosion, burial,
uncompensated shielding) will result in exposure ages that are younger than the true age. The
measured '°Be in these samples could have originated only from cosmic ray bombardment of the
lava surface after the flow cooled. This exposure age is similar to and consistent with a
K-Ar age of 1.0±0.1 m.y. (CRWMS M&O 1998, Table 2.B, p.2.13) for the time of flow
deposition, and overlaps each of three other K-Ar ages reported by CRWMS M&O
(1998, Table 2.B, p. 2.13).

A maximum erosional lowering of the flow surface was calculated for the sample with the
greatest exposure age in order to constrain the amount of erosion that has occurred on this
bedrock outcrop since deposition of the flow. The maximum erosion rate at this site is
0.02 cm/k.y., assuming constant, gradual erosion. Using this erosion rate, the total eroded
material from the flow surface at this site since the time of deposition is approximately 20 cm,
and for the other sites with younger exposure ages is still less than 1 m. This low erosion rate on
the crest of a pressure ridge on the Black Cone flows indicates that erosion of such volcanic
features occurs very slowly in this area and that volcanic rocks are relatively insensitive to the
range of climatic conditions that have existed in the Yucca Mountain area since the
mid-Quaternary.

The low erosional rates for the Crater Flat basalts can be explained by a model that includes
armnoring by desert varnish. The evolution of stable surfaces on lava flows starts with minor
erosional degradation of the primary surfaces of the flow soon after deposition. Rock varnish
accumulation then begins on these semi-stable surfaces. The erosional stability of the rock
surfaces would be enhanced by continuing deposition of rock varnish until the rock surface is
completely covered by a fairly thick coating of varnish. Varnish accumulation ultimately results
in the long-term stability of these rock surfaces. This hypothesis is supported by field evidence
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from boulder deposit clasts that commonly possess little to no weathering rind on the rocks
beneath the rock varnish coating, indicating that formation of an impermeable rock varnish
coating began soon after boulder deposition.

As noted earlier, both the approximately I -Ma cinder cones and the younger (approximately
80 ka) cinder cone of Lathrop Wells have retained much of their original morphology. In the
latter case, Wells et al. (1990, p. 551) concluded that the cone slope is virtually unmodified by
erosion, such that the morphology is similar to the 15- to 20-ka cones of the Cima volcanic field.

7.4.2.4 Hillslope Erosion during the Latest Pleistocene-Holocene Interval

In the climatic cycles recorded within the valley alluvium in Fortymile Wash and Midway
Valley, the record is one of general landscape stability, punctuated by short pulses of either
hillslope stripping or valley incision. The presence of relict boulder deposits that cover parts of
most hillsides is evidence that periods of hillslope stripping did not remove all colluvial material.

The time interval during which the Q5 (latest Pleistocene-Holocene) alluvial unit was deposited
in Midway Valley and Fortymile Wash can be used to derive quantitative boundary values for
the amount of erosion occurring on Yucca Mountain hillslopes then (17 to 2 ka; see correlation
chart in Figure 7.4-3). This 1 5-k.y. period covers the last pluvial to interpluvial transition. This
was the time of maximum late Quaternary dryness, so the maximum erosional stripping of
hillslope sediment probably occurred then (15 k.y.). The estimated mean depth of
unconsolidated material removed from these hillslopes to form the Q5 alluvial unit in Midway
Valley (Forester et al. 1996, p. 36) is 27 cm. If this mean depth is assumed to have been eroded
during the 15-k.y. Q5 interval, a bounding rate of 1.8 cmlk.y. for erosion of unconsolidated
hillslope material is derived. This rate does not incorporate either the eolian sediment addition to
the hillslopes or the sediment that moved through Midway Valley and into Fortymile Wash.
If this alluvial unit were assumed to have been entirely derived from hillslope bedrock outcrops
(which are about one-third denser), the bedrock eroded is 18 cm (Forester et al. 1996, p. 36), and
the rate of bedrock erosion is 1.2 cmlk.y. for the Q5 interval. This rate, calculated for the time
interval of maximum hillslope stripping during the late Quaternary, is larger (by almost a factor
of 10) than the long-term erosion rate calculated for the middle and late Quaternary on Yucca
Mountain hillslopes (0.22 cm/k.y.) and bedrock ridges (0.1 to 0.3 cm/k.y.). This period of
maximum hillslope stripping provides a bounding maximum erosion rate from which to calculate
possible future erosion.

In the 10 k.y. prior to Q5 deposition, incision was occurring in both Midway Valley and
Fortymile Wash, and little material was being removed from the surrounding hillslopes. Thus,
the erosion rate for the complete climatic cycle from 27 to 2 ka for the Yucca Mountain
hillslopes is 1.1 cm/k.y. for unconsolidated material and 0.7 cmlk.y. for hillslope bedrock. This
erosion rate, for one late Quaternary climatic cycle, exceeds the long-term average rate for Yucca
Mountain by a factor of two to three.
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7.4.2.5 Evolution of Fortymile Wash

Fortymile Wash drains the upper eastern part of the Amargosa River basin, a drainage basin that
is centered primarily on the Timber Mountain caldera that drains southward across the Amargosa
Desert and empties into southern Death Valley, described in Section 7.1.2.

Upper Fortymile Wash flows through the 25-km-long Fortymile Canyon, which is up to 500 m
deep. Below the canyon, the wash continues southward about another 20 km along the east edge
of Yucca Mountain before entering the Amargosa Desert. Between the canyon and the
Amargosa Desert, Fortymile Wash has entrenched its own alluvial fill up to 25 m. The depth of
incision decreases over a 6-km reach, where the channel becomes the head of a long fan that
crosses the Amargosa Desert. The alluvial and incision history of Fortymile Wash is important
to understanding how the wash will behave during the projected 10 k.y. of regulatory concern.

Analysis of Fortymile Canyon sedimentary provenance and altitude distribution of volcanic
rocks (Lundstrom and Warren 1994, p. 2,121), indicates the canyon was formed during the late
Miocene or Pliocene, sometime before 3 Ma. A relict gravel deposit exposed in Fortymile Wash
contains a different lithology than the Quaternary gravel fills, which suggests that the present
drainage captured a formerly northward-flowing drainage along the moat of the Timber
Mountain caldera sometime after 9 Ma and before 3 Ma.

The Quaternary stratigraphy and incision of Fortymile Wash are shown on two cross sections,
located a few hundred meters north and south of a road that crosses the wash (Figure 7.4-4).
These cross sections are based on recent Quaternary mapping of Yucca Mountain (Lundstrom
et al. 1995, Map USGS-OFR-95-133) and recent soil dating along Fortymile Wash (Paces et al.
1995, Table 33). The recognition and dating of buried soils and deposits along Fortymile Wash
indicates that the alluvial history of the wash is more complex than originally believed (Taylor
and Huckins 1986, p. 418; Huber 1988, p. 1). Uranium-series ages, thermoluminescence dating,
and volcanic ash ages have shown that the experimental U-trend dates originally used to
characterize the age of Quaternary units around Yucca Mountain are generally too old.
A revised dating of Quaternary units has shown that late Pleistocene alluvium is present in
Fortymile Wash and in Crater Flat (Faulds et al. 1994, Map 101; Peterson, F.F. et al. 1995,
Table 2, p. 380; Paces, Menges et al. 1994, p. 2,400; Paces, Neymark et al. 1996, p. A139-140;
Lundstrom et al. 1995, Map USGS-OFR-95-133). Dating methods using the analysis of organics
beneath the rock varnish were found to produce ambiguous results and should not be relied upon
for their calculated dates.

The stratigraphy in the Fortymile Wash cross sections shows a complex history of aggradation
and incision. At the Fortymile Wash Road crossing (Figure 7.4-4), four coarse, gravelly alluvial
fills are exposed on the west wall of Fortymile Wash. A soil is developed over each gravel
deposit. These soils represent pluvial times, when vegetation was dense and the deposit at this
location was not being aggraded or eroded.

Evidence for multiple episodes of downcutting in Fortymile Wash can be seen by comparing the
different stratigraphies on the east and west walls of both cross sections. At the Fortymile Wash
Road crossing, the buried soils on the west wall are missing from the east wall. Therefore, the
alluvial fill on the east side of the wash wall is older than the 50- to 100-ka soils at the top of the
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fill, but younger than the 300- to 500-ka buried soil exposed in the west wall. Farther north, at
the Fortymile Wash-Calico fan site, the 170-ka buried soil on the west side is missing on the east
wall. Exposed in gullies in the east wall are late Tertiary gravels and middle Pleistocene eolian
deposits that are overlain by Q3f alluvium. These unconformities are evidence of at least two
episodes of downcutting that predate the deposition of Q3f. If the 170-ka date on the buried soil
in the west wall is correct, then a major incision and erosion of older alluvium took place during
the climatic time of oxygen isotope stage (01S) 6 of the global climate record (derived from
marine cores), the wettest climatic episode at the end of the middle Pleistocene. This is the same
time that Lake Tecopa filled to overflowing (Morrison 1991, p. 311), and the largest and last
deep (greater than 125 m) lake existed in Death Valley (Forester 1999, p. 69; Lowenstein 1999,
p. 142).

The alluvium of Q3f (Figure 7.4-4) that underlies the main Fortymile Wash stream terrace was
subsequently deposited during the interglacial OIS 5e-Sa, and it has developed a soil that is
primarily of OIS 4 age.

The most recent incision of Fortymile Wash (Lundstrom, Paces, and Mahan 1996, p. A522)
probably took place during the latter part of the pluvial episode, OIS 4 (Winograd et al. 1988,
p. 1,277, Figure 4), from about 116 to 60 ka, and the early part of OIS 3 (about 55 to 40 ka).
Within 2 m of the present channel of Fortymile Wash are remnants of a strath terrace with a thin
alluvial deposit mapped as Q4f, This terrace most likely represents a pause in the downcutting
of Fortymile Wash during the relatively short interglacial climate represented by OIS 3. The last
2 to 4 m of incision probably occurred during the last pluvial climate at Yucca Mountain, 22 to
18 ka. Aggradation has taken place in the channel and on the lower Fortymile Wash fan,
represented by Q5 deposits, during the Pleistocene-Holocene transition and continuing through
the Holocene to the present. Thus, the history of Fortymile Wash is consistent with the climatic-
geomorphic process response model described in Section 7.4.2.1.

An interpretation of the late Quaternary incisional history of Fortymile Wash for the last
approximately 140 k.y. (Lundstrom, Paces, and Mahan 1998, pp. 69 to 74) uses
thermoluminescence ages on silt in sand-dominated horizons in soils on alluvial units in the west
wall of Fortymile Wash, rather than a series of U-series dates from the same exposure
(Lundstrom, Paces, and Mahan 1998, Figure 4). This interpretation proposes that 13 m of
aggradation and the formation of three to four soils occurred in the wash from 140 to 50 ka,
followed by about 20 m of incision between 36 and 24 ka (Lundstrom, Paces, and Mahan 1998,
pp. 68 to 69). Lundstrom, Paces, and Mahan (1998, pp. 68 to 69) also believe that the oldest
information obtainable from the wash is less than 150 ka. This interpretation does not address
the 170 ka buried soil in Sever Wash, nor does it use the interpretation that the buried soils in the
west wall of the wash do not occur in exposures in the wash's east wall.

A comprehensive interpretation of the wash using all buried soils and the U-series dates obtained
from the central wash reveals a complex history of four to five cut-and-fill cycles spanning the
middle to late Quaternary. The incision in the wash occurred over a limited vertical range in
elevation of not more than several tens of meters. Furthermore, the wash did not cut and fill the
same channel each time, but instead migrated laterally across the fan head. Thus, the Fortymile
Wash channel through the middle and late Quaternary would incise its channel during pluvial
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periods; then, with the transition to interpluvial climates, the wash would aggrade and migrate
laterally prior to the next cutting cycle.

7.4.2.6 Regional Climatic Data Supporting Middle and Late Quaternary Incision in
Fortymile Wash

The relative intensity and duration of the various cutting or filling cycles, using climatic data
from the region (especially new data from Devils Hole and Death Valley), were evaluated. This
evaluation considered which climate cycle had greater water available on the landscape and for
how long a time this pluvial climate lasted. During the time interval from 50 to 24 ka,
Lundstrom et al. (1998, p. 70) propose a major (more than 20 m) aggradational event in
Fortymile Wash. Evidence for the climatic conditions during the period from 50 to 15 ka
(Lundstrom et al. 1998, p. 70) indicates that the climate was "dominated by freshwater
conditions and greater effective moisture." In addition, Li, Lowenstein, and Blackburn (1997,
p. 1,368) describe a specific 35- to 10-ka "wet period" as a time of a perennial saline lake in
Death Valley that reached 90 m in depth. Evidence for the 90-m lake depth is from two
radiocarbon dates on rock varnish of 12.6 ka and 12.9 ka on the 90-m shoreline in Death Valley
(Dorn et al. 1990, p. 324). That a saline lake existed in Death Valley at this time is not debated;
the question is whether the lake was shallow or deep at that time. In Lowenstein (1997), 13 U-
series dates from tufa on the high shoreline (90 m) in Death Valley are provided. These dates
range from 216 to 150 ka, the time period when the largest and deepest freshwater lake was
present (Forester 1999, p. 69; Lowenstein 1999, p. 142). The presence of a large, deep,
freshwater lake in Death Valley for more than 60 k.y. strongly suggests that there was far more
available water on the landscape for a much longer period of time during this lake phase (OIS 6)
than during the 25 k.y. of a relatively shallow saline lake phase from 30 to 10 ka (OIS 2). It is
therefore reasonable to conclude that more extensive incision in Fortymile Wash occurred during
the 60-k.y. period of OIS 6 than during the 20-k.y. period of OIS 2.

The potential use of the incision history in terms of rates of incision must be evaluated in light of
three factors: the cyclical nature of cutting and filling that has taken place over at least several
Quaternary climatic cycles, the relation of incision rates to episodes of wetter time periods within
a pluvial, and the base level for downcutting as represented by the floor of the Amargosa Desert.

7.4.3 Potential for Future Erosion and Deposition at Yucca Mountain

Incision in Valleys that Directly Overlie the Potential Repository-Most of the valleys that
drain eastward down the dip slope of Yucca Mountain and directly over the potential repository
merge in Midway Valley, then discharge into Fortymile Wash. The true base level for these
valleys is Fortymile Wash, but the effective, present, and foreseeable future base level is the
floor of Midway Valley. Midway Valley is presently undergoing aggradation because the
present climate is warm and dry. Since at least the beginning of the Holocene, these storms have
activated debris-flow stripping of the hillslopes around Midway Valley. The sediment is carried
onto the valley floor, resulting in a rising base level in Midway Valley. If a period of incision
were to ensue as a result of a change in climate to one of greater effective moisture, the main
wash in Midway Valley would ultimately start to incise its valley floor. If the Midway Valley
washes were to incise their channels, such erosion would, over time, work its way headward,
initiating a period of incision in the valleys over the potential repository. As part of such
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incision, the existing fill in the valleys would begin to be removed. If this climatic condition
continued for a long enough time, all the sediment in these valleys would be moved to the
basin floor.

An examination of the fill in Coyote Wash demonstrates that such a complete emptying of the
alluvium in these valleys did not occur during the last glacial cycle. Relict Pleistocene fill
documents the incomplete stripping of the valley alluvium during the last two climatic cycles.
The climate change at approximately 28 ka to a regime favoring sediment removal did not last
long enough to allow complete sediment removal from these valleys. Since approximately
17 ka, these valleys have been in an aggradational mode. The most recent, well-documented
climate change in Fortymile Wash and Midway Valley, which resulted in a change from
aggradation to incision, occurred following the deposition of Q4f (approximately 25 ka) and
before the beginning of deposition of Q5 (approximately 17 ka) (see correlation chart in
Figure 7.4-3).

In valleys that overlie the potential repository, this period of incision resulted in incomplete
removal of Q4 alluvium, so that all incision was into unconsolidated alluvium, not bedrock floor.
During this same erosional phase, Q4 alluvium in Fortymile Wash was incised less than 2 m.
It is probable, therefore, that 10 k.y. would be the minimum time necessary following a change
in climate (to one favoring incision) for complete removal of the alluvium now covering the
bedrock floor in these valleys. Based on the best documented period of erosion in the valleys
that overlie the potential repository, it would require substantially more than 10 k.y. to
effectively remove the alluvium and begin to actively erode the bedrock floor of these valleys.

The detailed middle and late Quaternary history of Fortymile Wash indicates that the wash has
incised and aggraded within a limited vertical range as it has migrated across the head of the fan.
As such behavior can be documented as a response to regional climate changes, there is no
evidence to suggest there was a major period of incision in the wash that initiated a lengthy
head-cutting period with deep incision in the tributary valleys. It also indicates that, given the
climates postulated by USGS (2000, Figure 6-15, Table 6-1) for the future regulatory period
(10 k.y.), no incision event will occur in Fortymile Wash that could move headward along the
tributary valleys and cause major incision (more than 10 m) in the valleys within the potential
repository footprint.
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7.5 SUMMARY

Surface waters related to the Death Valley regional groundwater flow system are limited to
infrequent ephemeral streamflows following heavy rains and to isolated local areas of ponding
and perennial flow fed by groundwater discharge. Ultimately, all precipitation on the basin not
dissipated by evapotranspiration finds its way to the Death Valley salt pan, largely as
groundwater flow.

Most of the infrequent streamflow is returned to the atmosphere as evapotranspiration; however,
records of stream gauges and monitoring wells along Fortymile Wash indicate that some
infiltration from the stream reaches the water table to become groundwater recharge. Estimates,
based on streamflow data, suggest that recharge is relatively small in the current climate.
However, estimates of recharge based on calibration of groundwater flow simulation models
suggest much larger recharge. Most of Fortymile Wash is down the groundwater gradient from
the potential repository area; whatever the rate of recharge, it would have little effect at the
potential repository site, although it would contribute to the groundwater resource in Jackass
Flats and the Amargosa Desert.

A major concern regarding strearnflow is as a cause of flood damage, particularly from flash
floods. Analyses of flood potential for a specific area suggest that the regional maximum flood
(as estimated by U.S. Geological Survey methods) and the probable maximum flood
(as estimated by U.S. Bureau of Reclamation methods) greatly exceed recorded flows in the
Fortymile Wash basin and could lead to widespread inundation of low-lying areas of washes that
drain Yucca Mountain. The only location where plotted inundation areas (Figure 7.3-3) overlie
the potential repository is near the northwest end of the Exploratory Studies Facility North Ramp
(along Drill Hole Wash).

Each streamflow event results in rearrangement of the channel geometry and, hence, the flooding
characteristics of the channels. Moreover, construction of roads and other facilities greatly affect
flooding characteristics in and near the channels. Accordingly, it is important that flooding
potential studies be kept up to date to reflect natural and man-made changes in flow regimes.

Erosion on modem hillslopes in the Yucca Mountain region occurs during infrequent, intense,
short duration summer thunderstorms. This erosion takes place as the unconsolidated material
on the midslopes is. activated into debris flows which carry the material off the hillslopes and into
the adjacent basin. Aggradation occurs in washes and on the upper alluvial fans. Low-density
vegetation on the modem hillslopes increases erosional instability and erodability relative to
denser vegetation experienced under more pluvial conditions.

Landscape response to paleoclimatic conditions that are similar to modem conditions
(interpluvial or transitional to interpluvial) also resulted in erosion on the hillslopes of the Yucca
Mountain region. Unconsolidated material was moved off the hillslopes and into washes and
onto alluvial fans in marginal basins. Landscape response under more pluvial conditions caused
an increase of vegetation on hillslopes and greater resistance to sediment removal. Washes,
deprived of sediment supply and subject to increased streamflow, incised their valley sediment
and entrenched their channels across alluvial fans. During colder pluvial climates, frost wedging
of bedrock blocks occurred on hillslopes and hillslope creep resulted in the erosion and removal
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of bedrock material from the hillslopes of the Yucca Mountain region. Weathering of the
hillslope material during pluvial conditions and for long time periods resulted in the construction
of colluvial aprons on lower hillslopes.

Long-term average erosion rates of unconsolidated material from Yucca Mountain hillslopes is
less than 0.5 cm/k.y.; the rate of erosion of bedrock on ridge crests ranges from 0.1 to 0.3 cmlk.y.
Cosmogenic nuclide dating of lava flow surfaces at Black Cone in Crater Flat (1.0 ± 0.1 Ma by
K-Ar dating) yields maximum removal of less than 20 cm of material since flow deposition
(0.02 cm/k.y.).

An interpretation of the alluvial sediments in Fortymile Wash that uses all buried soils and the
U-series dates obtained from the central wash records a complex history for the middle and late
Quaternary along Yucca Mountain. Through the middle and late Quaternary, the Fortymile
Wash channel was incised several times during pluvial climatic conditions. When interpluvial
climates occurred, the wash would be aggraded and the channel would migrate laterally prior to
the next cutting cycle. There is no evidence, however, to suggest that there was a major period
of incision in the wash that, as a result of a lowered base level along the wash, initiated a
headward cutting period of incision in the tributary valleys to Fortymile Wash. A minimum time
estimate for a change in climate to that favoring incision in these valleys and for removal of the
alluvium now covering the bedrock floor in these valleys is at least 10 k.y. Based on the best
documented period of erosion in the valleys that overlie the potential repository, it would require
substantially more than 10 k.y. to effectively remove the alluvium and begin to actively erode the
bedrock floor.
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Source: Modified from Whitney and Harrington (1993)
Figure 7.4-1. Locations of Boulder Deposits Sampled for Cation Ratio Dating in the Yucca Mountain
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' Table 7.1-1. Surface Water Data Collection Sites in the Yucca Mountain Region

Station Latitude Drainage Area Site Typel
Site Number Station Name Longitude (kM2) Period of Record

1 10245270 Dry Lake Valley tributary near 37°37'18" 28.5 C 1967-81
Caliente, Nevada 114°46'24"

2 10247010 Hot Creek tributary near Warm 38°12'00" 5.44 C 1964-81
Springs, Nevada 116°13'00"

3 10247860 Penoyer Valley tributary near 37°35'07" 3.83 C 1964-65
Tempiute, Nevada 115°40'48" G 1966-77

C 1978-81
4 10247890 KP's Wash at Tippipah Highway, 37°10'07" 2.80 M 1984

Nevada Test Site, Nevada 116°08'27"
5 10248490 Indian Springs Valley tributary near 36°34'00" 75 C 1964-82

Indian Springs, Nevada 115°48'40" C 1984-95
6 10248970 Stonewall Flat tributary near 37°35'40" 1.37 C 1964-79

Goldfield, Nevada 117°12'35" C 1981
C 1983-85

7 10248980 Lida Pass tributary near Lida, Nevada 37°26'05" 4.12 C 1968-81
11 7°33'25"

8 10249050 Sarcobatus Flat tributary near 3713'18" 96 C 1961-81
Springdale, Nevada 117007'35"

9 10249135 San Antonio Wash tributary near 38°19'37" 8.86 C 1965-84
Tonopah, Nevada 117°07'25"

10 10249140 Ralston Valley tributary near 38°17'23" 0.52 C 1961-81
Tonopah, Nevada 117°05'59"

11 10249180 Saulsbury Wash near Tonopah, 38°07'30" 145 C 1962-81
Nevada 116°48'30" C 1985

C 1987-95

12 10249620 Big Smokey Valley tributary near 38°01'52" 6.19 C 1961-81
Tonopah, Nevada 117°13'52" C 1988-89

13 10249680 Big Smokey Valley tributary near Blair 38°01'52" 29.5 C 1961-85
Junction, Nevada 117°42'35"

14 10249850 Palmetto Wash tributary near Lida, 37°26'30" 12.2 C 1967-78
Nevada 117°41'25" C 1980-81

15 10249855 Palmetto Wash tributary near Oasis, 37°27'25" 0.62 C 1968-79
California 117°46'10" C 1980

16 10251215 Beatty Wash near Beatty, Nevada 36°56'35" 245 G 1989-95
11 6°43'09"

17 10251217 Amargosa River at Beatty, Nevada 36°54'38" 1186 G 1994-95
116°45'23"

18 10251220 Amargosa River near Beatty, Nevada 36°52'06" 1222 G 1964-68
116°45'34" C 1969-81

C 1983-85
C 1987-95

37004~10119 10251242 Fortymile Wash above East Cat
Canyon, Nevada Test Site, Nevada

37104'21 "
1 1 6'20'50"

106 G 1992-95

20 10251243 East Cat Canyon Wash at Fortyrnile 37°'19" 34.4 G 1992-95
Wash, Nevada Test Site, Nevada 116°20'50"

21 10251244 Stockade Wash below Stockade 37°08'59" 10.0 M 1984
Road, Nevada Test Site, Nevada 116°14'45"
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Table 7.1-1. Surface Water Data Collection Sites in the Yucca Mountain Region (Continued)

Station Latitude DrainageArea Site Typel
Site Number Station Name Longitude (kM2) Period of Record
22 10251248 Unnamed tributary to Stockade Wash 37°10'57" 10.1 G 1984-94

near Rattlesnake Ridge, Nevada Test 116°15'59"
Site, Nevada

23 102512484 Stockade Wash at Airport Road, 37'07'47" 71.6 C 1993-94
Nevada Test Site, Nevada 11601T23"

24 10251249 Stockade Wash near Fortymile Wash, 37°04'12" 177 G 1992-95
Nevada Test Site, Nevada 116°20'23"

25 10251250 Fortymile Wash at Narrows, Nevada 36°53'13" 668 C 1982-83
Test Site, Nevada (formerly published 116°22'50" G 1984-97
as Fortymile Wash cross-section 7)

26 10251252 Yucca Wash near mouth, Nevada 36°51'58" 44 C 1982-95
Test Site, Nevada (formerly published 116°23'38"
as Yucca Wash)

27 102512531 Pagany Wash near the Prow, Nevada 36°52'06" 1.22 G 1994-95
. Test Site, Nevada 116°26'50" G 1998

28 102512532 Pagany Wash #2, Nevada Test Site, 36°51'42" 1.89 M 1984
Nevada 116°26'24"

29 102512533 Pagany Wash #1 near Well UZ-4, 36°51'39" 2.12 M 1984
Nevada Test Site, Nevada 116°26'08" G 1993-95

G 1998
30 102512535 Drillhole Wash above Well UZ-1, 36051'57" 1.37 M 1984

Nevada Test Site, Nevada 116°27'25" G 1994-95
31 1025125356 Wren Wash at Yucca Mountain, 36°51'34" 0.60 G 1994-95

Nevada Test Site, Nevada 116°27'15"
32 102512536 Drillhole Wash above Well UE-25, 36°51'08" 7.20 M 1984

Nevada Test Site, Nevada 116026'25"
33 102512537 Split Wash below Quac Canyon 36°50'57" 0.85 M 1984

Wash, Nevada Test Site, Nevada 116°26'54" G 1994-95
G 1998

34 1025125372 Split Wash at Antler Ridge, Nevada 36°50'36" 6.09 G 1994
Test Site, Nevada 116°26'26" G 1998

35 10251254 Drillhole Wash at mouth, Nevada Test 36°49'13" 42.2 C 1983-95
Site, Nevada (formerly published as 116°23'52"
Drill Hole Wash) _

36 10251255 Fortymile Wash near Well J-1 3, 36°48'27" 787 M 1969
Nevada Test Site, Nevada 116°24'01" M 1983

G 1984-97
37 10251256 Dune Wash near Busted Butte, 36°47'35" 17.5 C 1982-95

Nevada Test Site, Nevada (formerly 116024'29"
published as Busted Butte Wash)

38 10251258 Fortymile Wash near Amargosa 36°40'18" 818 M 1969
Valley, Nevada (formerly published as 11 6°26'03" C 1982-83
Fortymile Wash cross-section 1) G 1984-97

39 10251259 Amargosa River at Highway 127, near 36°23'12" 3994 M 1993
California-Nevada State Line 116025'22" G 1994-95

40 10251260 Topopah Wash at Little Skull 36°46'06" 269 C 1984-95
Mountain, Nevada Test Site, Nevada 116019'23"
(formerly published as Topopah Wash
near Lathrop Wells) _-
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Table 7.1-1. Surface Water Data Collection Sites in the Yuca ountain Region (Continued)

Station Latitude Drainage Area Site Ty pet
Site Number Station Name Longitude (kM2) Period of Record
41 10251265 Cane Spring Wash near Cane Spring, 36°4827" 21.6 C 1984-95

Nevada Test Site, Nevada (formerly 11605041"
published as Cane Springs tributary
near Mercury and Cane Spring Wash
tributary near Cane Spring)

42 102512654 Cane Spring Wash tributary below 36048'23" 5.93 C 1992-95
Skull Mountain, Nevada Test Site, 116005'43"
Nevada

43 10251266 Frenchman Lake tributary at old 36043'48" 16.4 M 1984
Mercury Highway, Nevada Test Site, 115°59'59"
Nevada

44 10251269 Gas Station Wash at Mercury, 36°39'36" 1.35 M 1984
Nevada Test Site, Nevada 116°00'01"0

45 10251270 Amargosa River tributary near 36°33'40" 285 C 1963-81
Mercury, Nevada 116'06'00" C 1984-95

46 10251271 Amargosa River tributary No. 1 near 36°27'36" 5.72 C 1967-81
Johnnie, Nevada 116006'28" C 1984-95

47 10251272 Amargosa River tributary No. 2 near 36°26'09" 6.45 C 1968-81
Johnnie, Nevada 116°04'28" C 1984-95

48 10251275 Carson Slough at Ash Meadows, 36025'31" Indeterminate G 1994-97
Nevada 116°21'25"

49. 10251280 Amargosa River near Eagle Mountain 36011'48" 6816 C 1990-95
below Death Valley Junction, 116°22'06"
California (formerly published as
Amargosa River at Eagle Mountain)

50 10251300 Amargosa River at Tecopa, California 35°50'55" 8003 G 1962-83
116°13'45" M 1990

G 1992-94
51 - 3 Springs Creek near Warm Springs, 37057038" 4.20 G 1987-92

Nevada 116°25'20"
52 East Stewart Creek near lone, 38°5323" 0.93 G 1987-92

Nevada 117°21'37 _

Sources: USGS (1970, 1972,1973, 1974a, 1974b, 1975, 1976,1977,1978, 1979, 1980, 1982a, 1982b),
Frisbie et al. (1983,1984, 1985a, 1985b), Pupacko et al. (1988, 1989a, 1989b, 1990), Bostic et al. (1991,
1997), Garcia et al. (1992), Hess et al. (1993), Emett et al. (1994), Clary et al. (1995), Bauer et al. (1996),
Bonner et al. (1998), Preissler et al. (1999).

NOTES: C = crest-stage gauge; G = continuous gauging station; M = miscellaneous site
To identify drainage area in square miles, multiply square kilometers by 0.3861.
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Table 7.1-2. Peak Discharges at Stream Gauging Sites in the Yucca Mountain Region

Peak Peak Peak
Station Number - Date Discharge Date Discharge Date Discharge

Site Station Name mm-dd-yy (m3/s) mm-dd-yy (m3 ls) mm-dd-yy (m3 Is)

10245270- Dry Lake 07-31-67 4.42 09-19-72 0.11 77WY
Valley tributary near 11-00-67 3.40 73WY * 78WY *

Caliente, Nevada 10-14-68 0.06 09-00-74 3.11 79WY
08-00-70 0.03 09-10-75 0.42 8OWY *

08-00-71 0.02 07-00-76 4.25 81WY

2 10247010 - Hot Creek 64WY 7OWY 08-01-76 2.83
tributary near Warm 65WY 71WY 08-00-77 0.03
Springs, Nevada 66WY 72WY 78WY *

67WY 73WY * 79WY
07-30-68 0.01 74WY * 8OWY
08-12-69 0.28 75WY 81WY

3 10247860- Penoyer 64WY * 07-21-70 0.99 09-11-76 0.02
Valley tributary near 07-30-65 0.06 71WY * 10-02-76 0.01
Tempiute, Nevada 66WY 09-18-72 0.93 78WY *

67WY 73WY * 08-13-79 0.01
08-06-68 3.68 74WY 8OWY 0.01
07-19-69 1.27 09-10-75 0.06 81WY *

4 10247890- KP's Wash at 07-19-84 8.50
Tippipah Highway, 08-19-84 0.14
Nevada Test Site,
Nevada

5 10248490- Indian 64WY 76WY 0.08 05-16-87 0.28-0.42
Springs Valley tributary 07-01-65 3.40 10-02-76 2.83 01-18-88 <0.03
near Indian Springs, 11-23-65 0.01 78WY * 08-26-88 0.06
Nevada 08-24-67 0.14 08-13-79 0.03 01-10-89 <0.003

07-30-68 0.02 8OWY 0.02 08-11-89 0.07
01-25-69 0.71 05-27-81 0.03 09-23-90 <0.0003

7OWY 08-24-82 3.12 91WY *

07-01-71 0.34 83WY - 92WY *

08-14-72 14.1 08-15-84 1.90 93WY *

03-03-73 0.01 08-19-84 3.68 94WY *

07-23-74 0.02 85WY 95WY
10-03-74 0.06 86WY

6 10248970 - Stonewall 11-01-63 0.01 06-22-72 0.03 79WY 0.01
Flat tributary near 08-15-65 0.23 10-04-72 0.03 8OWY -

Goldfield, Nevada 09-19-66 0.03 74 WY 81WY 0.01
09-04-67 1.02 75WY * 82VVY -

08-07-68 1.75 08-01-76 0.03 83WY *

06-16-69 4.25 08-00-77 0.008 07-28-84 0.74
7OWY 78WY * 11-00-84 0.21
71WY *

7 10248980 - Lida Pass 08-07-68 0.003 73WY 78WY 0.02
tributary near Lida, 69WY * 74WY * 79WY *

Nevada 08-00-70 0.008 75WY * 8OWY *

71WY * 09-00-76 0.03 81WY *

72WY 06-00-77 0.02
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Table 7.1-2. Peak Discharges at Stream Gauging Sites in the '?ucca Mountain Region (Continued)

Peak Peak Peak
Station Number - Date Discharge Date Discharge Date Discharge

Site Station Name mm-dd-yy (m3 Js) mm-dd-yy (m3 /s) mm-dd-yy (m3/s)
a 10249050- Sarcobatus 61WY 0.37 08-07-68 0.71 09-10-75 0.42

Flat tributary near 62WY 0.14 07-00-69 0.82 07-00-76 0.17
Springdale, Nevada 63WY * 7OWY 08-00-77 0.03

64WY * 08-00-71 0.03 09-06-78 0.02
08-17-65 1.08 72WY * 08-13-79 0.01

66WY 10-04-72 0.17 09-09-80 1.78
08-00-67 0.28 08-05-74 0.003 08-10-81 0.18

9 10249135 - San Antonio 65WY 0.03 08-13-72 18.7 78WY
Wash tributary near 66WY 10-04-72 0.20 08-00-79 0.006
Tonopah, Nevada 07-13-67 0.11 74WY 8OWY *

07-31-68 0.03 75WY * 81WY *

07-00-69 0.06 76WY 82WY *

08-00-70 0.62 08-00-77 0.03 08-14-84 3.68
09-00-71 0.003

10 10249140- Ralston 61WY 0.62 07-31-68 0.003 75WY
Valley tributary near 62WY * 07-00-69 1.27 76WY
Tonopah, Nevada 63WY 08-00-70 0.65 08-00-77 0.74

64WY * 08-29-71 1.36 78WY *

08-17-65 0.02 08-13-72 0.57 79WY *

66WY 73WY 8OWY *

07-13-67 0.01 74WY * 81WY

11 10249180 - Saulsbury 06-15-62 0.28 74WY 85WY
Wash near Tonopah, 63WY 07-00-75 0.003 86WY _

Nevada 64WY * 08-01-76 2.55 87WY *

65WY * 77WY * 88WY
03-00-66 1.16 03-00-78 3.40 89WY *

07-30-67 0.28 79WY 0.25 9OWY 0.01
11-20-67 0.03 8OWY * 91WY
03-27-69 9.63 81WY * 07-11-92 2.83
08-00-70 0.06 82WY _ 93WY *

71WY * 83WY _ 07-22-94 0.01
06-06-72 0.76 84WY _ 03-11-95 0.06
10-04-72 0.08

12 10249620-Big Smokey 61WY 0.28 71WY 81WY
Valley tributary near 62WY * 09-05-72 0.003 82WY -

Tonopah, Nevada 06-10-63 0.08 73WY * 83WY -

64WY * 74WY * 84WY -

65WY 75WY 85WY -

66WY 09-00-76 0.01 86WY -

09-24-67 0.06 08-00-77 0.03 87WY -

68WY * 03-00-78 0.01 88WY *

69W * 08-00-79 0.01 89WY *

7OWY * 8OWY *
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Table 7.1-2. Peak Discharges at Stream Gauging Sites in the Yucca Mountain Region (Continued)

Peak Peak Peak
Station Number - Date Discharge Date Discharge Date Discharge

Site Station Name mm-dd-yy (m31s) mm-dd-yy (m3/s) mm-dd-yy (m3ts)
13 10249680- Big Smokey 61WY 2.55 7OWY 78WY

Valley tributary near Blair 62WY . 71WY * 79WY
Junction, Nevada 06-10-63 0.06 05-30-72 1.78 8OWY

64WY 10-01-72 0.40 06-01-81 0.01
65WY 74WY * 82WY

09-16-66 0.20 09-10-75 0.02 83WY
12-06-66 0.03 09-10-76 2.26 08-14-84 9.35
07-30-68 0.04 10-02-76 4.81 07-00-85 13.0
07-00-69 0.34

14 10249850 - Palmetto 09-24-67 0.45 06-07-72 0.006 06-00-77 0.01
Wash tributary near Lida, 08-07-68 0.51 73WY 78WY 0.01
Nevada 07-00-69 5.47 12-30-73 0.003 79WY -

08-15-70 0.59 75WY 80WY 0.006
08-03-71 0.71 09-00-76 0.03 81WY 0.006

15 10249855- Palmetto 08-07-68 0.26 73WY 0.003 78WY
Wash tributary near 07-00-69 0.01 74WY * 79WY
Oasis, California 08-15-70 0.34 75WY * 8OWY _

71WY 08-00-76 0.85 81WY
72WY 77WY *

16 10251215- Beatty Wash 08-11-89 0.71 92WY * 94WY
near Beatty, Nevada 07-14-90 8.50 93WY * 03-11-95 25.5

91WY

17 10251217- Amargosa 03-07-94 0.03
River at Beatty, Nevada 03-11-95 28.3

18 10251220 - Amargosa 07-26-64 0.71 03-04-78 18.4 03-21-91 0.42
River near Beatty, 09-07-65 0.57 79WY * 07-07-91 0.06
Nevada 66WY 80WY 01-05-92 0.03

08-30-67 120 81WY * 02-13-92 0.28
02-10-68 2.55 82WY - 03-21-92 0.25
02-24-69 453 03-03-83 3.40 03-30-92 0.34
08-15-70 0.003 84WY 01-19-93 0.0008

71WY 07-19-85 0.14 01-19-93 0.03
72WY 86WY - 02-19-93 0.14

02-11-73 0.51 03-21-87 1.70 02-20-93 0.01
74WY 04-15-88 0.28-0.42 02-27-93 0.28

09-10-75 11.7 89WY * 94WY
02-00-76 2.83 07-15-90 5.24 03-11-95 36.8
06-00-77 0.048 03-02-91 0.17

19 10251242- Fortyrnile 92WY 94VVY
Wash above East Cat 01-17-93 7.16 03-11-95 85.0
Canyon, Nevada Test
Site, Nevada

20 10251243- East Cat 92WY 94WY
Canyon Wash at 01-17-93 0.28 03-11-95 1.13
Fortymile Wash, Nevada
Test Site, Nevada

21 10251244 - Stockade 07-19-84 0.57
Wash below Stockade
Road, Nevada Test Site,
Nevada
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Table 7.1-2. Peak Discharges at Stream Gauging Sites in the ?Ccca Mountain Region (Continued)

Peak Peak Peak
Station Number - Date Discharge Date Discharge Date Discharge

Site Station Name mm-dd-yy (m3/s) mm-dd-yy (m31s) mm-dd-yy (m31s)

22 10251248 - Unnamed 07-21-84 0.37 08-26-88 0.02 03-30-92 0.20
tributary to Stockade 10-02-84 0.02 08-09-89 0.0008 02-19-93 0.51
Wash near Rattlesnake 02-15-86 0.02 09-23-90 0.005 09-20-94 0.11
Ridge, Nevada Test Site, 07-21-87 0.008 03-21-91 0.0003
Nevada

23 102512484 - Stockade 02-08-93 4.53 03-16-93 0.03 94WY*
Wash at Airport Road, 02-10-93 0.05 03-16-93 0.57
Nevada Test Site,
Nevada

24 10251249- Stockade 92WY 94WY
Wash near Fortymile 01-14-93 0.37 95-03-11 19.8
Wash, Nevada Test Site,
Nevada

25 10251250 - Fortymile 82WY 86WY 02-12-92 0.68
Wash at Narrows, 03-03-83 43.0 87WY 01-18-93 1.50
Nevada Test Site, 07-21-84 20.7 88WY 94WY
Nevada (formerly 08-14-84 1.42 89WY * 01-25-95 0.20
published as Fortymile 08-19-84 19.3 9OWY * 03-11-95 85.
Wash cross-section 7) 07-20-85 0.33 91WY* 96WY*

97WY *

26 10251252 - Yucca Wash 82WY 05-07-87 <0.003 02-13-92 0.10
near mouth, Nevada Test 03-03-83 2.83 88WY* 03-30-92 <0.03
Site, Nevada (formerly 07-21-84 26.6 89WY * 01-18-93 0.57
published as Yucca 08-19-84 0.88 90WY * 01-18-93 2.26
Wash) 07-19-85 0.0003 91WY * 94WY*

86WY 02-12-92 0.42 01-26-95 5.24
27 102512531- Pagany 94WY*

Wash near the Prow, 03-11-95 1.70
Nevada Test Site, 98WY NA
Nevada

28 102512532- Pagany 08-19-84 4.25
Wash #2, Nevada Test
Site, Nevada

29 102512533- Pagany 08-19-84 2.83 94WY*
Wash #1 near Well UZ-4, 01-17-93 0.0003 03-11-95 1.70
Nevada Test Site,
Nevada

30 102512535- Drillhole 08-19-84 1.19
Wash above Well UZ-1, 94WY*
Nevada Test Site, 03-11-95 0.85
Nevada

31 1025125356- Wren 94WY
Wash at Yucca Mountain, 03-11-95 0.85
Nevada Test Site,
Nevada

32 102512536- Drillhole 08-19-84 0.48
Wash above Well UE-25,
Nevada Test Site,
Nevada
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Table 7.1-2. Peak Discharges at Stream Gauging Sites in the Yucca Mountain Region (Continued)

Peak Peak Peak
Station Number- Date Discharge Date Discharge Date Discharge

Site Station Name mm-dd-yy (m3 /s) mm-dd-yy (m3fs) mm-dd-yy (m3is)

33 102512537- Split Wash 07-21-84 8.21 03-11-95 0.31
below Quac Canyon 94WY . 98WY NA
Wash, Nevada Test Site,
Nevada

34 1025125372- Split Wash 94WY 98WY NA
at Antler Ridge, Nevada
Test Site, Nevada

35 10251254 - Drillhole 83WY 87WY 92WY
Wash at mouth, Nevada 07-23-84 22.4 88WY * 93WY *

Test Site, Nevada 08-19-84 1.22 89WY * 94WY *

(formerly published as 07-19-85 0.48 9OWY 03-11-95 0.003
Drill Hole Wash) 86WY 91WY

36 10251255- Fortymile 02-25-69 570 86WY 91WY
Wash near Well J-13, 03-03-83 16.1 87WY 92WY*
Nevada Test Site, 07-21-84 52.7 88WY 93WY
Nevada 08-19-84 24.4 89WY 94WY *

07-19-85 0.17 90WY * 03-11-95 85.0
96WY *

97WY *

37 10251256 - Dune Wash 82wY 88WY 93VWY
near Busted Butte, 83WY * 89WY 94WY *

Nevada Test Site, 08-19-84 0.40 9OWY * 12-25-94 0.08
Nevada (formerly 07-19-85 2.66 09-07-91 0.12 01-25-95 0.08
published as Busted 86VWY 02-12-92 0.04 03-11-95 0.08
Butte Wash) 87WY 03-30-92 0.03

38 10251256- Fortymile 01-25-69 42.5 07-19-85 0.09 91WY
Wash near Amargosa 02-25-69 93.5 86WY * 92WY *

Valley, Nevada (formerly 82WY 02-23-87 0.02 93WY
published as Fortymile 03-03-83 11.3 11-06-87 0.02 94WY
Wash cross-section 1) 07-22-84 40.5 89WY * 03-11-95 34.0

08-19-84 10.5 09-23-90 0.02 96WY
97WY

39 10251259- Amargosa 02-08-93 1.36 02-26-93 3.09 01-25-95 1.56
River at Highway 127, 02-09-93 0.31 04-28-94 0.42
near California-Nevada
State Line

40 10251260 - Topopah 07-21-84 3.71 04-15-88 <0.014 03-30-92 .0.04
Wash at Little Skull 07-31-84 3.40 08-25-88 0.14 12-07-92 0.20
Mountain, Nevada Test 08-15-84 2.35 08-11-89 0.17 12-08-92 0.02
Site, Nevada (formerly 08-19-84 15.0 07-15-90 0.28-0.42 01-17-93 0.21
published as Topopah 11-22-84 0.03 08-15-90 <0.03 02-08-93 0.10
Wash near Lathrop 12-19-84 0.003 09-23-90 0.08 02-20-93 0.02
Wells) 11-12-85 0.003 03-00-91 0.02 06-06-93 0.15

02-15-86 0.15 01-06-92 0.08 94WY *

11-18-86 0.20 02-12-92 0.07 12-25-94 0.14
07-20-87 0.14 03-07-92 0.006
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Table 7.1-2. Peak Discharges at Stream Gauging Sites in the Vucca Mountain Region (Continued)

Peak . Peak Peak
Station Number - Date Discharge Date Discharge Date Discharge

Site Station Name mm-dd-yy (m3is) mm-dd-yy (m31s) mm-dd-yy (m3Is)
41 10251265 - Cane Spring 07-24-84 0.01 09-23-90 0.17 12-07-92 0.54

Wash near Cane Spring, 85WY * 10-04-90 0.17 01-18-93 0.17
Nevada Test Site, 86WY 08-11-91 0.12 01-18-93 0.006
Nevada (formerly 05-16-87 0.14-0.28 09-07-91 0.51 02-20-93 0.06
published as Cane 10-24-87 0.17 02-12-92 0.04 94WY *

Springs tributary near 89WY * 07-12-92 0.79 03-11-95 0.14
Mercury and Cane Spring 08-14-90 0.42
Wash tributary near Cane
Spring)

42 102512654 - Cane Spring 92WY * 02-20-93 0.31 01-26-95 0.42
Wash tributary below 01-18-93 1.60 94WY * 03-11-95 0.42
Skull Mountain, Nevada 01-18-93 6.80
Test Site, Nevada

43 10251266 - Frenchman 08-15-84 31.2
Lake tributary at old
Mercury Highway,
Nevada Test Site,
Nevada

44 10251269 - Gas Station 07-15-84 2.83
Wash at Mercury,
Nevada Test Site,
Nevada

45 10251270 - Amargosa 09-01-63 0.28 12-04-74 0.02 85VVY *

River tributary near 08-01-64 1.13 76WY * 07-24-86 1.89
Mercury, Nevada 08-18-65 1.05 10-02-76 0.68 11-18-86 2.83

11-08-65 0.57 78WY * 88WY *

08-01-67 17.0 08-13-79 0.68 89WY *

08-01-68 97.1 8OWY * 07-15-90 1.42
02-25-69 1.70 81WY * 08-14-90 20.2
08-04-70 6.80 82WY _ 91WY
08-14-71 2.55 83WY - 92WY*
08-13-72 43.6 07-15-84 5.55 93WY
10-04-72 5.24 08-15-84 0.74 94WY
08-04-74 0.08 08-19-84 32.6 95VWY *

46 10251271 - Amargosa 09-04-67 2.62 10-02-76 2.10 05-16-87 <0.003
River tributary No. I near 08-01-68 5.49 02-10-78 0.31 01-17-88 <0.003
Johnnie, Nevada 07-28-69 0.02 79WY 04-15-88 <0.0003

08-04-70 9.91 80WY * 89WY
07-00-71 2.55 81WY * 07-14-90 0.51
09-18-72 0.17 82WY _ 07-07-91 9.35
10-04-72 2.77 83VVY - 92VVY *

03-08-74 0.11 08-00-84 2.69 02-08-93 0.34
09-10-75 0.28 85WY 94WY *

07-00-76 0.08 86WY * 95WY *
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Table 7.1-2. Peak Discharges at Stream Gauging Sites in the Yucca Mountain Region (Continued)

Peak Peak Peak
Station Number - Date Discharge Date Discharge Date Discharge

Site Station Name mm-dd-yy (m3Is) mm-dd-yy (m3/s) mm-dd-yy (m31s)
47 10251272 - Amargosa 08-01-68 3.54 02-00-78 0.03 08-29-88 0.01

River tributary No. 2 near 06-12-69 0.06 79WY * 08-11-89 1.42
Johnnie, Nevada 08-04-70 0.08 8OVWY 07-14-90 0.05

71WY 81W * 07-07-91 0.25
09-18-72 0.01 82WY _ 07-31-91 0.17
02-11-73 0.003 83WY _ 09-07-91 0.11

74WY 08-00-84 0.06 01-00-92 0.06
09-10-75 0.14 85'W Y 93WY
02-00-76 0.06 86WY * 94WY *

08-00-77 0.08 05-16-87 <0.003 95WY *

48 10251275- Carson 01-11-94 0.06 96WY 2.8
Slough at Ash Meadows, 01-27-95 1.44 97WY 2.7
Nevada

49 10251280 - Amargosa 07-16-90 39.4 01-26-93 0.23 02-20-93 2.95
River near Eagle 91Wy' 02-03-93 0.14 02-23-93 0.68
Mountain below Death 03-27-92 0.11 02-08-93 12.1 03-26-93 0.05
Valley Junction, 07-13-93 20.5 02-09-93 4.50 04-07-93 0.02
California (formerly 01-07-93 0.01 02-09-93 4.16 07-28-94 3.40
published as Amargosa 01-19-93 1.36 02-11-93 1.95 03-11-95 2.83
River at Eagle Mountain) 01-20-93 2.38 02-11-93 1.78

50 10251300 - Amargosa 09-26-62 8.78 02-11-76 8.58 08-12-81 5.98
River at Tecopa, 02-10-63 20.4 05-07-76 0.62 09-06-81 33.1
California 09-21-63 8.67 09-11-76 20.5 01-21-82 1.84

07-27-64 0.96 09-26-76 30.0 02-12-82 1.59
04-10-65 2.44 10-02-76 73.6 03-15-82 5.72
07-18-65 8.52 01-03-77 1.33 04-12-82 2.75
11-23-65 12.7 03-02-77 0.45 09-12-82 1.73
12-11-65 68.5 05-08-77 2.72 11-30-82 2.49
12-31-65 12.3 08-17-77 47.6 12-23-82 2.44
09-05-67 2.55 12-28-77 4.62 01-29-83 2.32
02-14-68 3.43 01-05-78 1.59 02-08-83 2.18
08-03-68 7.19 01-10-78 1.47 03-03-83 35.7
01-25-69 48.3 01-19-78 5.58 03-24-83 2.27
02-06-69 10.4 02-10-78 9.09 08-07-83 1.84
02-26-69 142 03-04-78 10.3 08-18-83 300
06-18-69 5.49 04-02-78 5.86 84WY -

07-20-69 4.28 04-16-78 1.84 85WY -

02-23-70 5.86 01-16-79 1.95 86WY -

08-16-70 3.06 03-21-79 1.53 87VY -

11-30-70 0.88 01-11-80 1.95 88WY -

09-18-72 4.13 01-29-80 7.39 89WY -

10-03-72 56.6 02-17-80 19.4 08-14-90 12.1
04 18-73 3.74 03-03-80 3.77 91VWY -

01-08-74 1.22 05-04-80 3.91 03-30-92 14.4
03-09-74 0.59 07-01-80 6.34 02-08-93 20.4
07-24-74 1.50 01-30-81 2.44 02-08-94 0.05
09-11-75 0.68

51 -3 Springs Creek near 06-07-87 0.005 03-19-89 0.0004 04-26-91 0.002
Warm Springs, Nevada 04-29-88 0.06 9OWY 04-15-92 0.01
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Table 7.1-2. Peak Discharges at Stream Gauging Sites in the Yucca Mountain Region (Continued)

PekPeak Peak
Station Number - Date Discharge Date Discharge Date Discharge

Site Station Name mm-dd-yy (m31s) mm-dd-yy (m3 s) mm-dd-yy (m31s)

52 - East Stewart Creek 06-06-87 0.08 06-11-89 0.03 06-13-91 0.10
near lone, Nevada 06-06-88 0.07 06-10-90 0.04 05-17-92 0.04

Sources: USGS (1970, 1972, 1973, 1974a, 1974b, 1975, 1976, 1977, 1978, 1979, 1980, 1982a, 1982b),
Frisbie et al. (1983, 1984, 1985a, 1985b), Pupacko et al. (1988, 1989a, 1989b, 1990), Bostic et al. (1991,
1997), Garcia et al. (1992), Hess et al. (1993), Emett et al. (1994), Clary et al. (1995), Bauer et al. (1996),
Bonner et al. (1998), Preissler et al. (1999).

NOTES: WY = Water Year (previous October to September); 00 = no day determined for indicated month and year;
* = no flow recorded during indicated water year; - = site not operated during indicated water year

NA = final results not available
To identify peak discharge in cubic feet per second, multiply cubic meters per second value by 35.3146.
See Table 7.1-1 for site type (e.g., crest-stage gauge).
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Table 7.1-3. The Ten Largest Observed Peak Discharges in the Yucca Mountain Region

Drainage Peak Unit Peak
Station Area Date Discharge Discharge

Site Number Station Name (km2) mmlddlyy (m31s) m3 /s I kM2)
36 10251255 Fortymile Wash near 787 02/25/69 570 0.724

Well J-13, Nevada
Test Site, Nevada

18 10251220 Amargosa River near 1222 02/24/69 453 0.371
Beatty, Nevada

50 10251300 Amargosa River at 8003 08/18/83 300 0.037
Tecopa, California

50 10251300 Amargosa River at 8003 02/26/69 142 0.018
Tecopa, California

18 10251220 Amargosa River near 1222 08/30/67 120 0.098
Beafty, Nevada

45 10251270 Amargosa River 285 08/01/68 97.1 0.341
tributary near Mercury,
Nevada

38 10251258 Fortymile Wash near 818 02/25169 93.5 0.114
Amargosa Valley,
Nevada

19 10251242 Fortymile Wash above 106 03/11/95 85.0 0.802
East Cat Canyon,
Nevada Test Site,
Nevada

25 10251250 Fortymile Wash at 668 03111/95 85.0 0.127
Narrows, Nevada Test
Site, Nevada

36 10251255 Fortymile Wash near 787 03/11/95 85.0 0.108
Well J-13, Nevada
Test Site, Nevada

Sources: USGS (1974a), Frisbie et al. (1984), Bauer et al. (1996).

NOTE: To identify drainage area in square miles, or peak discharge in cubic feet per second, see conversion
factors at end of Tables 7.1-1, 7.1-2.
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Table 7.1-4. The Ten Largest Observed Unit Peak Discharges in the Yucca Mountain Region

Drainage Peak Unit Peak
Station Area Date Discharge Discharge

Site Number Station Name (kM2) mm/dd/yy (m31s) m3 is I ki 2 )

33 102512537 Split Wash below 0.85 07/21/84 8.21 9.66
Quac Canyon Wash,
Nevada Test Site,
Nevada

6 10248970 Stonewall Flat 1.37 06/16/69 4.25 3.10
tributary near
Goldfield, Nevada

4 10247890 KP's Wash at Tippipah 2.80 07/19/84 8.50 3.04
Highway, Nevada Test
Site, Nevada

10 10249140 Ralston Valley 0.52 08/29/71 1.36 2.62
tributary near
Tonopah, Nevada

10 10249140 Ralston Valley 0.52 07/00/69 1.27 2.44
tributary near
Tonopah, Nevada

28 102512532 Pagany Wash #2, 1.89 08/19/84 4.25 2.25
Nevada Test Site,
Nevada

9 10249135 San Antonio Wash 8.86 08/13/72 18.7 2.11
tributary near
Tonopah, Nevada

44 10251269 Gas Station Wash at 1.35 07/15/84 2.83 2.10
Mercury, Nevada Test
Site, Nevada

43 10251266 Frenchman Lake 16.4 08115/84 31.2 1.90
tributary at old
Mercury Highway,
Nevada Test Site,
Nevada

46 10251271 Amargosa River 5.72 08/04/70 9.91 1.73
tributary No. 1 near
Johnnie, Nevada

Sources: USGS (1972,1973,1974a), Frisbie (1985a)

NOTES: 00 = no day determined for indicated month and year
To identify drainage area in square miles, or peak discharge in cubic feet per second, see conversion
factors at end of Tables 7.1-1, 7.1-2.
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Table 7.1-5. The Ten Largest Observed Unit Peak Discharges for Sites with Drainage Basin Areas
Greater than 10 Square Kilometers in the Yucca Mountain Region

Drainage Peak Unit Peak
Station Area Date Discharge Discharge

Site Number Station Name (kM2) mmlddlyy (m3Is)r 3mIs I kM2)
43 10251266 Frenchman Lake 16.4 08/15/84 31.2 1.90

tributary at old
Mercury Highway,
Nevada Test Site,
Nevada

19 10251242 Fortymile Wash above 106 03/11195 85.0 0.802
East Cat Canyon,
Nevada Test Site,
Nevada

36 10251255 Fortymile Wash near 787 02/25/69 570 0.724
Well
J-13, Nevada Test
Site, Nevada

26 10251252 Yucca Wash near 44 07/21184 26.6 0.604
mouth, Nevada Test
Site, Nevada

35 10251254 Drillhole Wash at 42.2 07/23/84 22.4 0.531
mouth, Nevada Test
Site, Nevada

14 10249850 Palmetto Wash 12.2 07/00/69 5.47 0.448
tributary near Lida,
Nevada

13 10249680 Big Smokey Valley 29.5 07/00/85 13.0 0.441
tributary near Blair
Junction, Nevada

18 10251220 Amargosa River near 1222 02124/69 453 0.371
Beatty, Nevada

45 10251270 Amargosa River 285 08/01/68 97.1 0.341
tributary near Mercury,
Nevada

13 10249680 Big Smokey Valley 29.5 08/14/84 9.35 0.317
tributary near Blair
Junction, Nevada

Sources: USGS (1974a), Frisbie (1985a, 1985b), Bauer et al. (1996)

NOTES: 00 = no day determined for indicated month and year
To identify drainage area in square miles, or peak discharge in
factors at end of Tables 7.1-1, 7.1-2.

cubic feet per second, see conversion
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Table 7.2-1. Comparison of Total Infiltration Loss Estimates for Fortymile Wash

Fortymile Upper Jackass Lower Jackass: Amargosa
Canyon Reach Flats Reach Flats Reach Desert Reach

Estimator (7.1 km) (10.1 km) (16.8 km) (13.9 km) Total (47.9 km)
Osterkamp et al. 50,000 m3lyr 510,000 m3/yr 10,000 m3lyr 20,000 m3lyr 590,000 m3lyr

(1994) 3 1 7 1 (478 a.-ft)
Savard (1998) 36,000 M3lyr 171,100 M3/yr 186,400 m3/yr 104,000 M3/yr 297,500 m3/yr

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ (24 1 a .-ft)

I

Source: Savard (1998, pp. 26 to 27)

NOTE: To obtain infiltration loss estimates in cubic feet per year, multiply the cubic meter per year value by
35.3146.
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Table 7.4-1. Descriptive and Calculated Data for the Cosmogenic Beryllium-I0 Sample Analyses

Latitude Elevation [10 BeJ Age Uncertainty
LithologylPhase (.1) (ki) (atomslg x 106) (k.y-.) 25%

Buckboard Mesa Basalt IWR 37.08 1.476 6.190 585 146

Buckboard Mesa Basalt /WR 37.08 1.476 6.827 640 160

Yucca Mountain East Side Tuff/ WR 36.82 1.36 6.370 645 161

Yucca Mountain East Side Tuff / WR 36.82 1.36 2.903 280 70

Yucca Mountain East Side TuffIWR 36.82 1.36 2.388 215 54

Yucca Mountain East Side Tuff / WR 36.82 1.36 3.050 295 74

Yucca Mountain East Side Tuff / WR 36.82 1.36 1.814 165 41

Little Skull Mtn Boulder Deposit ! WR 36.75 1.165 6.370 845 211

Little Skull Mtn Boulder Deposit / WR 36.75 1.165 3.633 420 105

Little Skull Mtn Boulder Deposit / WR 36.75 1.165 8.770 1,210 303

Black Cone Basalt I WR 36.8 0.984 3.917 750 188

Black Cone Basalt IWR 36.8 0.984 2.600 440 110

Black Cone Basalt/ WR 36.8 0.984 4.008 550 138

Black Cone Basalt / WR 36.8 0.994 6.756 1,000 250

Yucca Mountain West Side Tuff / WR 36.83 1.292 4.579 1,410 353

Yucca Mountain West Side Tuff / WR 36.83 1.299 23.629 7,270 1,818

Yucca Mountain West Side Tuff / WR 36.83 1.274 3.470 360 90

Antler Ridge Tuff IQTZ 36.85 1.366 12.200 1,325 331

Antler Ridge Tuft/ QTZ 36.85 1.366 6.828 640 160

Antler Ridge Tuff/ QTZ 36.85 1.366 5.821 535 134

Whaleback Ridge Tufft QTZ 36.85 1.372 8.400 820 205

Whaleback Ridge Tufft QTZ 36.85 1.372 3.288 285 71

Whaleback Ridge Tuff / QTZ 36.85 1.372 3.443 290 73

Whaleback Ridge Tuff/ QTZ 36.85 1.372 8.291 780 195

Source: Harrington (2000)

NOTES: [' 0 Be] is measured beryllium-10 concentration in atoms/g; Age is exposure age assuming no erosion and
no burial using P = 6.01 atoms/g of quartz/yr., p = 2.65 g/cm3, and A = 150 g/cm2. Uncertainty is
assumed to be ± 25 percent.
QTZ = mineral separate; WR = whole rock
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Table 7.4-2. Ages of Four Boulder Deposits around Yucca Mountain

Calculated Cation Ratio Age Calculated Cosmogenic Nuclide Age
Boulder Deposit Location (k.y.) (k.y-)

Buckboard Mesa 730-1430 460-765
Skull Mountain Pass 500-930 620-1,030
East Side Yucca 320-590 480-805
West Side Yucca 360-660 660-1,100

Source: Harrington (2000)

NOTE: The uncertainties in the cation ratio ages are the 95 percent confidence limits of the curve regression line.
The cosmogenic age la uncertainties are 25 percent of the mean age.
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8. UNSATURATED ZONE HYDROLOGY

8.1 INTRODUCTION

The Yucca Mountain site occupies an intermediate position between areas of recharge and
discharge of the regional groundwater flow system. The aridity and small average rate of
recharge produce a correspondingly small groundwater flux, which is readily transmitted through
the extensively fractured rocks that compose most of the region. Consequently, the average
regional hydraulic gradient also is small, resulting in a water table (the upper surface of the
saturated zone) that commonly is deep beneath the land surface, particularly beneath prominent
ridges such as Yucca Mountain. The combination of aridity, large topographic relief, and
transmissive rocks results in a thick unsaturated zone that is a principal hydrologic attribute of
the site and that is proposed as the host environment for the repository. At the crest of Yucca
Mountain (borehole USW H-3), the water table is at an elevation of about 731 m (2,398 ft) above
mean sea level (Tucci and Burkhardt 1995, Table 1), which is about 752 m (2,467 ft) below land
surface, and about 360 m (1,181 ft) below the design repository horizon (DOE 1998a, Volume 2,
Figure 4-21). The repository safety strategy relies on the attributes of this thick unsaturated zone
to provide an environment in which waste packages and other engineered barriers are expected to
prevent the contact of radionuclides in the waste by groundwater for thousands of years
(YMP 1998, p. 2). Performance assessments have shown that the amount of water contacting the
waste packages is the most important determinant of the ability of the site to contain and isolate
waste (YMP 1998, p. 4). The amount of water contacting waste packages ultimately affects all
aspects of performance from waste package lifetime to radionuclide movement. The amount of
water contacting the waste packages is limited by the seepage into the repository, which depends
on the nature of percolation through the repository host rock in the unsaturated zone (YMP 1998,
p. 4). Once radionuclides are released from a waste package, the repository safety strategy relies
on the unsaturated zone system beneath the repository, together with the engineered barrier
system, to reduce the concentration of radionuclides during transport before they reach the
aquifers beneath the repository (YMP 1998, p. 12). Because of the factors described above,
understanding the unsaturated zone flow system at the site is key to assessing how well the
potential repository will perform.

The areas of investigation and the methods of study differ significantly for the unsaturated and
saturated portions of the Yucca Mountain hydrologic system. In the unsaturated zone,
infiltration of precipitation and subsequent percolation to the water table involve dominantly
vertical flow, so the area of principal interest is essentially the immediate vicinity of Yucca
Mountain, referred to here as the site area (Figure 8.1-1). The location of the potential repository
is in the central block of the site area between the Solitario Canyon and Bow Ridge faults.
A geologic map and a cross section of the central block area are shown in Figures 8.1-2 and
8.1-3, respectively.

The rock units that comprise the unsaturated zone include Quaternary surface deposits (alluvium
and colluvium, soil) and the Tertiary volcanic tuffs described in Sections 4.4, 4.5, 4.6, and 4.8.
As shown on Figure 8.1-4, the six principal hydrogeologic units defined in the unsaturated zone
at the site are unconsolidated alluvium, Tiva Canyon welded, Paintbrush nonwelded, Topopah
Spring welded, Calico Hills nonwelded, and Crater Flat undifferentiated (Montazer and Wilson
1984, Table 1). Figure 8.1-5 depicts the relation between these hydrogeologic units and the
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major processes that control water movement and gas in the unsaturated zone: net infiltration,
percolation to potential repository horizon, fracture-matrix interaction, accumulation of perched
water, lateral flow, and deep percolation to the water table (DOE 1998a, Volume 1, Figure 2-15).
These processes determine the amount of water that may seep into repository drifts and possibly
come in contact with waste packages, thus enabling the dissolution and transport of radionuclides
away from the repository. The occurrence of these processes, especially percolation, is greatly
affected by the vertical stratification and specific sequencing of hydrogeologic units, as well as
transitions between them (Flint, L.E. 1998, p. 9).

In support of studies of the unsaturated zone, many boreholes have been drilled in the immediate
vicinity of Yucca Mountain (Figure 8.1-6). Boreholes drilled, sampled, tested, and monitored at
the site have provided information on the vertical and lateral distribution of hydrogeologic units,
hydrologic properties of the rocks, thermal and other geophysical conditions and properties,
chemistry of the contained fluids, pneumatic pressure, and water content and potential.
Additional data for some of these parameters have been obtained from the excavations for the
Exploratory Studies Facility (ESF), which is shown in Figure 8.1-6 and from boreholes drilled
from the drifts or alcoves of the ESF. Important data also have been collected through studies
conducted in the Enhanced Characterization of the Repository Block Cross Drift, which are
described in Section 8.8. In the Yucca Mountain area, boreholes west of the Nevada Test Site
boundary have designations with. a prefix of USW and a hyphen (-) in the number. Boreholes
within the Nevada Test Site have a prefix of UE-25 and a pound sign (#) in the number. The
letters in borehole designations indicate the primary purpose of each type of borehole. The
boreholes referred to most often in this section have letter designations as follows: G (geologic
boreholes), H (hydrologic boreholes), N (neutron-moisture boreholes), NRG ESF North Ramp
geologic boreholes), SD (Systematic Drilling rock-properties boreholes), UZ (unsaturated zone
hydrologic boreholes), and WT (water table boreholes). Borehole designations are often
abbreviated in figures and tables because of space constraints.

Because of the importance of the unsaturated zone to performance, most site characterization
activities have focused on the properties and processes that define current site conditions, and on
how the site would respond to construction of a repository. Sections 8.2 through 8.11 describe
the hydrologic setting of the site unsaturated zone and the characteristics, features, events, and
processes that are most important to repository design and performance. The discussion follows
the movement of water and gas from the land surface through the unsaturated zone as follows:
precipitation at the surface and infiltration into the alluvium and bedrock (Section 8.2),
hydrologic properties affecting fluid flow (Section 8.3), gaseous-phase flow (Section 8.4), deep
percolation (Section 8.5), occurrences of perched water (Section 8.5), hydrochemical and
isotopic indications of fluid flow (Section 8.6), percolation flux at the repository horizon
(Section 8.7), potential seepage into repository drifts (Section 8.8), and flow from the base of the
repository to the water table. These sections are followed by descriptions of the detailed
conceptual and hydrologic models that have been developed to simulate three-dimensional fluid
flow and support site performance models (Sections 8.9 and 8.10). The final section describes
paleohydrologic evidence of past percolation through the unsaturated zone (Section 8.11).
A summary of conclusions is presented in Section 8.12.

TDR-CRW-GS-OOOOO1 REV 01 ICN 01 8.1-2 September 2000



8.2 SITE INFILTRATIONi

Quantitative estimates of net infiltration at the Yucca Mountain site under present-day and
possible future climatic conditions are needed for defining the upper boundary condition of
unsaturated-zone flow models (Flint, A.L. et al. 1996, pp. 4 and 5). These models constitute
primary input to the total system performance assessment models being used to evaluate the
performance of the potential repository (DOE 1998a, Volume 3, Figure 2-1). Data and
interpretations from field studies at Yucca Mountain, combined with insights about hydrologic
processes documented in the scientific literature, have led to a detailed understanding of the
physical processes and properties that control net infiltration. These processes include
precipitation, surface runoff and run-on, infiltration, evapotranspiration, and the redistribution of
moisture in the shallow subsurface (Flint, A.L. et al. 1996, p. 5). Precipitation, which is the
dominant hydrologic process at the site, depends mostly on meteorological factors, but also is
affected by geographic location, elevation, and physiography (Flint, A.L. et al. 1996, pp. 11
to 15). Evapotranspiration is the second most dominant hydrologic process and depends on
vegetation, the distribution of moisture stored in the shallow subsurface, soil thickness, and the
heat energy balance between the shallow subsurface and the atmosphere. Redistribution of
moisture in the shallow subsurface, which is dynamically integrated with evapotranspiration,
occurs in response to gravity and matrix potentials and depends strongly on soil and bedrock
properties (Flint, A.L. et al. 1996, pp. 23 to 25). Because all these physical processes are
involved, net infiltration is both temporally and spatially variable (Flint, A.L. et al. 1996, pp. 25
to 26). These elements of the conceptual model of net infiltration for the Yucca Mountain site
are shown on Figure 8.2-1.

This section describes the physical, climatic, and hydrologic.factors that control infiltration in the
relatively shallow part of the unsaturated zone. The methods used to collect and analyze site
data pertinent to the estimation of net infiltration are summarized. The data and interpretations
that were used to develop a conceptual and numerical model of infiltration for the site also are
described. The distribution of infiltration under both present-day and possible future wetter
climatic conditions is estimated.

8.2.1 Infiltration Data

The principal source of data, analyses, and interpretations for initial development of the Yucca
Mountain infiltration model is Flint, A.L. et al. (1996), which describes various sets of acquired
and interpreted data that were used to construct and calibrate the initial numerical infiltration
model described in Section 8.2.5. Most of the data used for initial development and application
of the numerical infiltration model were collected as part of the YMP site characterization
program. However, it was necessary to use regional precipitation data from non-YMP sources
for developing stochastic models of daily precipitation that were used in the numerical
infiltration model. Likewise, the 7.5-min. U.S. Geological Survey (USGS) digital elevation
models used in developing the numerical infiltration model were obtained from outside of
the YMP.

Subsequent to its initial development, the numerical infiltration model was updated to more
accurately simulate surface-water run-on and runoff, soil-moisture storage, and
evapotranspiration (USGS 2000b). In addition, a set of optimal, analog meteorological sites
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were selected to define upper and lower bounds of moisture and temperature for simulation of
potential future climate conditions.

8.2.2 Overview of Investigative Methods for Determining Infiltration and Recharge

For the purpose of clarity in the foregoing discussion, important distinctions must be made in the
meaning of several commonly used hydrologic terms. "Infiltration" is defined as the flow of
surface water downward across the atmosphere-soil or the atmosphere-bedrock interface
(Flint, A.L. et al. 1996, p. 8). "Net infiltration" is the flow of water downward below the zone of
evapotranspiration. "Percolation" is the flow of net infiltration through the deep unsaturated
zone and is discussed in Sections 8.5 and 8.7. "Recharge" is the flow of water from the
unsaturated zone downward to the water table where it enters the saturated zone. Estimates of
net infiltration for the Yucca Mountain area may not correspond directly to recharge because of
the time frame under consideration, the extent to which the thick unsaturated zone attenuates the
temporal and spatial variability of net infiltration, and the combined effects of lateral flow and
vapor flow on percolation. Recharge to the regional groundwater flow system is discussed in
more detail in Section 9.2.6.

Studies of recharge have been conducted at various locations throughout the Yucca Mountain
region from the 1940s through the present for the purpose of evaluating groundwater resources in
the southwestern United States. Studies of infiltration and recharge conducted for the purpose of
evaluating potential radioactive waste disposal sites (both high level and low level) in the
vicinity of Yucca Mountain began in about 1980. These studies include a broad range of
investigative techniques and methods, including:

. Flux calculations using measured hydraulic properties

. Simple water-balance models
* Statistical modeling of measured parameters
* Geochemical methods
. Deterministic water-balance models.

8.2.2.1 Flux Calculations Using Measured Hydraulic Properties

Net infiltration in the Yucca Mountain region has been estimated using measurements of
volumetric water content and hydraulic properties of soil and/or bedrock materials and
assumptions concerning the hydraulic gradient (Flint, A.L. et al. 1996, p. 7). Direct calculations
of unsaturated flux have been made using measurements or estimates of the vertical water-
potential gradient for selected depth profiles and known or estimated moisture-characteristic
curves and the assumption that lateral flow components are negligible. Although this approach
is of questionable validity in hydrologic settings dominated by fracture flow, it has been
successfully applied to sites with thick alluvium deposits, yielding steady-state flux estimates
ranging from 0.04 to 2 mm/yr. (Flint, A.L. et al. 1996, p. 7). Spatially distributed estimates of
net infiltration for the Yucca Mountain potential repository site have been made using hydraulic-
property measurements of the bedrock matrix underlying the soil. This approach yielded
estimates of net infiltration ranging from 0.02 to 13.4 mm/yr. for the site area (Flint, A.L.
et al. 1996, p. 7). The advantage of this approach was that it indicated the high degree of spatial
variability in net infiltration due to the variability of soil and bedrock properties.
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The weaknesses of this approach were that steady-state flow conditions were assumed and
shallow transient flow and fracture flow could not be accounted for.

More recent measurements of water potentials for several depths in the soil profile have been
obtained at the site using heat dissipation probes (Flint, A.L. et al. 1996, p. 67). These
measurements were applied to the moisture-characteristic curves for the soils to obtain estimates
of infiltration into bedrock. The estimates of infiltration were as high as 150 mm for a 1-mo.
period following a storm and were in agreement with estimates obtained from measured changes
in water content profiles at nearby neutron boreholes (Flint, A.L. et al. 1996, p. 68). These
results were important in providing supporting data for developing the conceptual model
of infiltration.

8.2.2.2 Simple Water-Balance Models

Estimates of net infiltration and recharge have been made using measurements or estimates of
the components of the water-balance equation. However, in arid environments such as Yucca
Mountain, the net infiltration term is small compared to the other components and usually is well
below the magnitude of the measurement (Flint, A.L. et al. 1996, p. 5) or estimation error of the
other components. Basin-wide water-balance studies have been conducted in the Yucca
Mountain region using climatic, vegetation, geologic, streamflow, and groundwater data,
resulting in estimates of recharge ranging from 0 to 10 mm/yr. (Flint, A.L. et al. 1996, p. 6). The
variability in the estimates primarily reflects the spatial variability of mean annual precipitation,
which is significantly affected by elevation.

8.2.2.3 Statistical Modeling of Measured Parameters

Measured changes in water content profiles at neutron-moisture boreholes located over the area
of the potential repository were used to estimate net infiltration (Flint, A.L. et al. 1996, p. 8).
The developed net infiltration data were modeled through statistical correlation of water content
changes with three variables: average annual precipitation, soil thickness (depth of bedrock),
and topographic position, all of which are directly or indirectly dependent on elevation.
Estimates of net infiltration obtained for the site area ranged from 0 to 45 mm/yr. The
disadvantages of the analysis are that it:

* Was limited by the spatial distribution of the neutron-moisture boreholes

* Did not account for differences in geology beneath the soil

* Did not account for seasonal variations in precipitation

• Was limited to the time frame of the water content measurements and, therefore, could
not provide any insight on the effects of climate change on infiltration.

8.2.2.4 Geochemical Methods

A chloride-balance method was used to estimate basin-wide recharge in a 6-yr. study of two
small, upland watersheds in central and south central Nevada (Lichty and McKinley 1995, p. 1).
These watersheds were selected as "analog recharge" sites because they represent the effects of
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possible future wetter climate at Yucca Mountain. For the smaller of the two basins, the average
recharge was 310 mm/yr., or about 50 percent of the estimated average annual precipitation of
639 mm (Lichty and McKinley 1995, Table 15). For the other, more arid basin, average
recharge was 33 mm/yr., or 9.8 percent of the average annual precipitation of 336 mm.

Infiltration flux estimated at borehole locations within the Yucca Mountain site area using a
chloride mass-balance method for analysis of soil and rock ranged from 0.02 to 5.9 mm/yr.
(Flint, A.L. et al. 1996, Table 7). The chloride mass-balance flux estimates vary considerably at
the same location depending on the depth of soil or rock samples and the type of material. For
example, under a soil terrace at borehole UE-25 UZ#16 (Figure 8.1-6), the infiltration flux was
0.02 mm/yr. for the soil samples but 3.0 mm/yr. and 3.5 mm/yr. for Paintbrush nonwelded (PTn)
and Calico Hills nonwelded unit samples, respectively. Differences between chloride mass-
balance infiltration fluxes for soil and underlying bedrock (especially the PTn unit) may indicate
that some lateral redistribution of higher fluxes into the nearby sideslopes occurs by the time the
water reaches the PTn unit (Flint, A.L. et al. 1996, p. 64). Thus, point estimates of net
infiltration or recharge derived from the chloride mass-balance technique tend to be less robust
than basin-wide estimates because of the assumption that only vertical flow occurs.

8.2.2.5 Deterministic Water-Balance Models

Deterministic numerical models for estimating net infiltration and recharge are an extension of
the water-balance approach, in that they calculate flux rates based on mathematical
representations of the physical processes linking the components of the water balance.
In conjunction with the chloride-balance modeling approach used by Lichty and McKinley
(1995) for estimating recharge at the two wetter climate analog recharge sites discussed above,
their study included the application of a precipitation-runoff model. The application of this
method required measurement and estimation of basin-wide precipitation, snowpack depth and
density, stream discharge, and meteorological parameters for defining potential
evapotranspiration (Lichty and McKinley 1995, pp. 4 to 10). Spatially varying parameters such
as canopy cover, snowpack cover and density, and soil characteristics needed to be defined, as
well as various additional parameters needed for defining empirical relations such as actual
evapotranspiration. The model was calibrated against the measured streamflow hydrographs for
each basin and model results compared reasonably well with results obtained using chloride-
balance estimates. However, it was concluded that the reliability of the numerical model was
less than the chloride-balance model because of uncertainties in measured and estimated
parameters needed for the model (Lichty and McKinley 1995, pp. 1 and 26).

Because of the robustness of this approach, a deterministic numerical model of net infiltration
was developed for the Yucca Mountain site area (Section 8.10) and used as the upper boundary
condition for the site-scale unsaturated zone flow model and the total system performance
assessment model. The development, calibration, and application of the numerical infiltration
model are described in Flint, A.L. et al. (1996) and in Section 8.2.3.

8.2.3 Conceptual Model of Net Infiltration

Prior to development of a numerical infiltration model, a conceptual model of net infiltration for
Yucca Mountain was developed (Flint, A.L. et al. 1996, Figure 3). The conceptual model
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(Figure 8.2-1) shows the relation between the physical processes that determine infiltration and
net infiltration, and is based on evidence provided from field studies at Yucca Mountain,
combined with an established understanding of hydrologic processes documented in the
literature. The hydrologic cycle provides a framework for the processes on the surface and in the
shallow subsurface that affect net infiltration and thus potential recharge (Figure 8.2-1).
The dominant hydrologic processes at the site are precipitation, evaporation and transpiration,
run-on and runoff, infiltration, and the redistribution of moisture in the shallow subsurface
(Flint, A.L. et al. 1996, p. 9). Precipitation is dependent mostly on meteorological factors, but
geographic location, elevation, and physiography also are important. Evapotranspiration is
dependent on vegetation, the distribution of available moisture stored in the shallow subsurface,
and potential evapotranspiration, which is determined by the energy balance. Redistribution of
moisture in the shallow subsurface occurs in response to gravity and matrix potentials and is
strongly dependent on soil and bedrock properties. The removal of water through
evapotranspiration is dynamically integrated with the redistribution of moisture in the shallow
subsurface. Surface water runoff occurs when the storage capacity of the shallow subsurface is
exceeded or when the precipitation rate exceeds the infiltration capacity of surficial materials.
Run-on and runoff are dependent mostly on surficial material properties, topography, and
channel geometry.

8.2.3.1 Field Water Balance

The field water balance is a fundamental aspect of conceptual and numerical infiltration models
and is based on the principle of the conservation of mass for water (Flint, A.L. et al. 1996,
p. 9-1 1):

P+A+ U+ 4W3+±zS+ Bs+Li+Ron-Re-D-E-T-L,-E Q (Eq. 8.2-1)

where:

P precipitation
A applied water (man induced)
U = upward flow
AW W change in soil-water storage

aS, = change is surface storage
,dBs = change in aboveground biomass storage
Li = lateral flow in

Ron surface run-on
Roff is surface runoff
D is deep drainage or percolation
E is evaporation
T is transpiration
Lo is lateral flow out, and E, is extraction of water (man induced)

Equation 8.2-1 states that the sum of all inputs, outputs, and changes in storage in the hydrologic
system must equal zero. To be applied, Equation 8.2-1 must be defined over some arbitrary time
interval (i.e., day, year) and over some arbitrary volume or depth in the soil.
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In most cases, the general form of the water-balance equation can be simplified by assuming one
or more of the terms to be zero or negligible in magnitude. For example, the terms B3, Ron, and
Rff can often be set to zero in cases involving arid and semiarid sites where overland flow occurs
only in direct response to relatively infrequent, larger magnitude precipitation events. In the case
of one-dimensional flow with zero or negligible run-on and runoff under current climatic
conditions, negligible upward flow, man-induced fluxes, and surface storage, the water-balance
equation becomes:

P+4W3-D-E-T=O (Eq. 8.2-2)

This equation provides a more practical starting point for analyzing net infiltration (D).
For some applications, Equation 8.2-2 is further simplified by setting P to zero (for periods
having no precipitation), assuming D to be negligible compared to the other terms, and
combining E and T into a single term of evapotranspiration (ET). In this form, the water balance
can provide a method of using measurements of dW, (change in soil-water storage) to estimate
evapotranspiration.

Determination of net infiltration rates using water-balance calculations requires very precise and
accurate measurements of the components of the water-balance equation (Flint, A.L. et al. 1996,
p. 9). In the absence of such measurements, the water-balance equation can still be applied in
analyzing the spatial and temporal distribution of infiltration rates using the following input:

* A conceptual understanding of the physical processes involved

* Deterministic or stochastic numerical models for approximating each of the physical
processes

* An adequate coupling of the physical processes

* Direct or indirect measurements of as many of the components of the water balance as
possible to provide some means of calibrating the numerical model.

The dominant physical processes in the general field water-balance equation are precipitation,
evapotranspiration, overland flow (runoff and run-on), infiltration, and redistribution of the soil
moisture. It is also important to consider the variability of these processes in space and time.
A calibrated model can correct, to a certain extent, for a lack of detailed measurements if it can
bound the solution within the range of robust field observations (Flint, A.L. et al. 1996, p. 9).

Because net infiltration is the upper boundary condition for flux in the unsaturated zone, it is not
necessarily equivalent to recharge, which is the flux across the water table. The surface and
shallow subsurface environments are distinct from deeper zones of percolation (depths greater
than approximately 50 m [160 ft]) because conditions tend to be transient and because non-
equilibrium conditions are likely to exist between soils and bedrock and between bedrock matrix
and fractures. Annual, seasonal, and diurnal variations in meteorology and vegetation cause
temporal variability in net infiltration, while topography, vegetation, soil depth, soil properties,
and properties of the underlying bedrock cause spatial variability in net infiltration. Because of
the thickness of the unsaturated zone at Yucca Mountain, net infiltration is strongly affected by
short-term variability in climatic conditions, whereas recharge is more likely to be affected by
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longer term, average climatic conditions. However, if flux through the unsaturated zone is at
steady-state and has no horizontal components, then time-averaged net infiltration should be
representative of recharge at the site. The potential ability (or inability) of the thick unsaturated
zone to dampen and smooth out spatially and temporally variable net infiltration to a more
uniformly distributed flux at the potential repository level will be discussed in detail in
later sections.

8.2.3.2 Climatic Factors

Of all the factors affecting net infiltration, changes in climate will probably have the greatest
impact on net infiltration and the surface hydrology at Yucca Mountain over the next 10 k.y.
(Flint, A.L. et al. 1996, p. 28). Water transport and retention processes in surficial materials
(soils and bedrock) are affected by high variability in solar radiation fluxes, diurnal and seasonal
temperature cycles, relative humidity, and periodic inputs from precipitation, in the form of
either rain or snow followed by extended periods of drought. Hydrologic responses at the
surface may or may not be translated to a change in flux across the potential repository horizon
or a change in recharge, depending on the persistence or the intensity of a climatic change. The
evaluation of past climate is needed to evaluate the control of climate on the hydrologic
conditions at depth. The evaluation of current climate is necessary to relate changes in climate to
near-surface processes, such as infiltration, runoff, redistribution, and evapotranspiration.
Current climatic conditions for the site and the Yucca Mountain region are discussed in detail in
Section 6. Predictions of potential future climates are critical to developing predictions of future
net infiltration and potential recharge at the site.

The primary climatic parameter affecting surface hydrology and net infiltration is precipitation,
including timing, frequency, duration, and intensity of precipitation (Flint, A.L. et al. 1996,
p. 31). The dominant controlling factor determining the occurrence of precipitation at the site is
the synoptic-scale weather circulation pattern in relation to fixed geographic moisture sources
and local physiographic features (Flint, A.L. et al. 1996, pp. 12 and 13). The moisture sources
for the Yucca Mountain region are the Pacific Ocean, the Gulf of California, and the Gulf of
Mexico. Most precipitation at the site occurs in response to low pressure systems which are
steered eastward by the jet stream and bring moisture inland from the Pacific Ocean. These
weather patterns generally occur during the winter, but can also occur during the winter-summer
and summer-winter transition periods. Winter storms tend to result in low intensity (light)
precipitation and may occasionally last up to several days. Orographic influences tend to
increase precipitation frequency and intensity for higher elevations, and precipitation often
occurs as snow (Flint, A.L. et al. 1996, p. 12). On a regional scale, the orographic effects are
more pronounced, particularly in the vicinity of major mountain ranges such as the Spring
Mountains and the Panamint Range. A significant positive correlation between calculated
average annual precipitation and station elevation was found (Hevesi and Flint 1995, p. 63,
Figure 9) for 114 precipitation stations in the Yucca Mountain region, having at least 8 yr. of
complete record (Figure 8.2-2). The higher elevations of the mountain ranges correspond to the
locations of maximum precipitation and also to the locations of maximum recharge. During the
summer, the jet stream migrates to the north, and weather circulation in the Yucca Mountain
region tends to be dominated by high-pressure cells that cause a reverse circulation, or
monsoonal flow (Flint, A.L. et al. 1996, p. 13). Surface heating and convection of air masses
carrying moisture from the Gulf of Mexico, the Gulf of California, and the Pacific Ocean result

TDR-CRW-GS-00000 1 REV 01 ICN 01 8.2-7 September 2000



in sporadic but occasionally intense thunderstorms during the southwestern summer monsoon.
These storms tend to be of short duration, but can produce high intensity (heavy) precipitation
that often results in flash flooding.

The combined effect of the average winter and summer weather circulation patterns is to create
zones of precipitation excess and deficit relative to the regional mean, for a given elevation, from
west to east across the southern Nevada region, with Yucca Mountain being located in an
approximate transition zone between the deficit zone to the west and the excess zone to the east
(Flint, A.L. et al. 1996, p. 31). The precipitation deficit (relative to the regional mean) is caused
by the Sierra Nevada, which causes a regional rain-shadow during winter and a westward
diminishing of moisture from the monsoon during the summer. Generally, precipitation stations
east of longitude 115'45'W receive from 1.5 to 2.5 times more precipitation than stations at
similar elevations located west of longitude 116'45'W. The combined effects of seasonal
weather patterns and orographic influences cause considerable spatial variability in average
annual precipitation throughout the Yucca Mountain region. Average annual precipitation over
the area of the Nevada Test Site ranges from a maximum of 370 mm in the Belted Range (Hevesi
and Flint 1995, Figure 22) to a minimum of 110 mm in the Amargosa Desert (Figure 8.2-3).
Annual precipitation within the Yucca Mountain infiltration study area ranges from a minimum
of 130 mm at low elevations along the southern boundary to a maximum of 250 mm at high
elevations along the northern boundary (Flint, A.L. et al. 1996, Figure 37).

In addition to the seasonal variability in precipitation, the arid climate at Yucca Mountain is
characterized by considerable annual variability. For the precipitation station 4JA located
approximately 10 km (6.2 mi.) east of Yucca Mountain and having a 36-yr. record of daily
precipitation, total annual precipitation ranged from a minimum of 35 mm for calendar year 1975
to a maximum of 290 mm for calendar year 1978 (Figure 8.2-4). (Station 4JA is the closest
station to the potential repository site with more than 30 yr. of complete record.) The 5-yr.
sliding annual mean calculated using this record indicates a possible trend of increasing
precipitation from 1960 to 1995, with the wettest 5-yr. sliding mean occurring from 1991
through 1995. The wettest average 3-mo. total is 60 mm for January through March and the
driest average 3-mo. total is 16 mm for April through June. The 1991 to 1995 period contained
the wettest average January through March in the entire record, while the 1983 through 1987
period contained the wettest July through September in the entire record. The record indicates
that, on average, most precipitation tends to occur during the winter (October through March) at
station 4JA.

Much of the annual variability observed in precipitation records in the Yucca Mountain region
can be attributed to the effects of global circulation patterns on the position of the jet stream
during the winter (Flint, A.L. et al. 1996, pp. 12 and 13). In particular, the El Niuo Southern
Oscillation is a perturbation in the global circulation pattern that is strongly related to sea surface
temperatures in the Pacific Ocean and tends to steer the jet stream south of its average winter
position in the western United States, bringing a higher frequency of storms into the Great Basin.
The wettest 5-yr. sliding means for January through March totals recorded at station 4JA
(Figure 8.2-4) correspond to periods in the record during which the strongest El Nifio Southern
Oscillation events were documented. Although the El Niio Southern Oscillation is known to
significantly impact precipitation patterns across the southwestern United States, this annual-to-
decade-scale variability in climate is still not completely understood, and the consistency (or lack
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of consistency) in its occurrence is still being evaluated. A detailed discussion of the El Niuo
Southern Oscillation and its effect on synoptic-scale weather patterns in the Yucca Mountain
region, along with a thorough treatment of global circulation patterns and climatic variability, is
provided in Section 6.2.

In addition to precipitation, net infiltration is dependent on incoming solar radiation, relative
humidity, air temperature, and, to a lesser degree, atmospheric turbidity, ozone, and wind. Along
with site-specific parameters such as slope, aspect, and albedo, these climate variables control
the energy balance that determines potential evapotranspiration. Air temperature also determines
the occurrence of precipitation as snow and affects the ability of vegetation to transpire available
soil moisture.

8.2.3.3 Physiographic and Topographic Factors

Although topography has an important impact on the spatial distribution of precipitation and
potential evapotranspiration, topography also channels surface flow when runoff occurs and
causes the concentration of large volumes of water in channels during short periods.
(A complete discussion of surface-water hydrology is provided in Section 7, along with
descriptions of drainages and channel networks for the area of Yucca Mountain.) In addition to
topography, other important site-specific physiographic variables include the water storage
capacity of the soil, the permeability of the soil and underlying bedrock, and vegetation
(Flint, A.L. et al. 1996, pp. 39 to 46, 57 to 59). Soil storage capacity is determined mostly by
soil thickness and porosity. Soil thickness tends to be well correlated to local topography, with
the upland areas generally having thin soils and the lower washes and alluvial fans having
thicker soils (surficial materials). Soil porosity and permeability, along with various other
hydrologic properties, such as residual water content and field capacity, can be correlated to soil
type. Bedrock permeability (saturated hydraulic conductivity) can also be correlated to lithology
(Flint, A.L. et al. 1996, pp. 35 and 36, Figure 11). A complete description of site geology is
provided in Section 4; Quaternary geology, soils, and geomorphology are discussed in
Section 4.4. A brief summary of site characteristics, with an emphasis on characteristics
affecting net infiltration, is provided below.

The topography at Yucca Mountain consists of generalized topographic positions that represent
infiltration zones: ridgetops, sideslopes, terraces, and channels (Flint, L.E. and Flint 1995,
pp. 2 to 6; Flint, A.L. et al. 1996, pp. 38 and 39). The ridgetops generally are flat to gently
sloping and are higher in elevation than the other topographic positions. They have thin (less
than 1 m thick) to no surficial deposits (soils) but are relatively stable morphologically. Soils are
fairly well developed, commonly containing thin calcium-carbonate layers. The underlying
bedrock on ridgetops is moderately to densely welded and moderately to highly fractured. The
higher elevations of the ridgetops and upper slopes (above 1400 m [4,500 ft]) have a greater
potential of sustaining a thin snow cover for up to several weeks during the winter. Sideslopes
are distinguished from the terraces and channels by depth of soils and slope. Soil cover on
sideslopes is thin to nonexistent, and in most locations, bedrock is densely welded and highly
fractured. The sideslopes are approximately north or south facing in the southern part of the site
and, therefore, have different seasonal solar radiation loads. In the northern washes, although the
sideslopes face more southwestward and northeastward, the steepness of the slopes accentuates
seasonal radiation differences. Terraces and channels are located at lower elevations of primary
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washes and have thin soil cover in the upper washes and thick soils farther down. Very little
bedrock is exposed in the washes. The soil in washes has varying degrees of calciurn-carbonate
cementation that commonly is quite extensive. The porosity of the soil ranges from 15 to
50 percent with an average of about 30 percent. The surface of terraces and washes is relatively
flat and dissected by old soil channels and active channels. Channels differ from terraces in that
the periodic runoff that occurs in the channels in response to extreme precipitation conditions can
rework the channel materials. Although channels occupy a very small surface area of the wash,
they may contribute significantly to net infiltration during runoff events. Over the area of the
site-scale unsaturated zone flow model (Bodvarsson and Bandurraga 1996; Bodvarsson et al.
1997), ridgetops (including the shoulders) encompasses about 7 percent of the model area,
sideslopes (including footslopes) about 47 percent, terraces about 44 percent, and active channels
about 2 percent (Flint, A.L. et al. 1996, p. 38).

8.2.3.4 Soils

The dominant soil deposits in the general vicinity of Yucca Mountain are fluvial sediments and
fluvial debris-flow deposits that are found in the basins, washes, and alluvial fans (Flint, A.L.
et al. 1996, pp. 39 and 40). These deposits have varying degrees of soil development and
thickness and have a gravelly texture with rock fragments constituting between 20 and
80 percent of the total volume. The soils range from 100 m (330 ft) thick in the valleys to less
than 30 m (98 ft) thick in the mouths of the washes. Halfway up the washes, soil fill generally is
less than 15 m (49 ft) deep in the center of the channels and well developed, cemented calcium-
carbonate layers are common. More stable surfaces, generally on the ridgetops, have developed
soils 0.5 to 2 m (1.6 to 6.6 ft) thick with high clay contents. Overall, soil thickness was classified
into four categories: 0 to less than 0.5 m (1.6 ft), 0.5 m (1.6 ft) to less than 3.0 m (9.8 ft), 3.0 m
(9.8 ft) to less than 6.0 m (20 ft), and greater than or equal to 6.0 m (20 ft), which encompass
48 percent, 7 percent, 5 percent, and 40 percent of the site area, respectively. The spatial
distribution of soil thickness is determined primarily by topography: the deeper soils are present
on the shallower slopes of the ridgetops, washes, and alluvial fans, whereas the soils on the
steeper sideslopes are thin to absent. Exceptions to this are the relatively deeper soils (0.5 to
3.0 m [1.6 to 9.8 ft]) which occur locally as slumps and debris slides at the base of sideslopes.

Mapped surficial, unconsolidated geologic units were reconfigured into eight surficial soil units
based on classical soil taxonomy descriptions and distinctly different hydrologic properties
(Flint, A.L. et al. 1996, pp. 40 and 41). Two additional surficial units were added to the eight
soil units to account for bare rock and disturbed ground, consistent with the geologic mapping.

8.2.3.5 Bedrock Geology and Hydrologic Properties

Matrix hydrologic properties of the bedrock volcanic units in the unsaturated zone at Yucca
Mountain have been determined for the rocks of the Tiva Canyon, Yucca Mountain, Pah
Canyon, and Topopah Spring tuffs, the interlayered bedded tuffs, the Calico Hills Formation, and
the Prow Pass Tuff (see Section 8.3.2). These properties include porosity, bulk density, particle
density, saturated hydraulic conductivity (Ks), and moisture retention characteristics. Although
the matrix properties of the bedrock units have been characterized in great detail, the hydrologic
properties of the fracture network are not nearly as well defined. The density and properties of
fractures are critical to understanding and modeling net infiltration because of the potential for
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significant infiltration to occur as fracture flow in the shallow subsurface under certain moisture
conditions (Flint, A.L. et al. 1996, pp. 24 and 25). Fractures are prevalent in the welded rocks
and vary significantly in density in the nonwelded rocks. Fracture densities and apertures are not
well characterized for all lithostratigraphic units, but estimates have been made from borehole
core logs (Flint, A.L. et al. 1996, pp. 35-36). Properties of fractures are dependent on fracture
aperture and whether the fractures are open or filled with calcium carbonate or siliceous
materials. Estimates of porosity and Ks for fractures can be made using assumed or estimated
density and aperture. Under the assumption that significant net infiltration in fractures occurs
only under saturated or near-saturated conditions, unsaturated flow parameters for fractures are
not required to model infiltration by way of fracture flow. Average Ks values of fractures were
estimated based on data from fluid-flow experiments conducted in the laboratory on a block of
fractured tuff for a range of apertures as follows: for 2.5 pm aperture-410 mm/day; for
25 um-I 5,700 mmn/day, and for 250 .im-745,000 mm/day (Flint, A.L. et al. 1996, p. 36). Ks
values of fracture-fill materials also were measured and averaged 43.2 mm/day. Estimates of
fracture Ks were calculated for each of the 76 lithostratigraphic units identified by Scott and
Bonk (1984) by assigning the appropriate conductivity values for fracture aperture and
integrating over the percent of area per square meter of rock, given the fracture density and
aperture available for water flow. These values of fracture conductivity then were added to the
Ks values of the rock matrix (from Table 8.3-2 in Section 8.3.2.2.3), yielding combined
matrix-fracture effective saturated hydraulic conductivity values for each lithostratigraphic unit
for each of six fracture types: open or filled for each of the three aperture classes. The effective
conductivity values for the six fracture-aperture classes and the weighted average for each of the
73 lithostratigraphic units are tabulated in Table 2 of A.L. Flint et al. (1996). For the numerical
infiltration model, only the effective conductivity values for filled 250-pm aperture fractures
were used (Figure 8.2-5) because this resulted in the best overall match between numerical
model results and field observations for the entire Yucca Mountain site area, as is described in
Section 8.2.5.

8.2.3.6 Vegetation

Yucca Mountain is located within a broad ecological transition zone, referred to as Transition
Desert, between the northern boundary of the Mojave Desert and the southern boundary of the
Great Basin Desert (Flint, A.L. et al. 1996, pp. 43 to 44). The northern boundary of the Mojave
Desert is usually delimited by the northern limits of Larrea tridentata. On Yucca Mountain,
Mojave Desert vegetation occurs at lower elevations on bajadas (broad, continuous alluvial
slopes) and in washes. Transition. Desert associations are situated topographically above the
Larrea ecotone. Over broad areas, Coleogyne ramosissima is the species most identified with
the Transition Desert. These associations are located primarily on ridges and canyons.
Associations on Yucca Mountain are very heterogeneous and are composed of a large diversity
of shrub associations.

Vegetation characterization research has been conducted on the Nevada Test Site and at Yucca
Mountain periodically for the past 30 yr. (Flint, A.L. et al. 1996, pp. 44 to 46), most recently by
EG&G Energy Measurements for the Environmental Assessment for the YMP. Three dominant
vegetation associations occur in the EG&G Energy Measurements study area, which extends
from Solitario Canyon in the west to Fortymile Canyon in the east and from Yucca Wash to the
north to Busted Butte in the south. The most common vegetation associations are Larrea-
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Lycium-Grayja, which covers approximately 35 percent of the surface area at Yucca Mountain,
Coleogyne (30 percent), and Lycium-Grayia (26 percent). Larrea-Lycium-Grayia predominates
on the eastern bajadas of central Yucca Mountain, occurring at intermediate elevations in the
study area ranging from 1,000 to 1,500 m (3,300 to 9,900 ft). Coleogyne occurs across the
northern third of the study area from the valley floors at elevations of approximately 1,030 m
(3,400 ft) to the flat ridge tops at roughly 1,710 m (5,610 ft). However, Coleogyne generally
does not occur on the steep slopes connecting these two areas, but occupies areas with thin soils.
The dominant species is blackbrush (Coleogyne ramosissima), and because this species tends to
exclude other species, this association is the least diverse. Lycium-Grayia occurs on steep slopes
throughout the study area and is dominant on the ridgetop of Yucca Mountain south of Antler
Ridge. Lycium-Grayia is the most complex and diverse of the associations, with several species
(Mormon teas, Ephedra spp. and buckwheats, Eriogonum spp.) forming subassociations and
dominating in local areas. An additional association, Larrea-Ambrosia, although covering only
9 percent of the area, occurs in the south and southeastern sections of the study area at elevations
between 900 and 1,050 m (3,000 and 3,440 ft). The dominant plant species in the study area is
bursage (Ambrosia dumosa), accounting for almost half of the total vegetation cover. The
percent cover of these species has changed from year to year, sometimes dramatically, notably
following the drought years of 1987 to 1990.

Additional information on plant habits and distributions was used to support estimates of
evapotranspiration based on energy balance calculations and modeling of radiation loads over the
surface of Yucca Mountain (Flint, A.L. et al. 1996, p. 45). North- and south-facing slopes
receive different amounts of solar radiation, resulting in differences in temperature and water
availability in the habitats located on these aspects. South-facing slopes tend to be wanner and
drier while north-facing slopes tend to be cooler and wetter. Plant species exhibit differential
preference or tolerance for these growing conditions. Preliminary data (CRWMS M&O 1 998a)
indicate that some species, often typical of the flora of the Great Basin area, such as yellow
rabbitbrush, green ephedra, big sagebrush, and burrobrush, are commonly found on north-facing
slopes, while bursage and range rhatany, often typical of the flora of the warmer Mojave Desert,
are commonly found on south-facing slopes.

Distribution, minimum xylem water potential, and rooting depths were the vegetation
characteristics most important to development of the evapotranspiration module of the numerical
infiltration model (Flint, A.L. et al. 1996, p. 45). Minimum xylem water potential was used to
calculate the -6,000 kPa (-60 bar) lower limit of plant-available water, which amounts to
residual water content in terms of evapotranspiration and is equivalent to the wilting point of
vegetation. Rooting depths were used to estimate extraction depths for transpiration.

8.2.3.7 Summary of the Conceptual Model of Infiltration and the Episodic Occurrence
of Fracture Flow

For the conceptual model, net infiltration at Yucca Mountain is defined as an episodic, transient
process that depends primarily on the length of time saturated or near-saturated conditions are
maintained at the soil-bedrock interface and the effective conductivity of the underlying bedrock
(Flint, A.L. et al. 1996, pp. 24 and 25). Saturated soils are primarily established during the
winter in response to a series of large storms that tend to occur more frequently during years
when the El Nifio Southern Oscillation is active. The timing, intensity, and duration of
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precipitation, the storage capacity of the soil, evapotranspiration, and the hydrogeologic
properties of underlying bedrock determine the availability of water for net infiltration (Flint,
A.L. et al. 1996, p. 90). The lower the effective conductivity of the bedrock, the greater the
portion of water in the soil available for evapotranspiration. During winter when potential
evapotranspiration is *at a minimum, saturated conditions at the soil-bedrock interface can
develop and be maintained in response to smaller amounts of precipitation than during the
warmer months of the year (Flint, A.L. et al. 1996, p. 67). When the storage capacity of the soil
and the effective conductivity of the underlying bedrock is exceeded, or when precipitation
intensity exceeds the infiltration capacity of the soil, runoff is generated and water is available
for routing down slopes and into channels. The significance of net infiltration beneath channels
in washes relative to sideslopes and ridgetops depends on the frequency and magnitude of
runoff events.

Differences in the response of the bedrock to the degree of saturation and available moisture in
the overlying soil is illustrated by the record of water content and water potential at borehole
USW UZ-N52 (Figure 8.2-6). The graph indicates the measured change through time of the
water content of the soil layer above the soil-bedrock interface in neutron borehole USW
UZ-N52 at Yucca Mountain from 1984 through 1994 (Flint, A.L. et al. 1996, p. 24, Figure 6).
The air-entry water potentials needed to initiate and maintain fracture flow for both an open and
filled fracture are plotted (heavy dashed lines) along with the water potential of the soil
calculated using the known moisture characteristic of the soil. The increases in water content of
the soil profile correspond to the wetter -than average winters of 1988, 1992, and 1993. Net
infiltration for both the filled and open fractures occurred only during 1992 and 1993 when the
water potential exceeded about -100 kPa (-1 bar), although the filled fracture came close to
initiating infiltration during 1988. During most of the record, the soil above the bedrock
interface remained too dry for the infiltration of water into bedrock.

8.2.4 Collection and Analysis of Field Data for Incorporation in the Infiltration Model

To construct the numerical model of net infiltration at Yucca Mountain, various field and
laboratory activities were conducted to collect, analyze, and synthesize pertinent hydrologic data
(Flint, A.L. et al. 1996, pp. 46 to 69). These data also were used to test and validate various
aspects of the conceptual model, as well as to calibrate the numerical model of net infiltration.
The field and laboratory activities, which were conducted at Yucca Mountain over a period of
several years, included:

* Monitoring of precipitation and surface runoff

. Laboratory determination of matrix hydrologic properties and hydrochemistry of rock
core samples from shallow boreholes and measurement of soil hydrologic properties

* Evapotranspiration measurements

* Neutron logging of boreholes to determine volumetric water content and redistribution
of infiltration

* Continuous monitoring of water potential above and at the soil-bedrock interface.
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8.2.4.1 Collection and Analysis of Precipitation and Runoff Data

To provide regional data on present-day climatic conditions for development of the infiltration
model, daily records of precipitation amounts were compiled from non-YMP sources for a
regional network of over 150 precipitation stations located throughout the Yucca Mountain
region (Flint, A.L. et al. 1996, p. 48). Precipitation records for varying periods of time between
1921 and 1995 were used, including data from stations located in parts of southern and central
Nevada, southern California, southwestern Utah, and northwestern Arizona. These data were
used to determine how conditions measured at Yucca Mountain compare with the spatial and
temporal distribution of precipitation in the surrounding region of the southern Great Basin.
They also were used for developing statistical models of spatial and temporal distribution of
precipitation for input to the infiltration model (Flint, A.L. et al. 1996, p. 49). Climatic and
meteorological data from regional sites were especially important because records for Yucca
Mountain are short (less than 10 yr.) compared to records of 30 yr. and longer for the regional
sites. Precipitation records and analysis of data obtained from a similar regional network of
precipitation stations for the YMP environmental program are presented in Section 6.2.

To obtain site-specific meteorological data for water-balance studies at Yucca Mountain, five
automated weather stations were operated for water years 1988 through 1994 (Flint, A.L. et al.
1996, p. 47). An expanded network of tipping-bucket precipitation gauges also was operated to
obtain a record of temporal distribution of precipitation intensity, including timing, frequency,
and duration of precipitation. Additional site-specific precipitation data were collected for water
years 1992 and 1993 from a dense network of approximately 130 nonrecording storage-type rain
gauges located mostly over the area of the potential repository site. These data were used to
characterize the spatial distribution of precipitation amounts over the area of the potential
repository. A geostatistical analysis was performed of the spatial variability of total precipitation
for storm events, including a comparison of winter versus summer storms. The YMP
environmental program also collected site meteorological data using a network of nine
automated weather stations (see Section 6.2).

Episodic overland flow as run-on and runoff has been observed at Yucca Mountain throughout
the study period 1984 to 1995 (Flint, A.L. et al. 1996, pp. 54 to 56). Most of the overland flow
observed within the three main watersheds overlying the potential repository area (Pagany,
Abandoned, and Wren washes) occurred on a very limited scale and for short durations. The
most significant runoff events involving widespread overland flow and channel flow occurred in
1984, 1991, 1992, and 1995. The 1984 event was caused by an active warm-season El Nifto
Southern Oscillation. Streamflow data were obtained for several episodes of runoff that occurred
in various drainages and subdrainages during the winters of 1991-92, 1992-93, and 1994-95, all
of which were years affected by an active cold-season El Niho Southern Oscillation. Major
runoff events also occurred in Fortymile Wash just east of Yucca Mountain in 1992 and 1993.

Development of the numerical infiltration model was highly dependent on successful
measurement and simulation of the spatial distribution of precipitation in the vicinity of Yucca
Mountain (Flint, A.L. et al. 1996, pp. 31 and 46 to 54). All available precipitation data were
analyzed to determine relationships between average annual precipitation and both elevation and
geographic location within the infiltration study area (Flint, A.L. et al. 1996, pp. 47 and 48).
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Section 6.2 includes a detailed description of historical and current precipitation data available

for the Yucca Mountain area.

A comparison of average annual precipitation calculated at monitoring stations with estimates of

average annual precipitation as a function of elevation using both geostatistical (co-kriging) and

regression models (Hevesi and Flint, A.L. 1995, pp. 39-43 and 61-68) indicated a good overall

match between measured and modeled values (Figure 8.2-7). The apparent station-to-station

variability observed in average annual precipitation is attributed to a variety of topographic

effects. These include localized terrain effects on wind, which can decrease the amount of

precipitation reaching the ground surface, and precipitation-gauge catch deficits that tend to

increase with increasing wind speed (Hevesi, Ambos et al. 1994, p. 2,524).

Synoptic-scale differences between winter and summer precipitation in southern Nevada have

been well documented. Winter storms are stratified, occur on a regional scale, and are frontal in

nature (Hevesi, Ambos et al. 1994, p. 2,521). In contrast, summer storms tend to be localized,

convective-type events that are often isolated, associated with lightning, and result in brief but

occasionally heavy precipitation. Although most precipitation at Yucca Mountain occurs during

the winter season, sporadic summer-season precipitation is produced by the southwest monsoon.

Analysis of precipitation data at Yucca Mountain indicates that winter precipitation tends to be

of lower intensity but longer duration than summer precipitation (Flint, A.L. et al. 1996, p. 47).

In general, severe winter storms tend to persist for more than I day, while the durations of severe

summer storms often are less than 1 to 2 hr. A geostatistical analysis of the spatial variability of

precipitation amount indicated much higher spatial variability over the site area for summer

storms than for winter storms (Hevesi, Ambos et al. 1994, p. 2,527). A summer storm on August

31, 1991, for example, produced a maximum of 50 mm and a minimum of 3 mm of precipitation

(Hevesi, Ambos et al. 1994, Table 1). Precipitation rates measured for this storm (Figure 8.2-8),

which lasted about 40 min. at one location, were as high as 175 mm/hr. (Flint, A.L. et al. 1996,

pp. 47 and 48, Figure 18). These high precipitation rates resulted in very localized flash flooding

and debris flows in only one wash because the precipitation rates exceeded the infiltration

capacity of the soils. In contrast, maximum precipitation rates measured for the March 10 to 11,

1995, winter storm were only as high as 14 mm/hr. (Figure 8.2-8). However, wetter than normal

antecedent soil conditions caused by frequent storms in January 1995 enabled the 2-day

precipitation event in March to exceed the storage capacity of the soil and also the effective

bedrock infiltration capacity at most locations, causing runoff and channel flow throughout the

study area. A summary of calculated flow volumes for this storm and descriptions of the runoff

hydrographs measured in Fortymile, Pagany, and Wren washes are provided in Section 7.3.

8.2.4.2 Laboratory Determination of Matrix Hydrologic Properties and

Hydrochemistry of Rock Core and Soil Samples

Matrix hydrologic-properties determinations of core samples from 23 neutron-moisture

boreholes were conducted in the laboratory to determine porosity, bulk density, particle density,

volumetric water content, saturated hydraulic conductivity, and moisture-retention characteristics

(Flint, L.E. 1998, p. 11, Tables 5, 7). These measurements were used in conjunction with data

obtained from eight deep surface-based boreholes to define the hydrogeologic framework of the

unsaturated zone at Yucca Mountain and to determine mean hydrologic properties for each

hydrogeologic unit (see Section 8.3.2). The data from this analysis were used to determine the
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spatial distribution of saturated hydraulic conductivity of the surficial bedrock units within the
site area (Flint, A.L. et al. 1996, p. 36, Figure 11). Core samples obtained from the neutron
boreholes also were subjected to geochemical and isotopic analysis, including chloride
concentration and 36C1 ratios (Flint, A.L. et al. 1996, pp. 63 to 67). The analysis of 36C1 ratios
was used in a qualitative manner to help understand the vertical and horizontal movement of
water in the shallow part of the unsaturated zone at Yucca Mountain in order to develop the
conceptual model of infiltration. Estimates of vertical flux, based on chloride mass-balance,
were used for comparison with infiltration rates calculated with the numerical infiltration model
(see Section 8.2.6.2).

Field and laboratory analyses of the various surficial soil types present at Yucca Mountain were
conducted to define the spatial distribution of soil hydraulic properties (Flint, A.L. et al. 1996,
pp. 41 to 43. Soils properties determined included field bulk density, grain density, porosity,
rock fragment content, and sand, silt, and clay percentages. Soil water content was determined at
both -10 kPa (-0.1 bar) and -6,000 kPa (-60 bars) water potential. Saturated hydraulic
conductivity was measured in the field using a double-ring infiltrometer. Porosity of the soil
units ranged from 0.28 to 0.37 and saturated hydraulic conductivity ranged from 5.6 x 10-6 rn/s
to 3.8 x 10-5 m/s (Flint, A.L. et al. 1996, Table 4).

8.2.4.3 Evapotranspiration Measurements

Pan evaporation was measured for several years near Yucca Mountain using a Class A
evaporation pan (Flint, A.L. et al. 1996, p. 59, Figure 29). Although the data could not be used
as a direct measure of potential evapotranspiration, they showed strong advective effects in the
arid environment at Yucca Mountain. The data also indicated considerable variability in
evaporation and that pan evaporation exceeds calculated potential evaporation by about
100 percent. The data also were used to establish the upper limit of available energy for
potential evapotranspiration modeling, given that modeled potential evapotranspiration should
not exceed pan evaporation.

8.2.4.4 Measurement of Water-Content Profiles in Neutron-Access Boreholes

A network of 99 shallow boreholes, ranging in depth from 4.6 to 78.0 m (15 to 260 fit), was
established for measurement of subsurface volumetric water content by neutron geophysical
logging (Flint, L.E. and Flint, A.L. 1995, pp. 6 and 7). Volumetric water content profiles were
measured for this study at least monthly in the neutron-access boreholes (N series) for various
periods of time from the time of installation (as early as 1984) through 1993. (Note: The
network of neutron boreholes was monitored through the end of water year [fiscal year] 1995.)
Following major storm events (precipitation depth greater than approximately 25 mm), selected
boreholes also were logged weekly and daily. The logs provided a measure of volumetric water
content at borehole intervals of 0.1 and 0.3 m (0.33 and 0.98 ft), and were used to develop
vertical water content profiles that indicate changes as a function of time and depth. These
records were used to analyze the movement and redistribution of wetting fronts in response to
precipitation and runoff, provide information on ambient conditions deeper in the profile, during
periods of drought, and provide data for the development and calibration of a numerical model of
infiltration for Yucca Mountain (Flint, A.L. et al. 1996, pp. 60 to 63; Flint, L.E. and Flint, A.L.
1995, pp. I 1 to 15). The neutron boreholes in the immediate vicinity of the potential repository
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area and the ESF, designated similarly to USW UZ-N31 and UE-25 UZN#23, are shown on
Figure 8.1-6. The initial set of 75 neutron boreholes was drilled during 1984 through 1986 using
the ODEX- 115 drilling system; the second set of 24 boreholes was drilled in late 1991 and early
1992 (Flint, L.E. and Flint, A.L. 1995, pp. 6 and 7). Most of the neutron boreholes were located
on ridgetops, sideslopes, and terraces and in active channels based on the hypothesis that
infiltration rates would vary in relation to topographic and geomorphic conditions (Flint, L.E.
and Flint, A.L. 1995, pp. 2 to 6). Some boreholes were located to investigate specific geologic
features, such as lithology of the underlying bedrock and fault zones.

Relative changes in water content in the neutron-access boreholes through time were used to
study infiltration and moisture redistribution in surficial materials at Yucca Mountain (Flint, L.E.
and Flint, A.L. 1995, p. 11). Although water-content profiles are not a direct measure of
infiltration flux, relative changes in profiles were used to estimate flux given assumptions
concerning the hydraulic gradient and the depth of evapotranspiration. For example,
redistribution of subsurface moisture in relatively thick alluvium (about 11 m [36 ft]) following
channel runoff in Pagany Wash during the summer of 1984 is illustrated in Figure 8.2-9 by the
10-yr. record of water content changes for borehole UE-25 UZN#I (Flint, A.L. et al. 1996, p. 62,
Figure 31). The initially high water content in the soil profile (far left side of figure) is attributed
to deep infiltration that occurred in the channel in response to the wetter than normal conditions
during 1983 and a runoff event in July 1984 prior to drilling of the borehole. The record
suggests that about 6 yr. were required for the profile to return to equilibrium following the deep
infiltration pulse. Runoff did not occur again at this location in Pagany Wash until the winter of
1995, at which time the profile returned to 1984 conditions, resulting in net infiltration, as
indicated by the increase in moisture content across the alluvium-bedrock interface at a depth of
11 m (36 ft) (far right side of figure).

Infiltration pulses caused by runoff during 1993 and 1995 and subsequent moisture redistribution
in bedrock directly under a channel with thin alluvium (0.7 m [2.3 ft] deep) are illustrated by the
record of water content changes with time for borehole USW UZ-N15 (Figure 8.2-10), located
on Bleach Bone Ridge in the head water part of Pagany Wash (Flint, A.L. et al. 1996, p. 62-63,
Figure 32). The depth versus time profile shows a wetting front moving rapidly to a depth of
7.5 m (25 ft) in 1993 and 10 m (33 ft) in 1995, and then advancing more slowly to a maximum
infiltration depth of over 15 m (49 ft). Most of the increases in water content depicted by the
depth-time profile are assumed to be representative of net infiltration volumes because of the
depth of penetration into the bedrock. The total increase in water in storage below 3 m (9.8 ft)
was equivalent to 500 mm of water in 1995. If roots fail to penetrate to greater than 3 m (9.8 ft),
then this water would be considered net infiltration. Two nearby boreholes in the same geologic
setting (USW UZ-N36 and USW UZ-N 17), indicated similar patterns of redistribution but with a
smaller volume of infiltrating water because no surface runoff occurred at these sites. The total
increases in water in storage below 3 m (9.8 ft) were equivalent to 150 mm and 110 mm,
respectively, in 1995. These values are considerably lower, but likely more typical of the soil
thickness and underlying rock type for the general topographic area (away from the small
channel). Because these estimates of net infiltration are based on volumetric water content using
a neutron probe, they represent water that has imbibed into the rock matrix. Additional water
may have penetrated to greater depths through fractures but is not indicated in the neutron-
logging water content profile.
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Establishment of saturated or near-saturated conditions at the soil-bedrock interface at a depth of
approximately 1.9 m (6.2 ft) on a terrace is illustrated by the depth-versus-time water content
profile for borehole N63 (Figure 8.2-1 1), located close to the edge of Pagany Wash. The shallow
soil profile is wetted following winter storm events in 1993 and 1995, two of the years during
which the El Niuo Southern Oscillation was active. In 1993, the soil-bedrock interface may not
have been sufficiently saturated to induce infiltration into bedrock because there is no detectable
increase in water content beneath the interface. Therefore, it is assumed that the moisture
increase in the profile during 1993 was removed by evapotranspiration. In '1995, the soil above
the interface was wetter, and a well-defined wetting front penetrated into the bedrock, but not so
deep as to be unaffected by evapotranspiration. At this location, evapotranspiration and net
infiltration both compete for the available moisture in the soil profile because the soil is
relatively thin and the bedrock is not very fractured. Although some net infiltration occurred,
primarily as matrix flow, most of the moisture in the soil profile was removed by
evapotranspiration above the interface because the effective conductivity of the bedrock is
relatively low.

The analysis of moisture profiles in the 99 neutron-access boreholes distributed over a large area
of Yucca Mountain, and representing 11 yr. of climatic record, resulted in both qualitative and
quantitative assessments of net infiltration within the four topographically based zones. Shallow
infiltration processes within these four zones were categorized generally on the basis of the
manner in which volumetric water content changed with depth and time (Flint, A.L. et al. 1996,
pp. 61 and 62). The ridgetops are flat to gently sloping, higher in elevation, have thin soils
mostly developed in places with clays and a higher water-holding capacity that reduces rapid
evaporation and drainage. The ridgetops generally are located where the bedrock is moderately
to densely welded and, therefore, fractured. These conditions lead to deeper penetration of
infiltration pulses than in the other topographic positions, but relatively smaller volumes of
water. In some locations, however, where runoff is channeled high in small watershed, large
volumes of water can infiltrate. The sideslopes are steep, commonly have very shallow to no soil
cover, and are usually developed in welded, fractured tuff, resulting in rapid runoff. The low
storage capacity at the surface of the sideslopes and the exposure of fractures at the surface can
allow small volumes of water to infiltrate to greater depths, especially on slopes with north-
facing exposures, resulting in relatively lower evapotranspiration rates. Thin soil at the bases of
the sideslopes can become saturated and initiate flow into the underlying fractures. Soil terraces
are flat, broad deposits of layered rock fragments and fine soil with a large storage capacity,
resulting in little runoff and only shallow penetration of infiltrating water, which subsequently is
almost entirely removed from the soil profile by evapotranspiration. Consequently, terraces
contribute the least to net infiltration in the watershed. Active channels differ little from the
terraces except that they collect and concentrate runoff which, although it occurs infrequently,
can then penetrate deeply. However, this mechanism is not considered to be a major contributor
to areally distributed net infiltration because of the infrequency of precipitation resulting in
runoff and because the channels encompass only about 2 percent (Flint, A.L. et al. 1996, p. 61)
of the Yucca Mountain site area. Nevertheless, significant localized pulses of net infiltration
may occur in active channels.

Overall, analyses of changes in water content profiles indicated deeper penetration and higher net
infiltration rates at sites with thin soil cover (Flint, A.L. et al. 1996, pp. 60 to 61, Figure 30),
which tended to be on ridgetops and sideslopes, but also included some channels in the upper
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part of watersheds (Figure 8.2-12). The deepest penetration of wetting fronts and the highest
rates of net infiltration (greater than 60 mm/yr.) were observed at sites where surface flow was
concentrated or channeled toward locations underlain by fractured bedrock. Such sites include
the headwater zones of washes and the lower sections of sideslopes. Furthermore, more
precipitation infiltrates into the ridgetops during the winter because lower intensity storms result
in little or no runoff and slowly melting snow results in slow but steady infiltration over a period
of several weeks each winter. This slow rate of input over long time periods allows for larger
volumes of water to penetrate below the root zone and thereby escape the high
evapotranspiration rates of the following summer. When surface flow is negligible, the deepest
infiltration was observed on the ridgetops and the shallowest infiltration was observed in the
washes, although there was little difference in infiltration characteristics between terraces and
channels. Exceptions were noted, however, following significant runoff events when relatively
large volumes of water often infiltrated more than 5 to 6 m (16 to 20 ft) into the alluvium under
washes, which is below the estimated root zone. However, conditions causing significant
channel runoff occurred infrequently and only in a few washes during any single runoff event.

8.2.4.5 Continuous Monitoring of Water Potential Using Heat-Dissipation Probes

Heat-dissipation probes were used to obtain continuous water potential measurements for one
year as an independent check on the occurrence of net infiltration (Flint, A.L. et al. 1996, pp. 67
to 68, Figure 35). Water potential measurements were obtained at four depths (7, 15, 36.5, and
73.7 cm [3, 5.9, 14.4, and 29 in.]) near neutron-access borehole USW UZ-N15, which is on
Bleach Bone Ridge (see Figure 8.1-1), with the deepest measurement being at the soil-bedrock
interface. Within 2 weeks of installation (February 1995), heavy winter precipitation saturated
the soil-bedrock interface to within 36 cm (14 in.) of the ground surface. The probe at the soil-
bedrock interface remained saturated until the end of March and then dried out to less than -
1,000 kPa (-10 bars) by September. The probes closer to the ground surface dried out faster
with the near-surface probes wetting up periodically due to summer precipitation events. (The
absolute value of water potential beyond -10,000 kPa [-1 00 bars] is questionable but provided a
relative indication of drying conditions.) The water retention curve for the soil at this location
was used to convert water potential to water content, which also is shown on Figure 8.2-13.
Field and laboratory analyses of soil hydrologic properties were determined as described in Flint
et al. (1996, pp. 41 to 43). A series of selected data were chosen and the rate of water loss was
calculated between the dates using the change in water content. In early March, the profile was
changed at a rate of over 10 mm/day but dropped to less than 2 mm/day within 30 days. The
evaporation rate was estimated to be no more than 2 mm/day based on potential
evapotranspiration calculations using the Priestley-Taylor equation, yielding a maximum
infiltration rate into the bedrock of 8 mm/day. The average infiltration rate for 30 days was
5 mm/day, equaling a total infiltration into the bedrock of 150 mm.

The estimate of net infiltration from analysis of the volumetric water content profile for the
nearby borehole USW UZ-N 17 was 11O mm for the same time period (Flint, A.L. et al. 1996,
p. 68). The combined effective saturated hydraulic conductivity (rock matrix and filled 250-pim
fractures) estimated for this location was 0.322 mm/day, which is much less than the 8 mm/day
indicated by the combined heat-dissipation probe/evapotranspiration estimate. Fractures in a
nearby exposure were found to be mostly unfilled and thus the assumption of filled 250-pim
fractures to calculate effective conductivities was not consistent with actual field conditions at
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this site. Overall, however, the assumption of filled 250-pm fractures to calculate effective
conductivities of the bedrock resulted in the best match between numerical model results and
field observations for the entire Yucca Mountain site area. (See description of calibration of
numerical infiltration model in Section 8.2.5.)

8.2.5 Development and Calibration of the Initial (1996) Numerical Net Infiltration Model
for the Yucca Mountain Site

The initial (1996) numerical infiltration model was developed in accordance with the conceptual
model, which qualitatively describes the processes of precipitation, runoff, evapotranspiration,
and redistribution of water within the shallow unsaturated zone (Flint, A.L. et al. 1996, p. 5).
The conceptual model hypothesizes that the most important factor controlling net infiltration is
the initiation of fracture flow at the soil-bedrock interface (Flint, A.L. et al. 1996, p. 90). In most
cases, net infiltration is not limited by the effective conductivity of the bedrock, but rather by the
availability of water percolating beneath the zone of evapotranspiration, which is mostly
dependent on precipitation and soil thickness. According to the conceptual model, the properties
and processes most important in determining if net infiltration occurs are the timing and amount
of precipitation, the storage capacity of the soil (which includes soil depth), the seasonality and
amount of evapotranspiration, and the hydrologic properties of the underlying bedrock. The
numerical infiltration model was developed to correctly account for these properties and
processes (Flint, A.L. et al. 1996, p. 69).

The initial (1996) numerical net infiltration model (Flint, A.L. et al. 1996, p. 69) was designed to
produce an estimate of net infiltration at any location within the infiltration study area
(Figure 8.2-14), which includes the area of the three-dimensional, site-scale unsaturated zone
flow model (Bodvarsson et al. 1997, p. 4-4 to 4-5). The net infiltration model requires two
external data sets specific to the location or subarea being modeled. One data set contains
physiographic and hydrologic information (physical data set) for the site and the other data set
contains estimates or measurements of daily precipitation (precipitation data set) (Flint, A.L.
et al. 1996, pp. 69 and 70). The physical data set requires location identification, northing,
easting, slope, aspect, elevation, latitude, longitude, soil type, soil depth, underlying geologic
formation, geomorphic position, and the location of the surrounding topography that blocks the
site for diffuse or direct-beam solar radiation. Using this information and a daily precipitation
record as input, the model calculates daily values of net infiltration using a water-balance
approach, first to calculate the amount of water available for net infiltration, and then to calculate
the actual net infiltration using the effective conductivity of the bedrock. Thus, the model uses
the water balance to establish a potential for net infiltration, but actual net infiltration is
ultimately limited by the effective conductivity of the bedrock. In this formulation, runoff is
calculated as the solution to the water balance.

The initial (1996) numerical net infiltration model was developed using detailed spatially
variable data provided by digital elevation data and geographic information system coverages for
soil type, soil depth, bedrock geology, and channel networks (Flint, A.L. et al. 1996, pp. 69
and 70). The model requires an initial estimate of soil-water content and a record of daily
precipitation amounts for the intended period of simulation (Flint, A.L. et al. 1996, pp. 70 to 72).
The spatial parameters are defined uniquely for all 253,597 30- by 30-m (98- by 98-ft) grid cells
(Flint, A.L. et al. 1996, p. 1) of the USGS 7.5-min. digital elevation models for the Yucca
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Mountain area. Through the use of geographic information system applications, a high degree of
spatial detail in model results can be achieved. The model was calibrated using daily
precipitation data from 1980 through 1995 (Flint, A.L. et al. 1996, pp. 48 and 49) and water
content profiles measured from 1984 to 1995 in 99 neutron-moisture boreholes located at Yucca
Mountain (Flint, A.L. et al. 1996, p. 60-61; Flint, L.E. and Flint, A.L. 1995, p. 7). The
development and calibration of the numerical net infiltration model, along with the spatially and
temporally varying estimates of net infiltration calculated with the model, are discussed in
detail below.

The numerical infiltration model consists of three FORTRAN 77 programs: MARKOV
version 1, PPTSIM version 1, and INFIL version 1. MARKOV is a numerical code for
determining daily precipitation data using a two-state process, third-order Markov chain
(Flint, A.L. et al. 1996, pp. 70 to 71). Probabilities are computed from a daily precipitation data
file and then determined for each month. PPTSIM is a numerical code used to produce a
stochastic simulation of precipitation on a daily basis (Flint, A.L. et al. 1996, p. 70) using the
output from MARKOV and a cumulative probability distribution function that is not allowed to
exceed a specified daily maximum amount of precipitation. INFIL is a numerical simulation
code for estimating net infiltration by determining the field water balance between precipitation,
runoff, evapotranspiration, change in soil water storage, and drainage below the root zone
(Flint, A.L. et al. 1996, pp. 69 and 70). The code applies to porous and fractured media and
simulates only the liquid phase in a dynamic root zone.

8.2.5.1 Daily Precipitation Input

A record of daily precipitation for 1980 through 1995 for the Yucca Mountain site area,
corresponding to the record of water content in the 99 neutron boreholes, was needed for
calibrating the numerical infiltration model (Flint, A.L. et al. 1996, pp. 48 to 49). Site-specific
data that were available for various locations on Yucca Mountain were combined with the
regional data to develop a record of estimated total daily precipitation amounts from January 1,
1980 through September 30, 1995. The daily totals were adjusted for elevation to provide a
simulated spatial distribution of precipitation that is consistent with the correlation between
average annual precipitation and elevation. Table 8.2-1 lists selected statistics for the developed
record of daily precipitation for 1980 to 1995 at an elevation of 1,400 m (4,600 ft) for the area of
the potential repository. Included are the maximum daily precipitation, the number of days of
measurable precipitation, and the number of days for which precipitation exceeded 10 mm.
Especially noteworthy is the very few number of days for which precipitation exceeds 10 mm,
indicating that very few, infrequent storms greatly affect total annual precipitation.
Figure 8.2-15 shows total annual precipitation for the same developed record for the area of the
potential repository. For 1980 through 1987, the developed precipitation record is somewhat
uncertain because site-specific data were not available for this period and the daily and annual
totals were interpolated using records from Nevada Test Site stations and nearby regional
stations (Flint, A.L. et al. 1996, p. 49). Beginning in 1988, however, site-specific data from three
of the five automated weather stations at Yucca Mountain (Flint, A.L. et al. 1996, p. 47) were
included in the interpolation model, greatly reducing the uncertainty in the developed record.

Records from the Nevada Test Site stations and the regional network were used also to analyze
the temporal distribution of daily precipitation and to define the parameters of a stochastic model
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of daily precipitation that was used for 100-yr. simulations of infiltration (Flint, A.L. et al. 1996,
pp. 49 to 53). The stochastic precipitation model consists of a pseudo-random number generator
that provides a normalized uniform deviate for a process to simulate daily precipitation. The
32 transition probabilities for a third-order, two-state Markov chain model of the occurrence of
measurable daily precipitation and the cumulative-probability distribution for daily precipitation
amounts were estimated for each month using the daily precipitation records available at regional
precipitation stations 4JA in Jackass Flats and Nevada Test Site Area 12. Station 4JA, with
133 mm average annual precipitation, is the closest station to Yucca Mountain having a daily
precipitation record of 30 yr. or more and was selected to provide a 100-yr. representative
climate simulation for Yucca Mountain by scaling the simulated daily totals to Yucca Mountain
(Flint, A.L. et al. 1996, p. 71). A total of 100 stochastic simulations for station 4JA provided an
average annual precipitation of 131 mm/yr., which is in good agreement with the measured
values. The stochastic simulations were corrected for elevation to provide a simulated record
consistent with estimates of average annual precipitation at Yucca Mountain, yielding an average
annual precipitation of 165 mm/yr. The Nevada Test Site Area 12 station, with 320 mm average
annual precipitation, was selected as an analog site for a potential wetter climate. The simulated
precipitation record for Area 12 station yielded an average annual precipitation of 332 mm,
which is a satisfactory match to the observed value. Precipitation-intensity data measured at the
site were used for defining approximate average storm durations of 2 hr. for summer storms and
1 or more days for winter storms (Flint, A.L. et al. 1996, p. 47) as input to the infiltration model.

Daily precipitation amounts input to the infiltration model were spatially distributed over the
modeling area as a function of grid-cell elevation using an empirical function calibrated to the
geostatistical estimates of average annual precipitation for the region (Flint, A.L. et al. 1996,
p. 72). This method of spatially distributing daily precipitation is considered to be a reasonable
representation of winter precipitation but is not considered to be an accurate representation of
summer thunderstorms. Using the empirical spatial-scaling function and the developed daily
precipitation record for 1993, for example, spatially distributed total annual precipitation ranges
from a minimum of 175 mm to a maximum of 350 mm over the area of the infiltration model
(Figure 8.2-16).

8.2.5.2 Evapotranspiration

Evapotranspiration rates calculated by the initial (1996) infiltration model are based on available
soil moisture and on modeled potential evapotranspiration, which is estimated using modeled
solar radiation, air temperature, and ground heat flux (Flint, A.L. et al. 1996, pp. 74 to 77). The
radiation load is calculated based on slope, aspect, elevation, latitude, longitude, and surrounding
topography (blocking ridges). Blocking ridges are defined by the angle above a horizontal
surface intersecting the ridges that block the sky from direct-beam or diffuse radiation. The
atmospheric inputs are ozone, precipitable water, atmospheric turbidity, circumsolar-diffuse
radiation, and ground albedo. These values are calculated as monthly averages for the entire
model grid. The position of the sun is calculated for each grid cell every hour starting at sunrise
on each day. Direct-beam and diffuse sky radiation are then calculated based on the atmospheric
input parameters and applied to the surface based on the slope and aspect of each cell. Diffuse
sky radiation is reduced by that amount of sky that would be blocked by the surrounding
topography. The direct-beam radiation also is blocked when the sun is positioned behind the
surrounding topography. Ground-reflected radiation is added to the site based on the area of the
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surrounding topography, the ground albedo, and the direct-beam and diffuse sky radiation that
reflects from the surrounding topography. Actual evapotranspiration is modeled as a function of
potential evapotranspiration and soil-water content using a modified Priestley-Taylor equation.
The modified equation uses an empirical function dependent on water content to scale actual
evapotranspiration as a variable percentage of potential evapotranspiration. The empirical
function must be calibrated or defined using calibrations available from analog sites. This
modification of the Priestley-Taylor equation allows for the soil-water content to limit
evapotranspiration. Evapotranspiration is a very important component of the infiltration model
because potential evapotranspiration in arid environments can exceed precipitation on an annual
basis by an order of magnitude. Evapotranspiration is solved on an hourly basis and summed for
each day, and then the change in water content is updated at the beginning of the next day. The
spatial distribution of modeled potential evapotranspiration is dependent mostly on the
topographic controls of slope and aspect, and ranges from a minimum of 500 nmu/yr. to a
maximum of 900 mm/yr. for the area of the site (Figure 8.2-17). Minimum values of
evapotranspiration occur at locations on steep, northerly and northeasterly facing slopes,
particularly at locations surrounded by blocking topography.

8.2.5.3 Surface Water Runoff

For most storms, significant overland flow does not occur in response to precipitation at Yucca
Mountain (Flint, A.L. et al. 1996, p. 73). Therefore, the initial (1996) version of the infiltration
model did not route excess precipitation into wash channels. In the initial model, excess
precipitation (i.e., precipitation in excess of daily evapotranspiration and soil storage capacity)
was accumulated as a storage term for each grid element and then the spatial distribution of this
stored water was analyzed as if it were runoff. For the initial version of the surface -flow
routing model, stream discharge from the model grid was calculated as a fraction of total runoff.
Then the remaining runoff volume was distributed evenly across grid elements containing
channel nodes where it was added to net infiltration occurring in direct response to precipitation.
In this approach, the water balance is satisfied, but runoff was not modeled as an interactive
component of the system, but only as an excess-precipitation storage term for each grid cell.
This method does not correct for potential input volumes that may exceed the effective
conductivity of the underlying bedrock. The determination cf the percentage of runoff that
becomes outflow is subjective. Using a geographic information system coverage of the stream
channel network for Yucca Mountain, infiltration model grid cells that corresponded to channels
were identified (Figure 8.2-18). Due to the characteristics of the geographic information system
coverage, some of the stream channels were represented as discontinuous segments in the model.

8.2.5.4 Net Infiltration and Field Moisture Capacity

The infiltration component of the initial (1996) model uses a daily mass-balance approach driven
by the input of precipitation. All precipitation is assumed to infiltrate into the soil provided the
available storage capacity of the soil is greater than the precipitation input (Flint, A.L.
et al. 1996, p. 74). Precipitation input in excess of the available soil storage capacity is
calculated as a daily runoff term for each grid cell, and is available for surface-flow routing. The
available storage capacity of each cell is calculated as the difference between soil porosity and
soil water content. The maximum available storage capacity for a given soil type is the soil
porosity minus the residual water content. All water in excess of the residual water content is
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available for evapotranspiration (Flint, A.L. et al. 1996, pp. 75 to 77). Actual evapotranspiration
is calculated for each cell as a function of soil water content and potential evapotranspiration.
Water in excess of the field capacity for a given soil type is available for both evapotranspiration
and net infiltration. Net infiltration occurs only when the field capacity is exceeded and is
calculated as a daily rate equal to the effective saturated hydraulic conductivity of the bedrock
type assigned to each cell, assuming a unit gradient (Flint, A.L. et al. 1996, p. 83). If the daily
effective saturated hydraulic conductivity exceeds the soil water content minus the field capacity,
then the soil water content minus the field capacity is calculated as net infiltration, and the new
soil water content is set equal to the field capacity minus evapotranspiration. In this model, all
drainage from the soil profile into the bedrock is defined as net infiltration. The soil infiltration
storage capacity above which any additional water causes net infiltration to occur is the field
capacity minus the water content multiplied by the soil depth (Flint, A.L. et al. 1996, p. 59). The
spatial distribution of the soil-infiltration storage capacity (Figure 8.2-19) is dominated by the
spatial distribution of soil depth, which is determined primarily by physiography.

8.2.5.5 Model Calibration

Calibration of the initial (1996) numerical infiltration model was achieved in several phases by
several different model calibration techniques (Flint, A.L. et al. 1996, pp. 84 to 85), including
comparison of model-calculated solar radiation and air temperature with field data. However,
the primary model calibration technique involved comparison of evapotranspiration calculated
by the Priestley-Taylor equation to water loss from the water content profiles of the 99 neutron
boreholes. The infiltration model was calibrated using the neutron-probe logging data by
visually comparing the total water content change in the soil profile through time against the
model simulation results for the same period using the estimated or measured record of daily
precipitation for each borehole site. The visually calibrated data set then was used to simulate
the parameters defining the modified Priestley-Taylor equation (in particular, the a coefficient)
using an inverse modeling technique. An example of model calibration results for borehole N63
(Figure 8.2-20) indicates that a reasonable match between modeled and measured water content
was obtained.

Because model results indicated a satisfactory preliminary calibration, the model was used
subsequently to produce 100-yr. simulations of infiltration that allowed for an evaluation of the
temporal and spatial distribution of net infiltration throughout the area of Yucca Mountain under
both current climatic conditions and possible future climatic conditions.

8.2.6 Application of the Initial (1996) Numerical Infiltration Model

The initial (1996) numerical infiltration model was used to obtain estimates of net infiltration for
the entire Yucca Mountain site area (Area 1) covered by the 30- by 30-m (98- by 98-ft) grid
(Figure 8.2-21), and also for smaller areas (Area 3 and Area 5) centered over the potential
repository site. Descriptive information for all three model areas is listed in Table 8.2-2. The
smaller areas were analyzed to obtain more detailed information on infiltration and runoff over
the area of the potential repository block. Model simulation results consist of total annual or
average annual net infiltration for each 30-nm (98-ft) grid cell and the mean daily infiltration for
all grid cells. In addition to simulated infiltration, results also were obtained for simulated
evapotranspiration, generated runoff, and surface-water outflow (stream discharge). The model
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was applied to provide estimates of net infiltration rates at the site for current climate as well as
potential future climatic conditions. Model results were compared with estimates of net
infiltration and recharge obtained using alternative methods. A summary of model results along
with a discussion of model limitations and uncertainty is provided at the end of this section.

8.2.6.1 Estimates of Present-Day Net Infiltration Rates Using the Initial (1996)
Numerical Infiltration Model

An initial estimate of average annual net infiltration was obtained using results from a 1-yr.
numerical simulation scaled to the average annual precipitation value from a regression model
fitted to the 1980 to 1995 results obtained at neutron borehole locations (Flint, A.L. et al. 1996,
p. 87). For the initial estimate, average annual net infiltration for grid cells containing channel
nodes was estimated to be a uniform value of 10 mm/yr. The mean average annual net
infiltration rate for the site area (Area 1) obtained using the initial estimate was 3.0 mm/yr., the
maximum rate was about 81.9 mm/yr., and the minimum was 0.0 mm/yr. (Table 8.2-2).
Estimates of present-day average annual net infiltration rates for Yucca Mountain also were
obtained using a scaled 100-yr. stochastic simulation of precipitation for station 4JA (Flint, A.L.
et al. 1996, pp. 85 and 86). Average annual precipitation for the area of the entire grid (Area 1)
for the scaled 100-yr. simulation was 150 mm/yr. and resulted in the distribution of infiltration
rates shown in Figure 8.2-22. Maximum net infiltration rates of 63 mm/yr. were obtained for
relatively high elevations of Yucca Mountain north of the potential repository site that have
surface exposures of higher permeability, nonwelded tuffs. Minimum values of 0.0 mm/yr. net
infiltration were obtained for all locations having a soil depth of 6 m (20 ft) or greater. The
average annual net infiltration for the entire site area (Area I) was 3.2 mm/yr. (Table 8.2-2).

For Area 5 centered over the potential repository site, net infiltration ranged from 0.0 mm/yr. for
locations with thick soils to over 25 mm/yr. at a location close to the crest of Yucca Mountain
(Figure 8.2-23). The average net infiltration rate for all of Area 5 was about 6.0 mm/yr.
(Table 8.2-2).

As indicated in Table 8.2-2, model results obtained using the 100-yr. scaled stochastic simulation
of precipitation for station 4JA are similar to the initial estimates of net infiltration obtained
using the scaled 1-yr. simulation. However, the 100-yr. simulation is considered to be the more
representative of present-day climatic conditions than the scaled 1-yr. simulation. In addition,
the 100-yr. simulation more accurately represents the seasonality of precipitation, which is an
equally important factor as total annual precipitation in determining annual net infiltration
(Flint, A.L. et al. 1996, p. 87). Simulation results for each 5-yr. period of the 1 00-yr. simulation,
calculated as 5-yr. averages, are listed in Table 8.2-3. The maximum 5-yr. average infiltration
rate is 10.95 mm/yr., and the minimum 5-yr. rate is 0.17 mm/yr. To compare results obtained
using longer-term averages, the sliding 15-yr. average rates calculated from the 5-yr. averages
also are listed in Table 8.2-3. The maximum 15-yr. average net infiltration rate is 6.49 mm/yr.
and the minimum rate is 1.31 mm/yr. The sliding 15-yr. averages indicate that considerable
variability in estimated net infiltration values can be expected for 5-yr. and even 15-yr.
simulations.

Estimates of average annual net infiltration for the Yucca Mountain site also were obtained using
the developed 1980 to 1995 daily-precipitation record that was used for model calibration
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(Flint, A.L. et al. 1996, p. 84). The proportion of generated runoff contributing to channel
infiltration was again assumed to be 90 percent, with only 10 percent of the runoff volume
generated being discharged from the model area. The results obtained for the 1980 to 1995
simulation indicated higher net infiltration rates and runoff amounts than for the 100-yr.
stochastic simulation (Flint, A.L. et al. 1996, p. 86). Average annual precipitation for the area of
the entire grid (Area 1) was 157.5 mm/yr. for the 1980 to 1995 simulation (Table 8.2-4), as
compared to 150.19 mm/yr. for the scaled 100-yr. simulation (Table 8.2-3). For 1995, model
results indicated an average annual net infiltration for the entire site area (Area 1) of 43.58 mm
and an average annual runoff of 23.77 mm. Simulated runoff magnitudes from the 1980 to 1995
simulation allow for a crude measure of model calibration by a comparison with streamflow
records for Yucca Mountain, which are discussed in detail in Section 7. Runoff was generated
during the years of 1983, 1984, 1985, 1992, 1993, and 1995, but average runoff amounts greater
than 1 mm were generated only during 1992, 1993, and 1995 (Table 8.2-4). This result is
generally consistent with records of streamflow at Yucca Mountain, although the amount of
runoff simulated for 1983 and 1984 was not as high as expected. The 1996 net infiltration model
did not accurately simulate runoff magnitudes resulting from short-duration, high-intensity
precipitation events common during the summer, such as the August 1991 and March 1995
storms (Figure 8.2-8). This is because the model did not account for precipitation intensities
exceeding the soil-infiltration capacity as determined by the soil permeability and water content
(Flint, A.L. et al. 1996, p. 74). The streamflow records for Yucca Mountain show that much of
the runoff that occurred during 1983 and 1984 was the result of severe summer storms
(Flint, A.L. et al. 1996, pp. 54 to 55). In contrast, runoff generated during 1992, 1993, and 1995
resulted from a loss of soil storage capacity because of a higher frequency of longer duration
winter precipitation (Flint, A.L. et al. 1996, pp. 56 to 57), conditions for which the 1996
infiltration model provides a more accurate numerical representation.

The average net infiltration rate of 7.64 mm/yr. obtained using the 1980 to 1995 precipitation
record (Table 8.2-4) is greater than the maximum 15-yr. sliding-average net infiltration rate of
6.49 mm/yr. obtained using the scaled 100-yr. stochastic simulation for Yucca Mountain
(Table 8.2-3). This suggests, but does not prove, that 1980 to 1995 represents a wetter than
normal period compared to average conditions, as represented by the 36-yr. record of
precipitation available at station 4JA (Flint, A.L. et al. 1996, p. 86). The higher frequency of
years affected by an active El Niino Southern Oscillation, particularly the 1991 to 1995 period,
which resulted in some of the wettest winters on record for the southern Great Basin, is not well
reproduced by the stochastic simulation. In addition, the stochastic simulation does not account
for climatic trends, such as the predicted trend toward wetter conditions caused by an increase in
atmospheric carbon dioxide. The onset of such greenhouse climates, which may be analogous to
an increased frequency in El Nifo Southern Oscillation events, might already be causing bias in
the 1980 to 1995 climate record relative to longer-term records in the Yucca Mountain region,
such as the station 4JA record. A thorough discussion of potential future climates, including the
likely onset of a greenhouse climate, the eventual onset of a glacial climate, and the results of
general circulation models being applied to predict potential future climates, is provided in
Section 6.4.
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8.2.6.2 Comparison of Initial (1996) Numerical-Model-Derived Net Infiltration Rates
With Flux Estimates from a Chloride Mass-Balance Method

Infiltration flux estimates calculated by a chloride mass-balance method for analysis of soil and
rock samples were compared (Table 8.2-5) to spatially averaged net infiltration estimates derived
from the numerical infiltration model (Flint, A.L. et al. 1996, pp. 63 to 65, Table 7). The
chloride mass-balance flux estimates vary considerably at the same location depending on the
depth of soil or rock samples and the type of material. For example, under a soil terrace at
borehole UE-25 UZ#16, the flux was 0.01 to 0.03 mmn/yr. for the soil samples, but 1.6 to
3.1 mm/yr. for the PTn unit. Interestingly, the numerical model indicated no infiltration at
borehole UE-25 UZ#16 because of the thick alluvium (12 m [39 ft]) under the terrace. Under a
soil terrace at borehole USW UZ-14, however, the values for soil and bedrock were similar to the
chloride mass-balance flux was 0.1 to 0.2 mm/yr. for the soil samples and 0.2 to 0.4 mm/yr. for
the PTn unit samples. The difference between chloride mass-balance fluxes for the soil and the
PTn unit at UZ#16 may indicate that significant lateral redistribution of higher fluxes into the
nearby sideslopes occurred by the time the water reached the PTn unit. The consistency of
estimated fluxes between the chloride mass-balance method and the numerical model are
noteworthy for the channel at boreholes USW UZ-N37 and USW UZ-54. Overall, the chloride
mass-balance fluxes are consistent with the conceptual model of relative flux rates for the four
topographically based infiltration zones. In addition, although there are some differences, the
chloride mass-balance fluxes and those derived from the infiltration model are quite similar, and
in nearly all cases within a factor of 10 from one another.

Estimates of infiltration also have been made in alluvial soils based on 36CI/Cl ratios by
evaluating the shape and magnitude of the 36CI bomb-pulse profile and the depth to the center of
mass of the 36C1 bomb pulse in soils (Flint, A.L. et al. 1996, pp. 65 to 66). However, this
method yielded infiltration fluxes in channels at boreholes USW UZ-N37 and USW UZ-N54 that
were one and two orders of magnitude greater than the fluxes from either the chloride
mass-balance method or the numerical model. This difference may be due to somewhat deeper
penetration of a wetting front into the thick alluvium in a channel following a runoff event but
with the lack of significant penetration beyond the root zone. (Pulses of water can penetrate 3 to
4 m within days after a runoff event but most water is extracted by evapotranspiration).

8.2.7 Revisions to the Numerical Net Infiltration Model

Between 1996 and 1999, the initial net infiltration model of Flint, A.L. et al. (1996) was
modified substantially to more accurately simulate net infiltration in the vicinity of Yucca
Mountain. Some of the modifications were made in response to the Unsaturated Zone Flow
Model Expert Elicitation Project (CRWMS M&O 1997b). In particular, the expert elicitation
panel was concerned about the model's treatment of runoff from ridgetops and steep sideslopes
and its impact on infiltration in washes, particularly those with thin alluvial cover (CRWMS
M&O 1997b, Section 4.0, p. 4-3). Consequently, the infiltration model was modified to more
accurately account for concentrated infiltration in washes when runoff occurs. Modifications to
the numerical infiltration model included the following:

. Reformulation of model boundaries based on 10 small watershed domains that
encompass the site area
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* Updating the bedrock geologic framework using the site-area geologic map of Day et al.
(1998) and revision of the soil-depth map

• Formulation of a surface flow, runoff routing module using streamflow records for Drill
Hole, Pagany, Wren, and Split washes to simulate infiltration in washes due to runoff

* Enhancement of a soil-moisture storage algorithm that allows for improved modeling of
surface evaporation and root-zone transpiration

• Improved simulation of effective bedrock permeability

. Modification of the air temperature module to allow for variable mean annual air
temperature and a variable range between maximum summer temperature and minimum
winter temperature

. Reformulation of scenarios for future net infiltration due to climate change based on
anticipated climate change over the next 1O k.y.: a modem climate state (0.6 k.y.), a
warner-than-modem monsoon climate state (1.4 k.y.), and a cooler-than-modern glacial
transition state (8 k.y.).

These modifications are described in more detail in Section 8.2.8.

8.2.8 Description of the Revised Net Infiltration Numerical Model

Model revisions and application were documented in an analysis and modeling report
(USGS 2000b). The analysis and modeling activity consisted of several major tasks
(USGS 2000b, Section 1):

* Modifications to the 1996 model computer code INFIL version 1.0

* Update of input parameters defining the new model INFIL version 2.0

* Calibration of the new model using streamflow records

• Development of daily climate input representative of potential future climate states

. Application of the model to produce net infiltration estimates for lower-bound, mean,
and upper-bound climate scenarios for present-day and potential future climate stages.

Specifications for and descriptions of upper-bound and lower-bound potential future climate
states, which consist of monsoon and glacial transition climates, were drawn from an analysis
and modeling activity on future climate (USGS 2000a).

8.2.8.1 Development of Watershed Model Domains

A significant revision to the infiltration model was the reconfiguration of the model domain, or
area (USGS 2000b, Section 6.5.3). Whereas the domain of the 1996 infiltration model consisted
of a large rectangular area (228 km2 or 88 mi.2, see Table 8.2-2) encompassing the Yucca
Mountain site area (see Figure 8.2-21), the domain of the 1999 net infiltration model consists of
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a set of smaller, isolated watersheds (Figure 8.2-24). These watersheds either overlie or are
immediately adjacent to the area of the site-scale unsaturated zone flow and transport model. As
a consequence of defining the area of the 1999 infiltration model on the basis of watershed
boundaries (or topographic divides), the 123.7-km 2 (47.8 mi.2) area of the revised infiltration
model (USGS 2000b, Section 6.11.1) is somewhat smaller than the area of the 1996 model.
However, by dividing the model domain into individual watersheds, each with a single outflow,
more efficient computation and mass-balance checking was possible. In addition, the isolated
watershed domains allowed for more efficient analysis of watershed characteristics and direct
comparison of measured and simulated surface-water outflow during model calibration.

The main watersheds that comprise the composite infiltration model domain are Yucca Wash,
Drill Hole Wash, Dune Wash, Solitario Canyon #1, and Plug Hill Wash (Figure 8.2-24).
Additional watersheds were defined to constitute a buffer zone along the western edge of the
unsaturated zone flow and transport model and include Jet Ridge Wash #1, Jet Ridge Wash #2,
Jet Ridge Wash #3, Solitario Canyon #2, and Solitario Canyon #4. The watershed domains were
restricted to the western side of the Fortymile Wash channel; Yucca Wash and Jet Ridge Wash
#1 were truncated because of limitations on the availability of digitized elevation data in the
vicinity of Yucca Mountain (USGS 2000b, Section 6.5.3).

8.2.8.2 Bedrock Geology and Saturated Hydraulic Conductivity

Whereas the 1996 infiltration model used the bedrock geologic maps of Scott and Bonk (1984)
and Christiansen and Lipman (1965), the 1999 infiltration model used updated geologic
information from the 1:6,000 scale map of the central block area by Day et al. (1998) wherever
possible (USGS 2000b, Section 6.6.4). However, for major parts of the 1999 infiltration model,
it was still necessary to use geologic information from Scott and Bonk (1984). Figure 8.2-25
shows the areal coverages of the three geologic maps and indicates that within the boundaries of
the unsaturated zone flow and transport model, bedrock geology for the net infiltration model
was primarily derived from Day et al. (1998). Bedrock geology for the extreme northern and
southern parts of the unsaturated zone flow and transport model area was derived from Scott and
Bonk (1984). In addition, within the boundaries of the Day et al. (1998) map, geologic
information from Scott and Bonk (1984) was used to estimate bedrock geology for some
locations mapped by Day et al. (1998) as alluvium or colluvium but where the soil is
intermediate in thickness (less than 6 in). Soils tend to be of intermediate thickness in the
transition zones between upland areas and alluvial fans and basins.

Bulk saturated hydraulic conductivity values, representing the combination of matrix and
fracture conductivities, were assigned to each bedrock type (USGS 2000b, Section 6.6.4) using
the estimates in Flint, A.L. et al. (1996, Table 2). The hydrologic properties of alluvium,
including saturated hydraulic conductivity, were assigned using the values compiled in
Flint, A.L. et al. (1996, Table 4). Bulk hydraulic conductivity values for the updated Day et al.
(1998) geology were defined by using lithologic correlations with the Scott and Bonk (1984)
geology. In general, the number of unique bedrock units with different bulk hydraulic
conductivity values decreased with the incorporation of the Day et al. (1998) geology.
Figure 8.2-26 indicates the bulk hydraulic conductivity of the bedrock and alluvium underlying
the root zone for the three combined geologic maps. The bulk hydraulic conductivities range

TDR-CRW-GS-OOOOO I REV 01 ICN 01 8.2-29 September 2000



from a minimum of less than 10 mm/yr. for densely welded tuffs with low fracture densities to a
maximum of more than 100,000 mm/yr. for alluvium and colluvium.

8.2.8.3 Geospatial Parameters

The geospatial parameters required by the revised infiltration model are essentially the same as
those required by the 1996 model. Geospatial parameters include location (in both Universal
Transverse Mercator coordinates and latitude/longitude), elevation, slope, aspect, soil type, soil
thickness, rock type, topographic position, vegetation type, percent vegetation cover,
36 blocking-ridge angles, and flow routing (stream channel) parameters (USGS 2000b,
Section 6.6). Topographic parameters, such as the flow routing parameters, slope, aspect, and
blocking-ridge angles, are taken directly from the digital elevation model for Yucca Mountain or
are calculated using computer software and the digital elevation model (USGS 2000b,
Section 6.6.1). The soil thickness class map developed for 1996 net infiltration model
(Flint, A.L. et al. 1996, Figure 13) also was applied to the revised infiltration model
(USGS 2000b, Section 6.6.2). Similarly, the soil type classification map developed for the 1996
model (Flint, A.L. et al. 1996, Figure 14) also was applied to the revised model (USGS 2000b,
Section 6.6.3). Based on the soil types, hydrologic properties, including porosity, field capacity,
residual water content, and saturated permeability (Flint, A.L. et al. 1996, Table 4), were
assigned to each grid cell in the revised model. The effect of vegetation on net infiltration was
simulated in the revised infiltration model using the root-zone submodel and layering scheme
described in Sections 8.2.8.4 and 8.2.8.5.

8.2.8.4 Multilayered Root-Zone Submodel for Calculating Water Redistribution,
Evapotranspiration, Runoff, and Net Infiltration

Unlike the 1996 infiltration model, which had a single-layer root-zone submodel, the revised
infiltration model has a multilayered root-zone submodel. Water infiltrating and percolating
through the multilayered root-zone system is modeled as a cascading piston-flow process
(USGS 2000b, Section 6.4.5). Downward percolation is modeled as a "forward" cascade
initiated by adding the total volume of water infiltrating the top layer of the root zone to the
antecedent water content of the layer. The new water content is calculated using the layer
thickness and compared against the field capacity defined by the grid-cell soil type as defined in
Flint, A.L. et al. (1996, Table 3, Figure 14). The volume of water exceeding the field capacity
becomes a downward percolation that is added to the antecedent water content of the underlying
layer, and the new water content of the underlying layer is compared against the field capacity of
that layer. If the potential percolation volume exceeds the saturated permeability of the soil or
bedrock of the underlying layer, the downward percolation rate is set equal to the saturated
permeability of the underlying layer. The excess water volume is added to a temporary storage
term for the overlying layer. The process is repeated for each soil and bedrock layer in the root
zone until the bottom layer is reached. In the revised infiltration model, a maximum of three soil
layers and one bedrock layer was used in each grid cell of the model.

The volume of water that percolates into the bottom bedrock layer is compared to the effective
root-zone storage capacity of the bedrock (USGS 2000b, Section 6.4.5). If a bedrock layer exists
in the root zone, the effective root-zone storage capacity of the bedrock layer is calculated based
on the estimated root zone depth, the estimated soil depth, and the estimated effective fracture
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porosity of the rock type. The volume of water exceeding the bedrock storage capacity is the
potential net infiltration volume. For thick soils (greater than 6 m [20 fit]), there is no bedrock
layer in the root zone. Consequently, the thickness of the bedrock root-zone layer and effective
fracture porosity for the bottom bedrock layer are set to zero, and all water exceeding the field
capacity of the bottom soil layer is potential net infiltration, unless limited by the saturated bulk
permeability of the underlying soil or bedrock. For locations where the soil depth is estimated to
be 6 m (20 ft) or greater, the underlying bedrock properties are defined using alluvium/colluvium
properties. The actual net infiltration volume is calculated after evapotranspiration is simulated
throughout the root zone, and is limited by the bulk saturated permeability of the underlying rock
type. The potential net infiltration volume exceeding the bulk saturated permeability is added to
the temporary storage term of the bottom root-zone layer.

Runoff is calculated using a reverse cascade starting with the bottom root-zone layer
(USGS 2000b, Section 6.4.5). The volume of water in the temporary storage term is compared
to the total storage capacity of each layer defined by the porosity (or effective fracture porosity in
the case of bedrock) and layer thickness. If the volume of water in the temporary storage term
exceeds the storage capacity, the excess water is added to the temporary storage term of the
overlying layer. The process is repeated until the top layer is reached. The volume of water in
the temporary storage term exceeding the storage capacity of the top layer is added to the
potential runoff volume calculated for that grid cell. The final runoff volume is calculated
following the simulation of evapotranspiration from the root zone.

After the completion of the reverse cascade and the placement of excess water into temporary
storage terms, evapotranspiration is simulated for each root-zone layer (see Section 8.2.5.2)
using a dynamic root-zone weighting function and the modified Priestley-Taylor equation
(USGS 2000b, Section 6.4.6). Total daily potential evapotranspiration is modeled for each grid
cell using the Priestley-Taylor equation (USGS 2000b, Section 6.4.4). Evapotranspiration is
simulated only for days with air temperature greater than 0C (USGS 2000b, Section 6.4.6). The
dynamic weighting is based on calculated relative saturations for each root-zone layer and the
relative distribution of water (based on saturation) throughout all layers. The purpose of the
dynamic weighting is to increase root activity for the wettest layer. Static root density weights
are also incorporated into the dynamic weighting function, setting an upper limit on root activity
within each layer. For the uppermost soil layer, the bare-soil evaporation term is added to the
transpiration term. Using the calculated weighting terms, evapotranspiration is simulated by
applying a form of the modified Priestley-Taylor equation to each layer of the root zone. After
the water contents for each layer are reduced according to the calculated evapotranspiration rates,
the final runoff and net infiltration terms are calculated, and the new water content terms for each
root-zone layer are updated for the following day's water-balance calculation.

8.2.8.5 Estimated Root-Zone Depth and Vertical Layering

In the revised infiltration model, soil thickness is estimated using a combination of the soil
thickness class map (Flint, A.L. et al. 1996, Figure 13) and an estimated linear relation between
soil thickness and slope within each thickness class (USGS 2000b, Section 6.7.1). The empirical
soil depth model is based on an assumed soil thickness-slope correlation within the soil
thickness classes defined for the 1996 version of the net infiltration model (Flint, A.L. et al.
1996, pp. 39 and 40). The conceptual soil thickness model assumes that soils are thinnest at the
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summit and ridge-crest areas as well as steep sideslopes. Thicker soils are assumed to occur at
the relatively gently sloping shoulder areas that define the transition between summit or ridge-
crest areas and steep sideslopes. Thicker soils also are assumed to occur on more gently sloping
footslopes. Figure 8.2-27 shows the spatial distribution of estimated soil thickness, with
relatively thin soils (less than 0.2 m [0.7 ft]) along steep sideslopes, and thicker upland soils
(0.3 to 0.4 m [0.98 to 1.3 fit]) along ridgetops and shoulder areas. All areas where the soil is 6 m
(20 ft) thick or greater are underlain by alluvium or colluvium. For these areas, the 6-m (20-ft)
soil thickness represents only the depth of the root zone, not the actual soil depth.

In the revised infiltration model, the estimated soil thickness map (Figure 8.2-27) is used to
estimate the depth of the root zone using an assumed empirical model (USGS 2000b,
Sections 6.7.2 and 6.7.3). Root-zone layers are defined to represent differences in root-zone
density, storage capacity, and hydrologic properties affecting evapotranspiration and percolation
within the root zone. The layers are used to model vertical percolation and redistribution of
water in the root zone, as described in Section 8.2.8.4. The top layer is used to model both
bare-soil evaporation and shallow transpiration. Three lower root-zone layers, which include,
two soil layers and the bottom bedrock layer, are used for modeling transpiration only. The
thickness of each of the four root-zone layers is variable and is defined by the soil thickness map.
For the modem climate, the root zone extends into the bedrock only where soils were less than
4 m (13 ft) thick. For such areas, the root zone extends 2 m (7 ft) into the bedrock where there
are no soils, I m (3.3 ft) into the bedrock where soils are 2 m (7 ft) thick, and 1.5 m (4.9 fit) into
the bedrock where soils are I m (3.3 ft) thick. Consequently, the maximum thickness of the top
layer is 0.3 m (0.98 ft), the maximum thickness of the second layer is 1.2 m (3.9 ft), and the
maximum thickness of the third layer is 4.5 m (15 ft). According to this model, root zones in
upland areas with thin soils less than 1.5 m (4.9 ft) thick consist of one or two soil layers and one
bedrock layer, while alluvial fan terraces having 6 m (20 ft) or greater soil thickness have three
soil layers and no bedrock layer. This empirical root-zone model is consistent with the estimated
root-zone depth defined for the 1996 infiltration model in that it utilizes the same data on plant
species and rooting depth given in Flint, A.L. et al. (1996, Table 5).

The multilayered root-zone model represents variable root-zone properties between layers using
a set of model coefficients specific to each layer (USGS 2000b, Section 6.7.3). The model
coefficients consist of two root density weighting factors for each layer, including the bedrock
layer. Soil storage capacities are defined for the three soil layers using the soil type assigned to
each grid cell, soil porosity, and soil thickness. The storage capacity of the bedrock layer is
defined by using the bedrock fracture porosity and the thickness of the bedrock layer. For all
model simulations described in this section, a fracture porosity of 0.02 was assumed for all rock
types included in the root zone. The total water storage capacity of the root zone is a function of
the estimated root-zone depth, soil depth, soil porosity, and the bedrock fracture porosity.
Figure 8.2-28 illustrates the calculated total water storage capacity of the root zone. Minimum
storage capacities of approximately 40 mm occur in upland areas with very thin soils and
indicate the root-zone water storage capacity of fractured bedrock. Maximum storage capacities
of more than 1,000 mm occur at locations with thick alluvium and no bedrock layer included in
the root zone.
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8.2.8.6 Simulation of Precipitation, Temperature, and Snowpack

As in the 1996 model, the revised infiltration model uses the input of daily climate data to
control the timing and duration of infiltration simulations (USGS 2000b, Section 6.4.2). Daily
climate input must include the year, the day of the year, and total daily precipitation, but as
options also can include maximum, minimum, and average daily air temperature and total daily
snowfall accumulation. If temperature data are not included as model input, temperature is
calculated internally by the same method used in the 1996 model (Flint, A.L. et al. 1996, p. 76,
Equation 20). Daily precipitation and air temperature data are input to the model as point values
that are representative of the conditions at an elevation of 1,400 m (4,600 fit), which is the
approximate elevation of the land surface above the western edge of the potential repository area
(Figure 8.1-6). Precipitation and air temperature are distributed spatially across all model grid
cells using empirical elevation models. The precipitation-elevation correlation, caused by the
adiabatic cooling of air masses interacting with mountainous terrain, has been studied in the
southern Nevada region and correlation models between elevation and annual (as well as
seasonal) precipitation amounts have been defined. The air temperature-elevation correlation is
estimated in a similar manner. Cloud cover is a variable affecting the energy-balance
calculation, and is indirectly accounted for in the model as an empirical function of daily
precipitation magnitude. For days with precipitation, the modeled clear-sky potential
evapotranspiration rate is reduced.

In the revised infiltration model, precipitation is simulated as snowfall at every grid cell where
the average daily air temperature is less than or equal to 0C (USGS 2000b, Section 6.4.3).
When snowfall occurs, all precipitation for that day is assumed to occur as snow at that location.
However, because air temperature is distributed spatially using the elevation-correlation model,
snowfall and snowpack accumulation may occur at higher-elevation cells, while rain occurs at
lower elevations within the same watershed. Snowfall is accumulated into a snowpack storage
term and is removed from the root-zone water balance. If snowpack exists and the air
temperature is less than 0C, water is removed from the snowpack using an empirical
sublimation-saltation-suspension model under the assumption that in upland areas advective
wind-transport processes tend to cause snow removal rather than deposition over most areas.

The three processes are lumped into a single empirical "sublimation" model that also includes
evaporation of snowmelt and sublimation (but not saltation and suspension) when the air
temperature exceeds 0C (USGS 2000b, Section 6.4.3). The model coefficients were estimated
based on limited information indicating the average percentage of snowpack losses due to
sublimation and advective energy processes. If a snowpack exists and air temperature is greater
than 0C, a combined sublimation of snow and evaporation of snowmelt is simulated, and the
potential evapotranspiration rate is reduced to allow potential transpiration from the root zone.
Thus, the model allows reduced transpiration to occur when a snowpack exists, but only if air
temperature is higher than 0C. For all days when air temperature is 00C or less, transpiration is
set to zero, and only sublimation can occur, provided a snowpack exists. If air temperature is
greater than 0C, snowmelt is simulated as an empirical linear function of average daily air
temperature using a standard temperature-index approach used for modeling snowmelt in the
Sierra Nevada during April. The simulated snowmelt is carried back into the root-zone water-
balance calculation as an influx term.
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8.2.8.7 Daily Water and Energy Balance

In the revised infiltration model, calculation of spatially distributed net infiltration rates consists
of a daily simulation of net infiltration in response to a daily water and energy balance
calculation performed separately for each model element within a watershed bounded by surface-
water flow divides (USGS 2000b, Section 6.4.1). The daily water-balance calculation used in
the revised model is:

Re f= P-SF+ IR 0n + SM-SB--AS-ET-I (Eq. 8.2-3)

where:

I = net infiltration
P = precipitation (rain and snow)
SF = snowfall
SB = sublimation
SM = snowmelt
A S = change in water content storage within the root zone
ET = evapotranspiration
IRon = infiltrated surface-water run-on, and
Rff = surface-water runoff generated by excess precipitation, snowmelt, or run-on

It is important to note that runoff, not net infiltration, is calculated as the solution to the water-
balance equation. This is because the revised infiltration model was calibrated using surface-
water streamflow data (see Section 8.2.9). Net infiltration is incorporated in the water-balance
formulation as a temporary, potential net infiltration term, and is limited by the field-scale,
saturated permeability of the soil or bedrock underlying the root zone.

Parameters affecting the daily water balance, such as soil thickness, soil and bedrock properties,
and various surface and vegetation characteristics are uniquely defined for each grid cell
(USGS 2000b, Section 6.4.1). The infiltration rate of precipitation, snowmelt, or surface water
run-on into the root zone from the ground surface is limited by the saturated permeability of the
grid-cell soil type or the bulk saturated permeability of the grid-cell bedrock type in cases of no
soil cover. Precipitation and surface-water flow rates are defined using an estimated 2-hr.
duration for summer storms and an estimated 12-hr. duration for winter storms. If the
precipitation or snowmelt rate exceeds the saturated permeability of the top root-zone layer, the
excess precipitation or snowmelt is added to the runoff term for that grid cell. During the
simulation of surface-water flow, the infiltration of surface-water run-on also is limited by the
saturated permeability of the top root-zone layer. Surface-water run-on exceeding the saturated
permeability of the top root-zone layer is added to the runoff term and routed to the downstream
grid cell.

8.2.8.8 General Description of the Revised Infiltration Modeling System

The net infiltration modeling process requires a combination of Geographic Information System
applications, field data, parameter estimation, visualization and analysis, and the application of
developed FORTRAN codes, industry standard software, and previously baselined software
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(USGS 2000b, Section 6.3.2). The FORTRAN codes are used for preprocessing of model input,
simulation of net infiltration, and postprocessing of model results, which includes development
of net infiltration estimates for a given climate scenario. Modeling of net infiltration consists
primarily of an hourly energy-balance simulation and a daily water-balance simulation for a
continuous multiyear period. Daily net infiltration rates are averaged over the duration of the
simulation for each model cell to obtain spatially distributed, time-averaged net infiltration rates.

The major components of the net infiltration modeling system are illustrated schematically in
Figure 8.2-29. Geographic Information System applications are required for creating the
geospatial input files representing a number of characteristics of the watersheds being modeled
(USGS 2000b, Section 6.3.2). This process involves the rasterization of available vector-map
coverages onto the model grid cells (elements) defined by the digital elevation model for the
Yucca Mountain site. Statistical or empirical models are required for spatial distribution of
climate input data that are not defined by the geospatial input file, such as daily precipitation and
air temperature. Hydrologic properties derived from field measurements comprise another input
to the water-balance model. Initial conditions for the modeling system consist of a distribution
of the estimated water content in the rocks and soils that underlie each watershed. The potential
evapotranspiration and water-balance models perform the fundamental calculations that produce
model output, including net infiltration and streamflow.

The primary module of the revised infiltration modeling system, INFIL version 2.0, requires
three user-defined input files (USGS 2000b, Section 6.3.3):

* Model control file, which specifies input and output options, input and output file
names, modeling options, simulation period, user-specified model coefficients, and
hydrologic properties. Additional model coefficients are defined within the model
source code.

. Daily climate input file, which defines the temporal domain for the model simulation
and consists primarily of day number and daily precipitation amount in millimeters. The
file can also include daily maximum, minimum, and mean air temperature in degrees
Celsius, and snowfall accumulation in water-equivalent units (millimeters).

* Geospatial parameter input file, which consists of location coordinates and spatially
variable parameters for all grid cells defining the model domain. Grid-cell variables
include elevation, slope, aspect, surface-water flow routing parameters, soil type, soil
thickness, bedrock type, and 36 blocking-ridge parameters for calculating
solar radiation.

8.2.8.9 Computer Software Used to Implement the Revised Infiltration Model

The infiltration modeling system consists of developed FORTRAN routines and programs which
are used for preprocessing of model input, simulation of net infiltration, and postprocessing of
model results. In addition, several industry standard software programs and previously baselined
software are used as parts of the overall infiltration modeling system. Most of the software items
are developed FORTRAN programs and routines (USGS 2000b, Section 3.0, Table 3-1). The
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primary model program for obtaining estimates of net infiltration is INFIL version 2.0, which is
a modified version of INFIL version 1.0 developed for the 1996 infiltration model.

The following 11 sequential steps summarize the implementation of the infiltration modeling
system and the application of the software (USGS 2000b, Section 6.3.2):

1. Acquisition and/or development of Geographic Information System map coverages
and the application of ARC/INFO version 6.2 for the rasterization of geospatial
parameters onto the base grid defined by the digital elevation model for Yucca
Mountain. Conversion of grid-cell coordinates to both Universal Transverse Mercator
zone 11 and geographic (latitude and longitude) coordinates using ARC/INFO
version 6.2.

2. Calculation of topographic parameters, including grid-cell slope and aspect using
ARC/INFO, and 36 blocking-ridge angles for each grid cell using the developed
routine BLOCKR7.

3. Estimation of soil thickness and refinement of bedrock geology using the developed
routines GEOMAP7 version 1.0, GEOMOD4 version 1.0, and SOILMAP6
version 1.0.

4. Calculation of surface-water flow routing parameters for each grid cell using the
digital elevation model and the developed routines SORTGRD1 version 1.0 and
CHNNET16 version 1.0.

5. Identification of watershed outflow locations using TRANSFORM for raster-data
visualization and output from CHNNET16 version 1.0. Extraction of watershed
modeling domains, including calibration modeling domains, using the digital elevation
model, identified outflow locations, calculated surface-water flow routing parameters,
and the developed routine WATSHD20 version 1.0.

6. Development of a daily climate input file for model calibration using available
precipitation records and a commercially available spreadsheet application.

7. Estimation of precalibration model coefficients and initial conditions for root-zone
water contents. (No software was used.)

8. Calibration of root-zone model coefficients included as input in the model control file
for developed modeling program INFIL version 2.0 by comparing simulation results
for calibration watersheds against streamflow records.

9. Development of 100-yr. daily climate input files for modem climate scenarios using
available precipitation records and the developed programs MARKOV version 1.0 and
PPTSIM version 1.0. Development of daily climate input for future climate scenarios
using the EARTHINFO version 2.1 database and the developed routine DAILY09
version 1.0.
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10. Application of INFIL version 2.0 using developed daily climate input, calibrated or
estimated root-zone model coefficients, and watershed modeling domains for net
infiltration simulations.

11. Development of net infiltration estimates for a total of nine separate climate scenarios
by averaging or sampling from individual net infiltration simulations using the
developed routine MAPADD20 version 1.0. Development of descriptive statistics for
results over the areas of the potential repository and the unsaturated zone flow and
transport modeling domain using SURFER version 6.04 and the developed routine
MAPSUM01 version 1.0. Development of model results as Geographic Information
System coverages using ARCVIEW version 3.1, TRANSFORM version 3.3, and the
developed routine GISGRID2 version 1.0.

8.2.8.10 Summary Description of the INFIL Version 2.0 Modeling Program

The INFIL version 2.0 model algorithm consists of three loops for performing a daily simulation
of net infiltration over all grid cells of each watershed model domain (USGS 2000b, Section 6.4).
Figure 8.2-30 illustrates the general model algorithm and the primary loop (day-of-year loop)
that is driven by the daily climate input file and carries the simulation through the time domain.
Nested within the primary loop is a grid-cell loop for performing a daily water balance
calculation at each grid cell and within each layer of the root zone. The daily root-zone water
balance consists of simulating precipitation, snowmelt, sublimation, evapotranspiration, changes
in water content for each root-zone layer, net infiltration, and runoff generation. Nested within
the water-balance loop is an hourly loop for modeling potential evapotranspiration based on the
simulation of incoming solar radiation and terrain effects (blocking ridges) using the
SOLRAD subroutine.

After the completion of the water-balance loop, a surface-water flow routing subroutine is called
if runoff was generated at any grid cell (USGS 2000b, Section 6.4). Surface-water flow is routed
at the end of the day as a time-independent (instantaneous) total daily flow depth across each
grid cell. The routing algorithm connects all grid cells horizontally using surface-water flow
routing parameters included in the geospatial parameter input file. Surface-water flow is coupled
to the water-balance calculation by allowing surface water to infiltrate into downstream grid cells
according to the available root-zone storage capacity, soil permeability, and estimates for
effective surface-water flow area and streamflow duration. The infiltrated water is added to the
grid cell's antecedent root-zone water content term used in the following day's water-balance
calculation. The surface-water flow depth routed across the grid cell defining the outflow
location of the watershed is converted to a daily mean discharge in cubic feet per second, which
can be compared to measured streamflow for model calibration.

Time-averaged net infiltration rates are calculated by accumulating the simulated daily net
infiltration amounts obtained at the end of the daily water-balance loop (USGS 2000b,
Section 6.4). Time-averaged rates also are calculated for the remaining components of the water
balance (precipitation, snowmelt, sublimation, evapotranspiration, infiltrated run-on, root-zone
water content change, and runoff) for all grid cells and are included in the main output file used
for developing the net infiltration results. The time-averaged rates for all components of the
water balance simulated at each grid cell are averaged over the watershed model domain and are
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compared against the time-averaged watershed outflow to check the consistency of the simulated
water balance for the entire watershed.

Output from INFIL version 2.0 also includes spatially averaged daily values for all components
of the water balance (USGS 2000b, Section 6.4). The daily output indicates the average inflow,
outflow, and change in storage rates over the area of the watershed being simulated. The
spatially averaged daily water balance is compared against the simulated daily outflow to
provide a water-balance check for each day simulated. The simulated daily water-balance rates
are averaged over time and compared against the spatially averaged water-balance rates
simulated at each grid cell as an additional method of checking the consistency of the simulated
water balance for the entire watershed on a daily basis.

8.2.9 Calibration of the Revised Net Infiltration Model

As described in Sections 8.2.5.2 and 8.2.5.5, calibration of the 1996 infiltration model
(INFIL version 1.0) consisted of a generalized, site-wide calibration of the modified Priestley-
Taylor model coefficients on the basis of comparison of calculated evapotranspiration to water
loss from the profiles of the 98 neutron-moisture boreholes. In contrast, calibration of the
revised 1999 infiltration model (INFIL version 2.0) consisted of comparison of the model-
simulated streamflow to the discharge measures at five stream-gauging sites on Yucca Mountain
(USGS 2000b, Sections 6.3.4 and 6.8). These stream-gauging sites were operational from 1994
through 1995 and recorded the discharge resulting from two significant storms during the winter
of 1994-95. Model calibration did not include a parameter optimization routine but was instead
accomplished through a series of trial-and-error simulations (USGS 2000b, Section 6.8).

The revised infiltration model was considered calibrated on the basis of a favorable comparison
between simulated surface-water discharge (outflow) in channels and the measured daily mean
discharge at the five stream-gauging sites on Yucca Mountain (USGS 2000b, Section 6.8). To
reduce simulation run times, calibration watershed submodels were extracted from the overall
model area. The extracted calibration watershed submodels encompassed all of the drainage area
upstream from the stream-gauging sites. Simulated run-on depth for the grid cells in which the
gauges were located was converted to a daily mean discharge rate, in cubic feet per second
(ft3Is), and compared against the recorded daily mean discharge rate. Using a manual trial-and-
error process, parameters defining the root-zone model were adjusted until a satisfactory match
between simulated and recorded daily mean discharge was obtained for all five gauging sites.
Three primary parameters adjusted were the thickness of the bedrock layer included in the root
zone for upland areas, the effective storage capacity of the bedrock layer available for
evapotranspiration, and the root-zone density weighting parameters for all four root-zone layers.
The root-zone weighting parameters mathematically represent the relative density of plant roots
assumed to penetrate into the root-zone layers, and the parameters were assumed to vary in value
between bounds indicated by very limited field data. The root-zone weighting parameters were
manually adjusted within realistic bounds until measured and simulated streamflow matched
reasonably well for all five calibration watersheds simultaneously. It was observed during model
calibration that a sufficient bedrock storage term within the root zone was needed to produce
satisfactory model calibration results when the effective bedrock permeability and the soil
thickness parameters were held constant.
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Precipitation data used for calibration of the revised infiltration model were the same as in the
developed daily precipitation record used for calibration of the original 1996 net infiltration
model (USGS 2000b, Section 6.8.1) (see Table 8.2-1 and Figure 8.2-15). Daily air temperatures
used for model calibration were estimated internally in INFIL version 2.0 by using the sine-wave
function representing mean annual temperatures and the seasonal deviations from them
(USGS 2000b, Section 6.4.2).

The locations of the five stream-gauging sites used for model calibration are shown in
Figure 8.2-31. The streamflow records at these sites consist of the estimated daily mean
discharge, in cubic feet per second (ft3/s), for each day of the period of record (USGS 2000b,
Section 6.8.2). The estimates of daily mean discharge were obtained by calculating
instantaneous streamflow discharge volumes using the continuous measurement of streamflow
stage (height), estimates of the wetted-channel perimeter, and a flow velocity based on channel
geometry and channel roughness coefficients. A comparison between measured and simulated
daily mean discharge at the five stream-gauging sites are shown in Table 8.2-6 for two storms
that occurred in early 1995, one during January 25 to 26 and another during March 10 to 11. The
modeling results indicate an acceptable overall match of simulated and measured streamflow
during the March storm, for which discharge was several times greater than the January storm
(USGS 2000b, Section 6.8.3). The model correctly simulates greater daily mean discharge at the
upper Pagany Wash site than at the lower Pagany Wash site. The simulated total daily mean
discharge of 33.63 ft3/s for all five watersheds compares quite favorably with the measured total
daily mean discharge of 31.20 ft3/s for March 11.

For the January storm, the match between simulated and measured stream discharge is poor,
probably because the January storm produced so little streamflow (USGS 2000b, Section 6.8.3).
In addition, the streamflow for the January storm may have been affected by snowfall and
subsequent snowmelt at higher elevations, which may have contributed to the apparent I -day
delay in the occurrence of strearnflow (Table 8.2-6). The calibration simulations did not include
a snowmelt simulation because the daily air temperature climate input for the 1980 to 1995
calibration period was not available at the time of model calibration. Nevertheless, overall
occurrence of streamflow at Yucca Mountain was accounted for in connection with the January
storm. In and of itself, this model result is significant, considering that the January and
March 1995 storms were the only ones to produce measurable streamflow during 1994 and 1995.

8.2.10 Estimates of Net Infiltration for Present-Day (Modern) and Potential Future
Climatic Conditions Using the Revised Model

The timing, duration, and characteristics of three distinct climate states in the vicinity of Yucca
Mountain for the next 10 k.y. are described by USGS (2000a). The climate states were derived
from analysis and interpretation of paleoclimate records and the Earth's orbital parameters. The
first climate state is a continuation of current, or modem, climate conditions from present to
about 600 yr. into the future (USGS 2000b, Section 6.9.1). The second climate state is expected
to begin about 600 yr. from present and will consist of a monsoon climate with wetter summers
than the modem climate. The third climate state is expected to begin about 2 k.y. from present
and will consist of a glacial transition climate with cooler air temperatures and higher annual
precipitation than the modem climate. The duration of the glacial transition climate is estimated
to be 10 k.y. , extending 2 k.y. beyond the required 10-k.y. estimation period. The potential
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future monsoon and glacial transition climate states have been represented, in terms of mean
annual precipitation, mean annual air temperature, and seasonal distributions of mean annual
precipitation and mean annual air temperature, through identification of a set of current-climate
analog sites. To account for variability and uncertainty in precipitation and air temperature,
lower-bound and upper-bound climate scenarios have been identified for each climate state.
To account for uncertainty in the selection of a single "best" analog site, the lower-bound and
upper-bound climate scenarios are represented using a set of two or three analog sites.
Net infiltration is simulated using the climate input developed from the records at each analog
site, and the results are averaged to obtain an estimate of net infiltration for a given climate
scenario. Net infiltration simulations were done for each of the nine climate scenarios using
daily climate input parameters and a set of root-zone model coefficients (USGS 2000b,
Section 6.9.1).

8.2.10.1 Modern Climate

Net infiltration for the mean modem climate scenario was calculated as the average of the results
for the 1980 to 1995 model calibration period (mean annual precipitation of 157.5 mm/yr.; see
Section 8.2.6.1) and results for the Nevada Test Site station 4JA, 100-yr. stochastic simulation
(mean annual precipitation of 150.19 mm/yr.; see Section 8.2.6.1) (USGS 2000b, Section 6.9.2).
Although the 4JA record is 30 yr. long and the infiltration model was calibrated using measured
precipitation for 1980 to 1995, the calibration period is short compared to the length of climate
records considered adequate for characterizing climate conditions in southern Nevada. The
stochastic simulation, however, provides a longer-term representation of climatic conditions
while incorporating the magnitudes and temporal distribution of the shorter-term measured
record. For the upper-bound modem climate scenario, net infiltration was calculated as the
average of the 1980 to 1995 calibration simulation and results for the Nevada Test Site station
Area 12 Mesa 100-yr. stochastic simulation (mean annual precipitation of 332 mm/yr.; see
Section 8.2.5.1) (USGS 2000b, Section 6.9.2). The upper-bound modem climate scenario is
used to represent wetter conditions from enhanced El Nifto Southern Oscillation activity or other
sources of present-day climate variability. For the lower-bound modern climate scenario, net
infiltration was calculated by sampling the 1980 to 1995 simulation, the 4JA 100-yr. stochastic
simulation, and the driest (in terms of net infiltration) 10-yr. period within the 4JA 100-yr.
simulation for the lowest net infiltration at each grid cell.

Results of infiltration modeling for the lower-bound, mean, and upper-bound modem climate
scenarios for the entire domain of the infiltration model (123.7 km2 [47.8 mi.2]) are summarized
in Table 8.2-7 (USGS 2000b, Section 7.1.1). For the net infiltration model domain, results for
the mean modern climate scenario include average precipitation of 188.5 mm/yr., average
outflow as streamflow of 0.2 mm/yr. (corresponding to an average stream discharge of
0.03 ft3/s), and average net infiltration of 3.6 mrn/yr. In comparison, net infiltration is
1.2 mm/yr. for the lower-bound modem climate and 8.8 mm/yr. for the upper-bound modern
climate. Although average annual precipitation for the mean modern scenario is only 1.4 percent
greater than precipitation for the lower-bound modern scenario, net infiltration for the mean
modern scenario is 200 percent greater than the net infiltration for the lower bound. This
probably is because of greater infiltrated surface-water run-on in channels under mean modern
conditions than under the lower-bound conditions. Maximum rates of infiltrated surface-water
run-on for mean modern conditions are greater than 100 mm/yr. in the headwater sections of the
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primary watersheds such as Solitario Canyon and Yucca, Drill Hole, Pagany, and Abandoned
washes. Results from the upper-bound modem scenario also indicate that net infiltration is
significantly influenced by infiltrated surface-water run-on in channels. In all three modem
climate scenarios, average annual evapotranspiration is greater than 95 percent of average annual
precipitation. Overall, net infiltration for the mean modem scenario (3.6 mm/yr.) from the
revised (1999) infiltration model is close to the net infiltration from the 100-yr. stochastic
simulation using the 1996 infiltration model (3.2 mm/yr.), even though the 1996 infiltration
model encompassed a larger area (228.2 km2 [88.1 mi. ]) (see Table 8.2-2). The greater net
infiltration derived from the 1999 infiltration model is probably because the 1999 model
accounts more accurately for infiltration of surface-water run-on in channels than did the
1996 model.

Tables 8.2-8 and 8.2-9 summarize the results of infiltration modeling for the lower-bound, mean,
and upper-bound modem climate scenarios for the areas of the unsaturated zone flow and
transport model (38.7 km2 [14.9 mi.2]) and the potential repository area (4.7 km2 [1.8 mi.2 ]),
respectively (USGS 2000b, Section 6.11.1). For the area of the unsaturated zone flow and
transport model, results for the mean modem climate scenario include average precipitation of
190.6 mm/yr., average outflow as streamflow of -0.2 mmn/yr., and average net infiltration of
4.6 mm/yr. (Table 8.2-8). The negative outflow indicates that more surface water flows into the
unsaturated zone flow and transport model area than flows out (primarily due to inflow from
Yucca Wash). Net infiltration is 1.3 mm/yr. for the lower-bound modem climate and
11.1 mm/yr. for the upper-bound modem climate. For the area of the potential repository
(Table 8.2-9), results for the mean modem climate scenario include average precipitation
of 196.9 mm/yr., average outflow as streamflow of 1.4 mm/yr., and average net infiltration
of 4.7 mm/yr. For the lower-bound modem climate, net infiltration is 0.4 mm/yr. and outflow
is -0.3 mm/yr. The negative outflow occurs because surface-water inflow from Drill Hole Wash
exceeds outflow. For the upper-bound modem climate, net infiltration is 11.6 mm/yr.

The greater net infiltration rates for the areas of the unsaturated zone flow and transport model
and the potential repository are because these areas are at higher elevations than the infiltration
model domain and, generally, precipitation is greater at higher elevations. Net infiltration of
4.7 mm/yr. for the mean modem scenario for the repository area (4.7 km2 ]1.8 mi.2]) from the
revised (1999) infiltration model is similar to the net infiltration of 5.1 mm/yr. from the 100-yr.
stochastic simulation for a similarly sized area (4.5 ki 2) overlying the potential repository using
the 1996 infiltration model (see Table 8.2-2).

The spatial distribution of net infiltration for the mean modem climate (Figure 8.2-32) indicates
that most net infiltration occurs in upland areas with thin soils (USGS 2000b, Section 6.11.1).
These results also indicate the strong influence of bedrock permeability, thin soils, and surface-
water run-on on the spatial distribution and magnitude of net infiltration. Net infiltration of
greater than 100 mm/yr. occurs throughout the steep, northeast facing slope of The Prow due to a
combination of high precipitation, reduced evapotranspiration, frequent surface-water run-on due
to very thin soils, and the high permeability of nonwelded bedrock. High net infiltration also
occurs in the upper channels of Solitario Canyon and Drill Hole Pagany and Abandoned washes
(see Figure 8.2-31 for watersheds). Variability in net infiltration caused by topographic effects
on evapotranspiration is indicated by the higher net infiltration on the north-facing slopes of
washes compared to south-facing slopes. This phenomenon is well illustrated by the small west-
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to-east washes along the eastern slope of Yucca Mountain that are bisected by the trace of the
ESF Main Drift (Figure 8.2-32). Maximum net infiltration of more than 100 mm/yr. occurs
within the unsaturated zone flow and transport model domain in isolated areas on sideslopes and
in channels with thin soils and high-permeability bedrock. Total net infiltration within the
domain of the unsaturated zone flow and transport model is dominated, however, by the lower
rates of 1 to 20 mm/yr. on sideslopes and ridgetops that make up much of the unsaturated zone
flow and transport model domain.

For the lower-bound modern climate scenario (Figure 8.2-33), the total area with significant net
infiltration is much smaller than it is for mean modern conditions (USGS 2000b, Section 6.11.1).
Within the potential repository area, most areas, including the crest, have no net infiltration.
Areas with net infiltration greater than 5 mm/yr. are isolated to north-facing sideslopes and along
the west-facing slope of Solitario Canyon. For the upper-bound modern climate scenario, net
infiltration along the crest of Yucca Mountain is more than 20 mm/yr., and the relative
contribution of net infiltration along channels to the total net infiltration is much greater than for
the mean modem climate conditions (Figure 8.2-34). Maximum net infiltration of nearly
2,700 mm/yr. occurs in an active channel in the northern part of Yucca Wash. Within the
potential repository area, maximum net infiltration of between 100 and 500 mm/yr. occurs in
Drill Hole Wash and along the west-facing slope of Solitario Canyon.

In general, maximum net infiltration for the three modem climate scenarios is 10 to 100 times
greater than spatially averaged net infiltration (Tables 8.2-7, 8.2-8, and 8.2-9), indicating a high
degree of spatial variability in net infiltration (USGS 2000b, Section 6.11.1). In all cases,
maximum net infiltration occurs in areas affected by surface-water run-on and there is a strong
correlation between maximum infiltrated surface-water run-on in channels and maximum net
infiltration for all areas and all climate scenarios. However, because the areas with relatively
high net infiltration (greater than 100 mm/yr.) are small, most of the total net infiltration for the
entire model domain occurs in upland areas where net infiltration is less than 20 mm/yr.

8.2.10.2 Monsoon Climate

The lower-bound monsoon climate scenario was defined by USGS (2000a, Section 6.6.2) as
being equivalent to the mean modern climate scenario (USGS 2000b, Section 6.9.3). The two
current-climate analog sites selected to represent the upper-bound monsoon climate scenario are
at Nogales, Arizona, and Hobbs, New Mexico (USGS 2000b, Section 6.9.3, Table 6-4).
Simulated mean annual temperatures for these two sites are 16.6 and 17.5 0 C, respectively-
about the same as at Yucca Mountain. (Mean annual temperatures at Yucca Mountain range
from 15.1 to 18.20C. See Section 6.2.4.3.) The infiltration-simulation results for these analog
sites included average annual precipitation of 410.5 mm/yr. and 414.4 mm/yr., respectively, and
average annual net infiltration of 15.1 mm/yr. and 12.1 mm/yr., respectively (USGS 2000b,
Section 6.9.3, Table 6-4). Net infiltration for the Hobbs site was less than that for the Nogales
site even though precipitation was greater because the Hobbs site is warmer and has a higher
evapotranspiration rate than the Nogales site. As indicated in Section 8.2.10, the infiltration
simulation results for the two analog sites were averaged to obtain net infiltration for the upper-
bound monsoon climate scenario. To define the mean net infiltration for the monsoon climate
state, lower-bound and upper-bound net infiltration simulation results were averaged for each
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model grid cell (USGS 2000b, Section 6.9.1). In so doing, a uniform distribution of net
infiltration was assumed between the lower-bound and upper-bound monsoon scenarios.

In addition to the daily climate input data developed from the analog sites, the monsoon climate
conditions also were represented by root-zone parameters modified to reflect greater vegetation
density and changes in vegetation type for the wetter monsoon climate (USGS 2000b,
Section 6.9.4). For the upper-bound monsoon climate, the root-zone weighting parameters were
adjusted to approximate a 40 percent vegetation cover (as compared to 20 percent for modem
climate) and the maximum thickness of the modeled bedrock root-zone layer was increased from
2 m to 2.5 m (6.6 to 8.2 ft). All adjustments to the root-zone parameters were based on assumed
root-zone and vegetation characteristics for the future climate conditions. Calibration of the
root-zone parameters to the future climate vegetation characteristics would require developing
the net infiltration model for an analog field site appropriate for each climate, but this was
beyond the scope of the current model development.

Results of infiltration modeling for the lower-bound, mean, and upper-bound monsoon climate
scenarios for the entire domain of the infiltration model (123.7 km [47.8 mi.2]) are summarized
in Table 8.2-10 (USGS 2000b, Section 6.11.2). As indicated above, results for the lower-bound
monsoon scenario are equivalent to the mean modem climate results (Table 8.2-7). Results for
the mean monsoon climate over the net infiltration model domain include average precipitation
of 300.5 mm/yr., average outflow as streamflow of 5.1 mm/yr., and average net infiltration of
8.6 mm/yr. Results for the upper-bound monsoon climate over the infiltration model domain
include average precipitation rate of 412.5 mm/yr., average outflow as streamflow of
10.0 mm/yr., and average net infiltration of 13.6 mm/yr.

Comparison of results from the mean modem climate conditions (Table 8.2-7) to the mean
monsoon climate conditions indicates significant changes in the overall water balance and in the
resulting net infiltration. While average annual precipitation for mean monsoon conditions is
about 60 percent greater than for mean modem conditions, net infiltration is about 140 percent
greater for the monsoon climate. This change in the overall water balance apparently is due to
the significantly greater infiltrated surface-water run-on associated with the monsoon climate
(i.e., infiltrated surface-water run-on for mean monsoon conditions is about 155 percent greater
than that for mean modem conditions). Furthernore, the greater influence of infiltrated surface-
water run-on in channels is apparent in the substantially greater average annual outflow as
strearnflow associated with the monsoon climate (i.e., average annual outflow for mean monsoon
conditions is 25 times that for mean modem conditions). The increase in importance of surface-
water run-on in channels in the overall water balance with the onset of monsoon conditions is
demonstrated further by the results of the upper-bound monsoon climate scenario (Table 8.2-10).
Another change in the water balance is that snowfall has become a significant component in the
upper-bound monsoon scenario.

Tables 8.2-11 and 8.2-12 summarize the results of infiltration modeling for the lower-bound,
mean, and upper-bound monsoon climate scenarios for the areas of the unsaturated zone flow
and transport model (38.7 km2 [14.9 mi.2]) and the potential repository area (4.7 km2 [1.8 mi.2]),
respectively (USGS 2000b, Section 6.11.2). For the area of the unsaturated zone flow and
transport model, results for the mean monsoon climate include average precipitation of
302.7 mm/yr., average outflow as streamflow of 4.6 mm/yr., and average net infiltration of
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12.2 mm/yr. (Table 8.2-1 1). The maximum net infiltration rate for the mean monsoon climate is
629 mm/yr. For the lower-bound monsoon climate, average net infiltration is 4.6 mm/yr. for the
unsaturated zone model area (same as mean modem climate result). Infiltration modeling results
for the upper-bound monsoon climate scenario include precipitation of 414.8 mmn/yr., snowfall of
6.8 mm/yr., average outflow as streamflow of 9.5 mm/yr., and net infiltration of 19.8 mm/yr.
The maximum net infiltration for the upper-bound monsoon climate is 1,016.2 mm/yr. for the
unsaturated zone flow and transport model area. For the area of the potential repository site
(Table 8.2-12), results for the mean monsoon climate scenario include average precipitation of
309.3 mm/yr., average outflow as streamflow of 13.2 mm/yr., and average net infiltration of
12.5 mm/yr. For the upper-bound monsoon climate, average precipitation is 421.6 mm/yr.,
outflow as streamflow is 25.1 mm/yr., and net infiltration is 20.3 mm/yr. over the area of the
potential repository.

The spatial distribution of net infiltration for the mean monsoon climate scenario (Figure 8.2-35)
indicates that net infiltration along the crest of Yucca Mountain ranges from 20 to 50 mm/yr.
(USGS 2000b, Section 6.11.2). Within the potential repository area, maximum net infiltration
between 100 and 500 mm/yr. occurs in the active channel of Drill Hole Wash and on outcrops of
permeable, nonwelded tuff in the middle section of the west-facing slope of Solitario Canyon.
Relatively high net infiltration between 100 and 500 mm/yr. also occurs on many steep
sideslopes in the northern part of the unsaturated zone flow and transport model area.
In contrast, net infiltration is less than 1 mm/yr. in upland areas with thin soils underlain by
bedrock with low bulk permeability.

The spatial distribution of net infiltration for the upper-bound monsoon climate scenario
(Figure 8.2-36) indicates a greater percentage of the model area with relatively high net
infiltration between 100 and 500 mm/yr. than for the mean monsoon conditions (USGS 2000b,
Section 6.11.2). In addition, net infiltration exceeds 50 mm/yr. on some parts of the crest of
Yucca Mountain. Compared to mean monsoon conditions, the increase in net infiltration for the
upper-bound monsoon conditions for areas with relatively high bedrock permeability is much
greater than the increase for areas with low bedrock permeability, which remains less than
1 mm/yr. The spatial distribution of infiltrated surface-water run-on (Figure 8.2-37) indicates the
importance of surface-water flow on net infiltration for the upper-bound monsoon climate.
Relatively high infiltrated run-on rates of 100 to 500 mm/yr. occur throughout the active
channels of Solitario Canyon and Drill Hole Pagany , Dune, and Yucca washes.

8.2.10.3 Glacial Transition Climate

The two current-climate analog sites selected to represent the lower-bound glacial transition
climate scenario are Beowawe, Nevada, and Delta, Utah (USGS 2000b, Section 6.9.4,
Table 6-5). Simulated mean annual temperatures for these two sites are 9.60 and 10.80C,
respectively, several degrees cooler than at Yucca Mountain. (Mean annual temperatures at
Yucca Mountain range from 15.10 to 18.20 C. See Section 6.2.3.2.) The infiltration simulation
results for these analog sites included average annual precipitation of 208.4 mm/yr. and
193.7 mm/yr., respectively, and average annual net infiltration of 2.9 mm/yr. and 1.4 mm/yr.,
respectively. These lower-bound glacial transition analog sites represent only slightly wetter, but
significantly cooler, climate conditions than the mean modern conditions (Table 8.2-7). Three
current-climate analog sites were selected to represent the upper-bound glacial transition climate
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scenario: Rosalia, Washington; Spokane, Washington; and St. John, Washington. Simulated
mean annual temperatures for these three sites are 9.0, 9.2, and 9.90 C, respectively, several
degrees cooler than at Yucca Mountain (USGS 2000b, Section 6.9.4, Table 6-6). The infiltration
simulation results for these analog sites included average annual precipitation of 454.9, 406.2,
and 432.1 mm/yr., respectively, and average annual net infiltration of 29.7, 21.2, and 23.0
mm/yr., respectively. The upper-bound glacial transition analog sites represent climate
conditions that are both significantly wetter and cooler than mean modem conditions
(Table 8.2-7).

To define the mean net infiltration values for the glacial transition climate state, the lower-bound
and upper-bound net infiltration estimates were averaged for each model grid cell (USGS 2000b,
Section 6.9.1). In so doing, a uniform distribution of net infiltration was assumed between the
lower-bound and upper-bound glacial transition scenarios.

In addition to the daily climate input data developed from the analog sites, the glacial transition
climate conditions also were represented by root-zone parameters modified to reflect greater
vegetation density and changes in vegetation type for the cooler, wetter glacial transition climate
(USGS 2000b, Section 6.9.4). For the upper-bound glacial transition climate, the root-zone
weighting parameters were adjusted to approximate 60 percent vegetation cover and the
maximum thickness of the bedrock root-zone layer was increased to 3 m (9.8 ft). All
adjustments to root-zone parameters were based on assumed root-zone and vegetation
characteristics for the future climate conditions. Calibration of the root-zone parameters to the
future climate vegetation characteristics would require developing the net infiltration model for
an analog field site appropriate for each climate, but this was beyond the scope of the current
model development (USGS 2000b, Section 6.9.4).

Results of infiltration modeling for the lower-bound, mean, and upper-bound glacial transition
climate scenarios for the entire domain of the infiltration model (123.7 km 2 [47.8 mi.2]) are
summarized in Table 8.2-13 (USGS 2000b, Section 6.11.3). Results for the mean glacial
transition climate over the net infiltration model domain include average precipitation of
316.1 mm/yr., average snowfall of 45.5 nmm/yr., average infiltrated surface-water run-on of
14.6 mm/yr., outflow as streamflow of 1.5 mm/yr., and average net infiltration of 13.4 mm/yr. In
comparison, net infiltration is 2.2 mm/yr. for the lower-bound glacial transition climate and
24.6 mm/yr. for the upper-bound glacial climate.

Comparison of results for mean modem climate conditions (Table 8.2-7) with mean glacial
transition climate conditions indicates significant changes in the overall water balance and the
resulting net infiltration. While average annual precipitation for mean glacial transition
conditions is about 68 percent greater than for mean modem, net infiltration is about 272 percent
greater for the glacial transition climate. The much greater net infiltration occurs in the mean
glacial transition simulation because, due to the cooler temperatures, evapotranspiration is a
significantly smaller percentage of total precipitation for mean glacial transition conditions
(93 percent) than it is for mean modem conditions (98 percent). Lower evapotranspiration is
evidenced by the fact that minimum evapotranspiration rates are less than 100 mm/yr. on steep
sideslopes with thin soil cover and maximum rates are about 600 mm/yr. in active channels
(USGS 2000b, Section 6.11.3). In addition, snowfall is a significant component of the water
balance for mean glacial transition conditions, accounting for 14 percent of annual precipitation,
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whereas snowfall is negligible under mean modem conditions. Slowly melting snow can result
in slow but steady infiltration over a period of several weeks (Section 8.2.4.4). As a
consequence of lower evapotranspiration under mean glacial transition conditions, more surface-
water runoff is produced and infiltrated surface-water run-on is more than three times greater
than under mean modem conditions. Infiltrated surface-water run-on exceeds 100 mm/yr.
throughout most of the upper sections of channels, including Pagany Wash, Drill Hole Wash,
Solitario Canyon, and sections of all washes draining the eastern slopes of Yucca Mountain
(USGS 2000b, Section 6.11.3). Within the infiltration model area, maximum infiltrated surface-
water run-on exceeds 3,000 mm/yr. along isolated sections of Yucca Wash.

Tables 8.2-14 and 8.2-15 summarize the results of infiltration modeling for the lower-bound,
mean, and upper-bound glacial transition climate scenarios for the areas of the unsaturated zone
flow and transport model (38.7 km2 [14.9 mi.2 ]) and the potential repository area (4.7 km2

[1.8 mi.2 ]), respectively (USGS 2000b, Section 6.11.3). For the area of the unsaturated zone
flow and transport model, results for the mean glacial transition climate scenario include average
precipitation of 317.8 mm/yr., average infiltrated surface-water run-on of 15.6 mmnyr., average
outflow of -0.2 mm/yr., and average net infiltration of 17.8 mm/yr. (Table 8.2-14). For the
unsaturated zone flow and transport model area, the lower-bound net infiltration is 2.5 mm/yr.
while for the upper bound, net infiltration is 33.0 mm/yr. For the area of the potential repository
site (Table 8.2-15), results for the mean glacial transition climate scenario include average
precipitation of 323.1 mm/yr., average infiltrated surface-water run-on of 12.0 mm/yr., average
outflow as streamflow of 8.0 mm/yr., and average net infiltration of 19.8 mm/yr. For the lower-
bound glacial transition climate, net infiltration is 2.2 mm/yr. and outflow is 0.3 mm/yr. for the
potential repository area, whereas for the upper bound, net infiltration is 37.3 mm/yr. and
outflow as streamflow is 15.6 mm/yr.

The spatial distribution and magnitude of net infiltration for the mean glacial-transition climate
scenario (Figure 8.2-38) are quite similar to those of the upper-bound monsoon scenario
(Figure 8.2-36). Net infiltration is between 20 and 50 mm/yr. along most of the crest of Yucca
Mountain, with isolated areas of net infiltration exceeding 50 mm/yr. (USGS 2000b,
Section 6.11.3). Within the potential repository area, maximum net infiltration exceeds
500 mm/yr. in the channel of Drill Hole Wash.

Overall, net infiltration for the lower-bound glacial transition climate scenario (Figure 8.2-39) is
significantly less than that of the mean glacial transition scenario (USGS 2000b, Section 6.11.3).
This is due to a more uniform seasonal distribution of precipitation and a lack of severe storms
under the lower-bound glacial transition climate. The average intensity and frequency of
precipitation events for the lower-bound glacial transition climate is not sufficient to overcome
evapotranspiration from the root zone. Maximum net infiltration rates of between 100 and
500 mm/yr. were obtained on the northeastern-facing slope of The Prow, along isolated sections
of the west-facing slope of Solitario Canyon, and along isolated sections of upper Yucca Wash.
Within the potential repository area, net infiltration does not occur in the channel of Drill Hole
Wash, and net infiltration along the crest of Yucca Mountain is only 1 to 5 mm/yr. Overall, the
distribution and magnitude of net infiltration for the lower-bound glacial transition scenario is
similar to that of the mean modem scenario (Figure 8.2-32), only drier with respect to net
infiltration despite having slightly greater annual precipitation (compare Table 8.2-13 with
Table 8.2-7). Model results also indicate that infiltrated surface-water run-on for the lower-
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bound glacial transition scenario is significantly less along channels than all the other climate
scenarios with the exception of the lower-bound modem scenario (USGS 2000b, Section 6.11.3).
Within the unsaturated zone flow and transport model area, maximum infiltrated surface-water
run-on of more than 100 mm/yr. does not occur in channels but instead is limited to the lower
sideslopes.

The spatial distribution of net infiltration for the upper-bound glacial transition climate scenario
(Figure 8.2-40) indicates relatively high net infiltration of 50 to 100 mm/yr. throughout the
Yucca Mountain crest area (USGS 2000b, Section 6.11.3). In addition, relatively high net
infiltration of 100 to 500 mm/yr. occurs on most steep sideslopes in the northern part of the
unsaturated zone flow and transport model domain. Maximum net infiltration of more than
1,000 mm/yr. occurs throughout the lower portions of the Yucca Wash channel. Within the
potential repository area, maximum infiltration between 500 and 1,000 mm/yr. occurs in isolated
sections of the Drill Hole Wash channel.

8.2.10.4 Summary of Net Infiltration Modeling Results for the Potential Repository Area

Table 8.2-16 shows a comparison of selected infiltration modeling results for all climate
scenarios for the 4.7-km2 (1.8-mi. 2) potential repository area. In general, the greater the annual
precipitation, the greater the net infiltration when climate scenarios are compared to one another.
However, the relation of net infiltration to precipitation is not uniform because of differences in
evapotranspiration caused by differences in temperature, vegetation cover, and thickness of the
bedrock root-zone layer (see Sections 8.2.10.2 and 8.2.10.3). In general, the greater the annual
precipitation, the greater the surface-water outflow, but there are exceptions to this, probably
because of differences in the seasonality of precipitation. For example, in each case, the
monsoon climate scenarios produce greater surface-water outflow than do the corresponding
glacial transition scenarios even though the glacial transition scenarios have greater annual
precipitation. This probably is because the monsoon climate scenarios contain a higher
frequency of severe summer storms that result in flash runoff in channels that tends to drain
away quickly before infiltrating into the root zone where it can be transpired or become net
infiltration. Overall, the differences in results among the climate scenarios illustrate the
complexity of the revised infiltration model and its sensitivity to temporal variations in climatic
and climate-related factors, such as precipitation, temperature, and vegetation characteristics.

8.2.10.5 Validation of the Revised Infiltration Model

The spatially averaged net infiltration rates for the nine climate scenarios were compared against
estimates of recharge obtained using independent studies at various locations in the southern
Basin and Range Province as a method of model validation (USGS 2000b, Section 6.12). Net
infiltration values obtained with INFIL for the nine climate scenarios over the areas of the net
infiltration model, the unsaturated zone flow and transport model, and the potential repository
were plotted (Figure 8.2-41) against the corresponding average annual precipitation rates and
compared with recharge and net infiltration estimates obtained using independent methods
(USGS 2000b, Section 6.12). The qualitative comparison with the independent methods is based
on the estimated average precipitation rate corresponding to a given recharge or net infiltration
estimate. In this comparison, it is assumed that spatially averaged net infiltration values are
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approximately equivalent to recharge to the saturated zone at Yucca Mountain for a given
climate scenario and that transient effects can be ignored.

Figure 8.241 indicates that the net infiltration estimates for all lower and mean climate scenarios
are in general agreement with independent recharge estimates for precipitation rates of less than
about 350 mm/yr. (USGS 2000b, Section 6.12). The net infiltration values for the upper-bound
monsoon and glacial transition climates are low relative to the Maxey-Eakin recharge estimates
obtained for precipitation rates ranging from 400 to 450 nmu/yr. The higher Maxey-Eakin
recharge values are 15 percent of average annual precipitation, while the net infiltration values
are only 5 to 10 percent of average annual precipitation. For precipitation rates greater than
500 mm/yr., Maxey-Eakin recharge values are 25 percent of average annual precipitation. In the
Maxey-Eakin method, the higher precipitation rates correspond to higher elevation basins in the
central and southern Nevada region (Maxey and Eakin 1950). Recharge estimates of
approximately 300 mm/yr. obtained by Lichty and McKinley (1995) for a small, relatively high-
elevation basin receiving approximately 600 mm/yr. precipitation (mostly as snow) indicate that
recharge (and thus net infiltration) may be as high as 50 percent of precipitation at some
locations in the Great Basin.

The mean monsoon and glacial transition climate net infiltration values compare more favorably
to recharge estimates obtained using chloride mass-balance analysis of saturated zone water at
Yucca Mountain (USGS 2000b, Section 7.2), which indicates a maximum spatially averaged
recharge rate of 7 to 14 mm/yr. (CRWMS M&O 2000c, Section 6.5.6). Chloride mass balance
provides a spatially, as well as a temporally, integrated flux estimate and the maximum net
infiltration is considered to be an indication of conditions at the site during wetter paleoclimates.
Although the paleoclimates are not identical to the estimated monsoon and glacial transition
future climates, results from the chloride mass-balance analysis suggest that net infiltration at
Yucca Mountain is likely to be lower than the Maxey-Eakin recharge estimates for the higher-
elevation modem analogs corresponding to the estimated average annual precipitation rates for
the upper-bound monsoon and glacial transition climates.

Although this method of model validation is useful as a qualitative assessment of model results,
it cannot be used to quantify levels of confidence or model uncertainty, due in part to the
unknown accuracy of the independent results (USGS 2000b, Section 6.12). A comparison with
independent results does not necessarily verify the accuracy of the model in representing the
physical processes developed in the conceptual model.
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8.3 PROPERTIES OF HYDROGEOLOGIC UNITS

Properties of hydrogeologic units in the unsaturated zone were measured directly by use of two
distinctly different methods: matrix-properties analysis of rock cores and field-scale air-injection
testing. To define a physical and hydrologic properties database adequate for three-dimensional
modeling of fluid flow unsaturated zone, an intensive study of matrix properties was performed
using core samples from 31 boreholes (Flint, L.E. 1998, p. 11). Nearly 4,900 core samples were
analyzed in the laboratory to measure important hydraulic properties. These properties included
porosity, bulk density, particle density, water content, water potential, saturated and unsaturated
hydraulic conductivity, and moisture retention characteristics. The results of the matrix
properties analyses are described in Section 8.3.2. Unsaturated zone air-injection testing
measured the bulk (or total) permeability of the rock mass to air (LeCain 1997, p. 2;
LeCain 1998, p. 2). When combined with other information, these data are used to analyze the
flow of both water and gas through the potential repository. Air-injection tests were performed
to determine field-scale bulk permeability, porosity, and anisotropy (spatial variability) of the
major rock units above, below, and within the potential repository horizon. The results of the
air-injection tests are described in Section 8.3.3. Indirect estimates of bulk permeability also
were obtained through analysis of the pneumatic-pressure response of instrumented boreholes to
changes in atmospheric pressure. The results of these pneumatic analyses are described in
Section 8.4. In addition, air-injection and tracer testing of the Ghost Dance fault are described in
Section 8.8.4 and air-injection and liquid-release tests conducted in niches of the Exploratory
Studies Facility (ESF) Main Drift for seepage-related studies are summarized in Section 8.8.5.
Furthermore, fractured rock-mass studies using fracture data from surface exposures, boreholes,
and ESF mapping were described in Section 4.6.6. Data from the fractured rock-mass studies
were used to help interpret the air-injection tests.

8.3.1 Data Sources

The principal source of data, analyses, and interpretations for matrix hydrologic properties is a
report by L.E. Flint (1998). Matrix properties data include the following site characterization
parameters: bulk density, particle density, porosity, volumetric water content, residual water
content, saturation, water potential, saturated hydraulic conductivity, van Genuchten's cr van
Genuchten's n, and unsaturated hydraulic conductivity. Since the L.E. Flint (1998) report was
prepared, some additional matrix hydrologic properties data sets have been developed, including
properties of rocks in the Ghost Dance fault zone, in the ESF, and at the Busted Butte
Test Facility.

For the air-injection testing, the principal sources of data, analyses, and interpretations are two
reports: LeCain (1997) and LeCain (1998). LeCain (1997) describes data collected through air-
injection testing of deep, surface-based boreholes whereas LeCain (1998) describes data
collected through air-injection testing of horizontal boreholes in the ESF. Air-injection test data
include the following site characterization parameters: contact type, effective porosity,
lithostratigraphy, permeability, pneumatic conductivity, pneumatic pressure, rock description,
and capillary pressure.
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8.3.2 Characterization of Hydrogeologic Units Using Core-Scale Matrix Properties

During the early phases of the Yucca Mountain Site Characterization Project (YMP), designation
of hydrogeologic units for the unsaturated zone encompassed large rock-unit divisions based
primarily on the degree of welding (Montazer and Wilson 1984, p. 9). In addition, this system of
identification also recognized other characteristics potentially important to hydrologic properties,
such as occurrence of lithophysal cavities, fracturing, bedding, and mineral alteration. For
example, the Tiva Canyon and Topopah Spring tuffs range from nonwelded at the very top and
bottom of each unit to densely welded in the interior, with alternating lithophysal and
nonlithophysal zones. Although the densely welded tuffs are highly fractured, the matrix
generally has low porosity and permeability. (Note: In this report, the term "porosity" refers to
that determined from the 105'C oven-dry weight unless otherwise noted. The term "relative-
humidity porosity" refers to that determined in an oven at 60'C and 65 percent relative humidity
[Flint, L.E. 1998, p. 17].) Nonwelded tuffs have higher porosity and permeability but are
sparsely fractured. Bedded ash-fall tuffs are interlayered between the major pyroclastic flow
tuffs and have the highest porosity and permeability of any of the rock units. Although the
Calico Hills Formation is nonwelded and generally has high porosity, it has low permeability due
to zeolitic alteration over most of the site area. These contrasts in hydrologic properties are
critical considerations in the construction of numerical models used to simulate three-
dimensional fluid flow in the unsaturated zone at the site scale. The models are used to
investigate the overall nature of fluid flow and the extent to which any of the hydrogeologic units
may act as barriers to flow and the migration of radionuclides. Stratigraphic relationships and
lithologic characteristics of the geologic formations that comprise the hydrogeologic units are
described in Section 4.5; structural characteristics are described in Section 4.6. Lateral extent
and thickness of geologic formations and hydrogeologic units are described in Section 4.8 (three-
dimensional integrated site model). The detailed designation of hydrogeologic units based on
matrix hydrologic properties is described in this section, and the use of stratigraphic, structural,
and hydrologic information to construct the site-scale unsaturated zone flow model is described
in Sections 8.9 and 8.10.

8.3.2.1 Methods Used for Matrix Hydrologic Properties Analyses

To determine the physical and hydrologic properties of the rock matrix of the hydrogeologic
units that make up the unsaturated zone at Yucca Mountain, 4,892 rock-core samples from
31 boreholes were analyzed in the laboratory (Flint, L.E. 1998, p. 11). Complete listings of these
boreholes and the lithostratigraphic units sampled in each borehole are given in L.E. Flint (1998,
Tables 3 through 5). For each sample, measurements were made of porosity, bulk density,
particle density, volumetric water content, saturated hydraulic conductivity, moisture retention
characteristics, and the associated lithostratigraphic unit. (Note: In the context of matrix
properties, "water content" always means volumetric water content.) To provide initial
conditions and calibration data for the site unsaturated zone flow model (Section 8.10),
present-day field moisture and water potential conditions also were determined. Selected
samples also were analyzed for unsaturated hydraulic conductivity. A variety of standard and
nonstandard methods were used to collect and analyze matrix properties samples:

* ODEX and reverse-circulation, dual-wall, dry drilling

. Rock-core processing and sealing
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* Weighing for moisture content

Wetting and oven drying to determine porosity and residual water content

* Helium pycnometry for particle density

* Steady-state permeameter analysis for saturated hydraulic conductivity

* Chilled-mirror psychrometry at various values of saturation for water potential and
moisture retention characteristics

* Steady-state ultra-centrifuge for unsaturated hydraulic conductivity.

Detailed descriptions of the methods used to measure matrix properties are contained in
L.E. Flint (1998, pp. 11 to 19). The ultra-centrifuge method is described by Conca and
Wright (1998).

8.3.2.2 Matrix Properties of Detailed Hydrogeologic Units

Because detailed hydrogeologic units (and associated physical and hydrologic properties) were
needed for three-dimensional flow modeling of the unsaturated zone at Yucca Mountain, an
intensive study of matrix properties was performed (Flint, L.E. 1998). Rock core samples from
8 deep and 23 shallow boreholes were analyzed during the study (Flint, L.E. 1998, Tables 4, 5).
The resulting detailed hydrogeologic units are listed in Table 8.3-1, along with formal and
informal lithostratigraphic nomenclature and the major hydrogeologic units. A major goal in this
study was defining detailed hydrogeologic unit boundaries so that they corresponded to
lithostratigraphic boundaries (Flint, L.E. 1998, p. 2). This would facilitate the spatial distribution
of properties within the layering scheme for any numerical modeling effort that used the three-
dimensional lithostratigraphic framework model (see Section 4.8). To provide reasonable detail
and predictive ability within the magnitude and heterogeneity of the Yucca Mountain site, and to
allow for detailed process modeling as well as large-scale three-dimensional modeling, the
number of distinct vertical layers was limited to 30 (Flint, L.E. 1998, p. 2). The relations
between modeling parameters and porosity. also were described to provide the means by which
even more detailed process models could be constructed, for example, through scaling of
parameters in transitional zones where properties change dramatically over short distances, or in
clay-altered or vapor-phase corroded zones.

The distributions of physical properties and hydrologic parameters at the Yucca Mountain site
are complex because of the depositional, cooling, and alteration history of the rocks
(Flint, L.E. 1998, p. 2). This history results in differences in porosity, connectivity and tortuosity
of flow paths, water-retention character, vertical heterogeneities, and scales of features that all
influence the resulting hydrology of the unsaturated zone at the site. These characteristics are
discussed in detail in various sections of this report. For example, there are various rock types
that result from combining the type of deposition, amount of welding, presence of glass, and
composition of grains, which may have crystallized at high temperature (quartz, feldspar, and
vapor-phase minerals), or diagenetically altered (zeolites and clays). Data are presented and
described within the context of these rock (lithologic) types. In several locations, horizontal
boundaries between lithostratigraphic and hydrogeologic units are very abrupt. These contacts
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need to be represented distinctly in numerical flow models as capillary or permeability barriers
so that the hydrologic response to these conditions (such as lateral flow) are simulated
accurately. In other locations, the transitional zones apparent in the gradual change in matrix
properties also need to be modeled appropriately so that numerical flow models do not simulate
lateral flow or ponding of water where they do not actually exist. At several locations, glass has
been altered to clays and zeolites where lithologic transitions caused high saturations, ancient
water tables or perched water caused complete saturation, weathering followed deposition, or
thick welded tuffs cooled slowly (Flint, L.E. 1998, p. 2). In the upper, crystal-rich zones of both
of the major pyroclastic flow units (Tiva Canyon Tuff and Topopah Spring Tuff), varying
degrees of vapor-phase corrosion have occurred and resulted in changes in properties with depth,
particularly porosity (Flint, L.E. 1998, p. 5). (Vapor-phase corrosion or alteration is the
dissolution of pumice fragments by hot vapors before moderately welded tuffs cool.)
Vapor-phase corrosion also occurs in the rocks of the Crater Flat Group, and to a lesser degree in
the Yucca Mountain and Pah Canyon tuffs (Table 8.3-1). The relations between
lithostratigraphic features (porosity, alteration, micro-fracturing, connectivity, capillary barriers,
and welding transitions) and hydrologic conditions and how these characteristics influence the
flow of water through the rocks are discussed in detail in L.E. Flint (1998).

Numerical hydrologic flow modeling of the rocks at Yucca Mountain must account for both
centimeter-scale features evidenced in matrix properties characterization and larger-scale
properties such as bulk permeability, which is greatly affected by fracturing (Flint, L.E. 1998,
p. 5). Fractures range in length from a few centimeters. to several meters and in aperture from
less than a micrometer to hundreds of micrometers. In addition, fractures may or may not extend
across lithostratigraphic unit boundaries, depending on how and when they formed.
Characterization of matrix properties involves the measurement and description of both
small-scale heterogeneities of the rocks and larger scale features of the hydrogeologic units as a
whole. Nevertheless, the definition of detailed hydrogeologic units is based on measurement of
rock properties from 7-cm (3-in)-diameter core samples collected during the drilling of
boreholes. Thus, matrix properties analysis is limited to features and properties that can be
captured on a relatively small scale. Many matrix properties of the rock units are adequately
represented by analyses at this scale, but even core samples of this size contain very small-scale
heterogeneities that may not be accounted for in the sampling or measurement phases. Mineral
alteration, micro fractures, and even porosity occur variably within the rocks at the core scale.
Although some matrix properties are indicative of larger-scale features (e.g., the relatively high
matrix porosity of lithophysal zones), many larger-scale features (bulk properties of lithophysal
cavities, fractures, and faults) will not be adequately represented. These inadequacies of core-
scale hydrologic measurement are critical in numerical flow modeling of the site because of the
dominance of fracture flow in the welded units. Thus, results of both core-scale matrix
properties measurements and field-scale air-injection tests were used in the development of site-
scale flow models so that fluid flow in both the rock matrix and the fractures would be accounted
for (see Sections 8.9.1 and 8.10.5).

8.3.2.2.1 Porosity and Saturation

Because water is stored in and flows through the interconnected pores of the rock matrix,
porosity is useful for characterizing the hydrologic character of the various rock types
(Flint, L.E. 1998, p. 21). In general, the porosity can be related primarily to the depositional
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features and amount of welding of a rock, with the lowest porosities occurring in the most
densely welded rocks and the highest porosities occurring in the nonwelded and bedded rocks.
Examples of borehole profiles illustrating porosity, saturation, and particle density of all
lithostratigraphic units are shown in Figures 8.3-1 and 8.3-2. These profiles clearly illustrate that
distinct vertical changes in porosity and particle density correspond with various
lithostratigraphic boundaries. Borehole USW SD-9 (Figure 8.3-1) was drilled in Wren Wash
(Figure 8.1-1) in the northern portion of the potential repository footprint. At the land surface,
the borehole penetrates the Paintbrush nonwelded (PTn) hydrogeologic unit, which is relatively
thick at this location. The borehole bottoms out within unit 1 of the Prow Pass Tuff. Because
infiltration is high at this location (Flint, A.L. et al. 1996, Figures 46 and 47), the Tiva Canyon
welded hydrogeologic unit is absent, and the Calico Hills Formation is composed only of zeolitic
rocks, saturations are very high throughout the profile below the PTn hydrogeologic unit.
Saturations are especially high in the Topopah Spring Tuff middle nonlithophysal zone, which is
the potential repository horizon. In contrast, borehole USW SD-7 (Figure 8.3-2) is located on
Highway Ridge (Figure 8.1-1) in the southern portion of the repository footprint. At this
location, the Tiva Canyon Tuff is about 80 m thick, the PTn hydrogeologic unit is very thin,
infiltration is lower (Flint, A.L. et al. 1996, Figures 46 and 47), and the upper several meters of
the Calico Hills Formation are not zeolitic. This combination of conditions in the rocks at
borehole USW SD-7 results in abrupt decreases in saturation below the repository horizon. The
unaltered rocks below the basal vitrophyre of the Topopah Spring Tuff are very low in
saturation, as are the rocks in the upper part of the Prow Pass Tuff unit 3. This results in large
decreases in unsaturated hydraulic conductivity and, therefore, reductions in transport pathways
and flux through the matrix or fractures from the repository horizon to the water table.

Mineral Alteration-Mineral alteration has a significant influence on the hydrologic properties
of rock units. Porosity, for example, is directly related to the alteration history of the rocks at
Yucca Mountain because clays, zeolites, opal, and calcite form in situ or are deposited in pore
spaces, causing a reduction in porosity (Flint, L.E. 1998, p. 32). However, the occurrence of clay
or zeolite zones reduces the measured porosity only slightly because water is stored in clay and
zeolite mineral structures rather than in pore spaces. An exception involves smectites, which
swell with the incorporation of water to as much as 300 times their original size, thus reducing
the porosity. Because clays and zeolites influence pore-size distribution, their presence also
affects moisture retention characteristics and permeability. Rocks containing clay or zeolites
typically contain a relatively large volume of water, but because the water is held tightly within
clay structures and very small pores, the permeability is reduced.

A laboratory measurement that is used for identifying rocks containing altered minerals is
"residual water content" (Flint, L.E. 1998, p. 32). Residual water content has been defined,
historically, as the water content in a sample for which the change in water content divided by
the change in water potential is zero (van Genuchten 1980). It may also be thought of as the
degree of saturation at which liquid flow stops, due to discontinuous columns of water, and
vapor flow begins. Studies of soils indicate that residual water content can be determined as the
amount of water left in the pores after equilibrating a rock sample in an environment of
approximately -70,000 kPa (-700 bars) water potential, or about 65 percent relative humidity at
60'C. Residual water content generally is used as the dry-end fit parameter for moisture
retention curves, and its magnitude greatly affects the prediction of unsaturated hydraulic
conductivity at low water contents. "Residual water" is the water remaining in rock at very low
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saturation after complete drainage, residing in the smallest pores and channels, within the
structure of minerals such as clays or zeolites, and adsorbed on the surfaces of these minerals.
Residual water, whether contained in mineral structures or in very small pores, remains relatively
immobile in the liquid phase and is removed from the rock primarily in the vapor phase.

The definition of "residual water content" is critically dependent on the method or methods used
to dry rock samples. Early experiments determined that drying rock samples in an oven at a
temperature of 60'C and 40 percent relative humidity maintained water within the clay
structures, as well as one to two molecular layers of water adsorbed to their surface, while
removing it from the pore channels. Accordingly, after saturation, rock samples from Yucca
Mountain were dried at 60'C and 65 percent relative humidity and at 105'C and ambient relative
humidity (less than 20 percent), and porosity was calculated using both dry weights (Flint, L.E.
1998, p. 32-33). The difference between the porosities calculated from the two different drying
methods is equivalent to the volumetric water content of the sample after it has been dried at
65 percent relative humidity and is defined herein as the "residual water content." A residual
water content of 5 percent or greater was determined to be an appropriate threshold indicative of
the presence of altered minerals. For example, residual water content of 5 percent or greater was
determined for nearly saturated rock samples from the Tpcpv unit near the base of the Tiva
Canyon Tuff (borehole USW UZ-N3 1) (Figure 8.3-3). This zone of significant residual water
content also correlates with the presence of up to 35 percent smectite, which is pervasive in
varying quantities across the site. The extent of mineral alteration seems to be related to the
topographic location of borehole USW UZ- N3 1 in that it is located in a narrow up-wash channel
with thin alluvium. In such a setting, the subsurface rocks have been subjected to more frequent
infiltration events that have sustained relatively high water contents in the rocks for longer
periods of time. The adjacent borehole (USW UZ-N32) (Figure 8.3-3), located only 15 m away
but not in the channel, has a thinner altered zone in the base of the Tiva Canyon Tuff. This zone
of mineral alteration at the base of the Tiva Canyon Tuff, which occurs within the CMW unit, is
an important hydrologic feature in that it may accentuate the capillary barrier caused by small
pores overlying large pores at this transition from welded to nonwelded tuffs. Although the
altered zone continues downward through the base of the BT3 unit, high saturations are not
maintained despite the presence of clay. This is because the combination of very large porosities
and the particular pore-size distributions of the units below the CMW result in drainage.

The relations between porosity and saturation were used to subdivide the major hydrogeologic
units into the detailed hydrogeologic units as described below.

Tiva Canyon Welded Hydrogeologic Unit-The Tiva Canyon welded hydrogeologic unit was
described by Montazer and Wilson (1984, p. 14) as the densely to moderately welded uppermost
stratigraphic layer that underlies much of Yucca Mountain. It dips 5° to 100 eastward, is absent
in some washes, and is about 150 m thick beneath Yucca Crest.

The transition from densely welded to vapor-phase corroded rocks in the uppermost part of the
Tiva Canyon Tuff has been sampled in very few boreholes, such as USW UZ-N36 (Flint, L.E.
1998, p. 21, Figure 5), and is observable in its entirety only in surface outcrops. The upper part
of Tpcrn4 (hydrogeologic unit CCR) is densely welded, whereas the lower part of Tpcm4 and
the underlying Tpcm3 are increasingly vapor-phase corroded with depth. Although the Tpcrn4
is not present at this location, borehole USW UZ-N27 (Figure 8.3-4) is located fairly high within
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the section, beginning in the base of Tpcm3 where the CUC is highest in porosity. Tpcrn2 and
Tpcrnl have lower porosity and less vapor-phase corrosion than the overlying units, but higher
porosity and more vapor-phase corrosion than the Tpcpul. Therefore, boundaries of the
hydrogeologic units were selected primarily on the basis of porosity. The boundary between
CCR and CUC (Flint, L.E. 1998, p. 21) is located at the depth at which the porosity increases to
greater than 0.09. The boundary between CUC and CUL (Figure 8.3-4) is located at the depth at
which the porosity decreases to less than 0.20 (see Table 8.3-1). Because the CUL has
somewhat higher porosity than the underlying densely welded rocks of the Tiva Canyon Tuff,
the lower boundary of CUL was defined as the lithostratigraphic contact between the Tpcpul and
the Tpcpmn.

The middle and lower parts of the crystallized rocks of the Tiva Canyon Tuff include the
Tpcpmn, Tpcpll, Tpcplnh, and Tpcplnc (Table 8.3-1). Because porosity is very uniform through
these lithostratigraphic units, as indicated by the profiles for boreholes USW SD-7 and USW
UZ-N55 (Figure 8.3-4), together they comprise the CW unit (Flint, L.E. 1998, p. 21). Toward
the base of the lower nonlithophysal columnar subzone (Tpcplnc), porosity increases because of
an increased amount of vapor-phase corrosion and the transition from welded to nonwelded in
the vitric rocks below (Buesch, Spengler et al. 1996, Figure 6). The base of the CW is where the
porosity increases in the vapor-phase corroded rocks to greater than 15 percent.

PTn Hydrogeologic Unit-The PTn hydrogeologic unit of Montazer and Wilson (1984, p. 14) is
described as consisting of the nonwelded and partially welded base of the Tiva Canyon Tuff, the
Yucca Mountain and Pah Canyon tuffs, the nonwelded and partially welded upper part of the
Topopah Spring Tuff, and the associated bedded tuffs. It consists of thin, nonwelded ashflow
sheets and bedded tuffs that attain a total maximum thickness of 100 m (330 ft) and thin to the
southeast to about 20 m (66 ft). This unit outcrops in several locations, particularly along
Solitario Canyon and Yucca Wash.

To define the detailed character of these rocks, they are separated further into several detailed
hydrogeologic units (Flint, L.E. 1998, p. 27). The rocks near the base of the Tiva Canyon Tuff
exhibit transitions in porosity and mineral alteration and are divided into the CMW and CNW
hydrogeologic units. The CMW unit consists of moderately welded rocks near the base of the
Tpcplnc and usually most of Tpcpv2 (Table 8.3-1). As indicated in the profiles for boreholes
USW UZ-N3 1 and USW UZ-N32 (Figure 8.3-3), porosity of the CMW ranges from greater than
0.15 at the top of the unit to greater than 0.28 at the bottom of the unit. The CNW consists of
nonwelded to partially welded rocks in Tpcpvl, and locally includes the base of Tpcpv2.

Although the lithostratigraphic units of the PTn hydrogeologic unit generally are relatively thin,
their properties are distinct enough to warrant delineation as separate hydrogeologic units (Flint,
L.E. 1998, p. 27). A numerical modeling exercise was performed to assess the hydrologic
significance of these units and to determine whether or not their properties were sufficiently
different to warrant delineation as separate units. The modeling results indicated that abrupt and
linear contacts along with the contrasts in properties were instrumental in creating lateral flow of
water along the sloping contacts. However, in reality the contacts are only locally linear and are
less likely to divert water laterally due to heterogeneities, which cause increases in saturation and
local instabilities that result in vertical flow across the contact. The Yucca Mountain Tuff has
properties very similar to the Tpbt4 and Tpbt3 to the south of Drill Hole Wash, but has lower
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porosity and becomes moderately welded to the north. In the modeling exercise, this unit was
represented by the properties of the lower porosity rocks, and it caused water to be diverted
laterally. As a result, TPY represents rocks of less than or equal to 0.30 porosity, and the bedded
tuff units Tpbt4 and Tpbt3 represent the Yucca Mountain Tuff where there is greater than 0.30
porosity (Table 8.3-1). To the south of Drill Hole Wash, the hydrogeologic unit BT3 represents
both Yucca Mountain Tuff and Tpbt3. The Pah Canyon Tuff is welded far to the north in Yucca
Wash, but no welded or even moderately welded rocks were found in the samples of the Pah
Canyon from boreholes at the site. Therefore, the nonwelded to partially welded Pah Canyon
Tuff is hydrogeologic unit TPP. Because the modeling results indicated that the properties of the
Tpbt2 and the nonwelded top of the Topopah Spring Tuff (Tptrv3) were not sufficiently different
to warrant delineation of two separate units, the Tpbt2 and the Tptrv3 are represented by
hydrogeologic unit BT2 (Table 8.3-1). Because the Tptrv2 is a thin unit that marks the sharp
transition from nonwelded to densely welded rocks, it is included as the lower part of BT2.

Topopah Spring Welded Hydrogeologic Unit-The Topopah Spring welded hydrogeologic unit
consists of a very thin upper vitrophyre, a thick central zone of several densely welded,
devitrified ashflow sheets, and a thin lower vitrophyre (Montazer and Wilson 1984, p. 15).
The unit contains several lithophysal-cavity zones of varying thickness, and the rocks are
intensely fractured. This unit is the thickest and most extensive of the Paintbrush Group, and
contains the central and lower densely welded and devitrified zones being considered for the
potential repository.

The vitric, densely welded subzone (Tptrvl), which contains the upper vitrophyre, is typically
less than 0.5 m (1.6 ft) thick, but varies from 0 to 2 m (O to 7 ft) thick across Yucca Mountain
(Flint, L.E. 1998, p. 27). Typically, porosity of the Tptrvl is less than 0.05, as exemplified by
boreholes USW UZ-14 and UE-25 UZ#16 (Figure 8.3-5), contrasting sharply with properties of
the rocks overlying it. The underlying dense subzone of the crystal-rich nonlithophysal zone
also has very low porosity (less than 0.09), and has been combined with the Tptrvl as the
hydrogeologic unit TC. Tptm3 is typically thicker to the north and very thin in the southern
parts of the site area.

Most of the crystallized, moderately to densely welded Topopah Spring Tuff is divided into five
hydrogeologic units that closely correspond to lithostratigraphic units (Flint, L.E. 1998,
p. 27-29). The vapor-phase corroded and crystal-transition subzones of the crystal-rich
nonlithophysal zone (Tptrn2) have porosities similar to the underlying lithophysal zone
(Figure 8.3-5), but moisture retention characteristics (discussed below) differ significantly.
Therefore, Tptrn2 is represented by the single hydrogeologic unit TR and has porosities greater
than 0.09. Porosities of the lithophysal zones (Tptrl, Tptpul, and Tptpll) and nonlithophysal
zones (Tptpmn, Tptpln) differ significantly, with the lithophysal zones having porosities of about
0.14 and the nonlithophysal zones having porosities of about 0.11 (Figure 8.3-5). In addition,
because they differ significantly in moisture retention characteristics, each zone is represented by
individual hydrogeologic units: TUL (upper lithophysal zone), TMN (middle nonlithophysal
zone), TLL (lower lithophysal zone), and TM2 and TM1 (lower nonlithophysal zone).
The lower nonlithophysal zone of the Topopah Spring Tuff is divided into two hydrogeologic
units because porosities decrease with greater depth to about 0.09 and the rocks locally become
more vitric. The result is that the rocks at the base have different moisture retention
characteristics due to an increase in the amount of smectite with greater depth. Porosities of the
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vitric rocks at the base of the Topopah Spring Tuff contrast greatly with the rocks above them
(Figure 8.3-5). Therefore, the very low-porosity, densely welded subzone (Tptpv3) that contains
the vitrophyre has been designated as a discrete hydrogeologic unit, PV3.

Calico Hills Nonwelded Hydrogeologic Unit-The Calico Hills nonwelded hydrogeologic unit
of Montazer and Wilson (1984, p. 17) includes the nonwelded to partially welded vitric zone,
which is locally zeolitic, that is the lowermost part of the Topopah Spring Tuff. It also includes
the pre-Topopah Spring Tuff bedded tuff, the beds of the Calico Hills Formation, a bedded tuff, a
bedded sandstone, the Prow Pass Tuff, which is nonwelded to welded, the pre-Prow Pass bedded
tuff, and the upper part of the Bullfrog Tuff, where it is above the water table. The presence of
zeolites and other altered minerals in the rock units below the Topopah Spring Tuff is an
important criteria for the classification of hydrogeologic units. Within the unsaturated zone the
thickness of the Calico Hills nonwelded hydrogeologic unit ranges from zero to more than 500 m
(1,600 ft) (Flint, L.E. 1998, p. 29).

The moderately welded subzone of the Topopah Spring Tuff (Tptpv2) is PV2 (Flint, L.E. 1998,
p. 29). Because the nonwelded base of the Topopah Spring Tuff (Tptpvl) is similar in properties
to the underlying bedded tuff (Tpbtl), they have been combined in hydrogeologic unit BT1
(Table 8.3-1, Figure 8.3-6). The Calico Hills Formation consists of a nonwelded pyroclastic
flow, thin fallout deposits, and, locally, a basal bedded sandstone. These rocks are either vitric
or zeolitic, and this difference strongly controls the flow of water through them. The part of the
formation that is primarily pyroclastic flow deposits, which includes units 1 through 4, is divided
into hydrogeologic units CHV and CHZ, depending on whether it is vitric or zeolitic,
respectively. In this analysis, the vitric-zeolitic boundary was determined based on
measurements of residual water content rather than on lithologic descriptions, which typically
include estimates of mineral percentages. The presence of zeolites was defined as a threshold of
5 percent or greater residual water content in altered rocks that were suspected of being zeolitic.
Subsequent measurements of mineral percentages in core samples from borehole USW SD-7
(Rautman and Engstrom 1996, p. 33, Figure 10, Appendix H) indicated a strong correlation
between the percentage of zeolites (as clinoptilolite) and residual water content greater than
5 percent (Figure 8.3-6). The mineral analyses also indicated a strong correlation between higher
percentages of the zeolite mineral clinoptilolite and rocks with high saturation and low saturation
hydraulic conductivity (Figure 8.3-7). These rocks do, however, have relatively high porosity, as
shown in Figure 8.3-6 for borehole USW SD-7 and in Figure 8.3-8 for borehole UE-25 UZ#16.
The percentage of zeolites, as clinoptilolite, in the rocks in UE-25 UZ#16 also is shown in
Figure 8.3-8. The bedded tuff near the base of the Calico Hills Formation (Tacbt) has relatively
high porosity, but is partially silicified and contains opal, strongly affecting the moisture
retention characteristics and permeability (Flint, L.E. 1998, p. 29). Tacbt, along with the thin
basal sandstone (Tacbs), which is similar in properties to the bedded tuff, comprise the
hydrogeologic unit BT.

Crater Flat Undifferentiated Unit: Prow Pass and Bullfrog Tuffs-The Prow Pass Tuff has
been sampled in only four deep boreholes (USW SD-7, USW SD-9, USW SD-12, and UE 25
UZ#16) and shows significant variation in properties among them (Flint, L.E. 1998, pp. 29, 32).
The Prow Pass Tuff is composed of four pyroclastic flow units and an underlying interval of
bedded tuff (Table 8.3-1, Figure 8.3-6). Lithostratigraphic units Tcp4, Tcp2, and Tcpl are
nonwelded to partially welded pyroclastic flow deposits, and Tcp3 is a partially to moderately
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welded pyroclastic flow deposit that displays a compound cooling history. The alteration of the
initially vitric rocks to zeolites is pervasive throughout the Prow Pass Tuff with the exception of
Tcp3, which is devitrified and vapor-phase crystallized where the welding is most intense.
Consequently, the Prow Pass Tuff is divided into hydrogeologic units based primarily on
lithostratigraphic-unit boundaries and secondarily on the residual water content as the indicator
for mineral alteration. In this case, the 5 percent and greater residual water content correlates
well to high saturations (Figures 8.3-6 and 8.3-8). The detailed hydrogeologic units within the
Prow Pass Tuff are:

* PP4, which is equivalent to lithostratigraphic unit Tcp4, is zeolitic, and has high porosity

. PP3, which is the upper part of Tcp3, has no zeolites but contains vapor-phase altered
minerals that influence the residual water content, and is high in porosity

. PP2, which is the lower half of Tcp3, is welded, devitrified, unaltered, and lower in
porosity

. PP 1, which is composed of Tcp2 and Tcp I, both of which are zeolitic.

The boundary between- PP3 and PP2 varies among the four boreholes penetrating Tcp3, but
dividing the unit into two halves seems to adequately minimize the statistical variance in
properties.

The Bullfrog and Tram tuffs were penetrated only by borehole USW SD-7 (Figure 8.3-6) and
have been divided only on the basis of mineral alteration (Flint, L.E. 1998, p. 32). The
hydrogeologic units are BF3, which is composed of the unaltered units 4 and 3 of the Bullfrog
Tuff, and BF2, which is composed of the slightly altered units 2 and 1 of the Bullfrog Tuff, the
underlying basal sandstone, and the altered Tram Tuff.

8.3.2.2.2 Effects of Mineral Alteration and Estimation of Saturated-Hydraulic
Conductivity

The altered rocks of the Calico Hills nonwelded unit in boreholes USW SD-7 and UE-25 UZ#16
(Figures 8.3-6 and 8.3-8), such as BT (consisting of Tacbt and Tacbs), PP4 (Tcp4), and PP1
(Tcpl), have relatively low relative-humidity porosities (Flint, L.E. 1998, pp. 32 and 33).
However, these rocks also have residual water contents of 5 percent or greater, because a
significant quantity of water is held in the altered minerals. Significant percentages of zeolitic
mineral clinoptilolite have been identified in these units in borehole UE-25 UZ#16
(Figure 8.3-8), confirming that these units are zeolitic. However, other intervals in borehole
USW SD-7 (e.g., PP3 and parts of PP2) have significant residual water content even though no
zeolites were found (Figure 8.3-6). This is because these intervals contain significant quantities
of the vapor-phase alteration minerals tridymite and cristobalite (Rautman and Engstrom 1996,
Appendix H). (Cristobalite is present from depths 502.3 to 569.4 m [2 to 35 percent] and
tridymite is present from 502.3 to 538.4 n [1 to 6 percent].) These results indicate that although
5-percent-or-greater residual water content always is present in rocks where zeolites are found,
the converse is not true, because the presence of other alteration minerals like tridymite and
cristobalite can produce the same effect. However, it is apparent that the presence of cristobalite
alone does not produce this effect but, rather, that tridymite is necessary, possibly in combination
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with cristobalite. This conclusion is based on the fact that, although cristobalite alone was
present in the interval from 538.4 to 569.4 m in unit PP2, significant residual water content was
not found throughout the interval. Overall, these findings indicate that certain vapor-phase
alteration minerals have significant effects on the structure and geometry of the pore spaces in
the rock, resulting in greater moisture retention capacity at low saturations. The greater
tortuosity of the flow channels caused by the presence of clay, zeolites, or vapor-phase minerals
also reduces the permeability, as discussed below. (There is evidence that the very high
percentages of opal-CT [a disordered silica phase containing both cristobalite- and tridymite-like
structural units] often found in the Tacbt may influence the hydrologic character of rocks by
reducing the permeability even more than the presence of zeolites.)

The effects of alteration minerals on the hydrologic properties of the unsaturated rocks at Yucca
Mountain were evaluated further by comparing the relative-humidity porosity with the measured
saturated hydraulic conductivity (Ks) for 593 samples collectively representing all
lithostratigraphic units (Flint, L.E. 1998, p. 38). These comparisons are shown in Figure 8.3-9.
Figure 8.3-9a shows the relation of the log of Ks to porosity for samples grouped by
hydrogeologic unit. The location on the plot of the points representing the zeolitic rocks of the
Calico Hills Formation (CHZ) is distinct in that they indicate relatively high porosities (greater
than 0.2) but very low saturated conductivities (most less than 1 x 10-10 m/s). Samples from the
crystal-rich and crystal-poor vitrophyres of the Topopah Spring Tuff (TC and PV3) mostly have
very low-matrix porosities (less than 0.1), yet several have relatively high conductivities
(1 x 10-8 to 1 x 107 m/s) because of the presence of microfractures. Similarly, three crystallized
and welded samples from the Topopah Spring Tuff (Tpt) with fairly low porosity and high
conductivity contained visible microfractures. It is possible that some of the samples from the
TC and the PV3 with low values of Ks had microfractures, but they were filled with
alteration minerals.

The correlation between porosity and saturated hydraulic conductivity is indicated clearly on
Figure 8.3-9b, where the porosity and saturated conductivity are plotted by more generalized
rock type: vitric/crystallized, altered, and microfractured (Flint, L.E. 1998, pp. 38 and 39). The
microfractured category includes TC and PV3, plus the three welded samples from the Tpt with
the visible microfractures that do not truly represent matrix permeability. The "altered" category
includes all lithostratigraphic units below the vitric/zeolitic boundary in the Calico Hills
nonwelded unit (BTl, CHZ, BT, PP4, PP3, PP2, PP1, BF3, and BF2) and the CMW unit in the
Tiva Canyon Tuff. The vitric/crystallized category includes all of the other hydrogeologic units.
The altered category is only crudely defined because there are crystallized and unaltered zones
within the hydrogeologic units that comprise this category. Nevertheless, the category was
defined as indicated for simplicity in the application of predictive equations. Relations between
these simplified rock-type categories and porosity and saturated conductivity for the 593 samples
were described by regression models developed by L.E. Flint (1998, Table 6, Figure 12). These
regression models were used to estimate Ks for the 4,300 samples for which only porosity had
been measured. Some of these samples had saturated conductivities too low to measure (less
than 1 x I 012 mis) with the laboratory technique available at the time. The estimates provide a
representation of Ks based on porosity for the densely welded tuffs, as well as providing
estimates of matrix permeability for samples with microfractures for prediction of unsaturated
hydraulic conductivity. These microfractured samples are likely to have high conductivities only
when saturated and are likely to have relatively low conductivity after the fractures drain.
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The hydrogeologic units present at the vitric/zeolitic boundary vary spatially in the vicinity of
Yucca Mountain (Flint, L.E. 1998, p. 39). In the southern part of the site, where the boundary is
as much as 140- m below the Tptpv3, the upper parts of the Calico Hills Tuff, Tpbtl, Tptpvl, and
Tptpv2 are unaltered. This condition was observed in the samples from only two boreholes,
USW SD-7 and USW SD-12. All other boreholes are located to the north and east where the
vitric/zeolitic boundary is typically defined at the base of Tptpv3, with zeolitization along the
fractures in that unit. Properties for the BT1 hydrogeologic unit, which includes Tptpvl and
Tpbtl, have been characterized for both altered (BTIa) and unaltered (BT1) samples.

The location of the vitric/zeolitic boundary seems to be an important factor contributing to
formation of perched water bodies (Rousseau et al. 1999, pp. 171 and 172). The high saturations
in boreholes USW SD-7 and UE-25 UZ# 16 in the rocks below the Topopah Spring Tuff (Figures
8.3-6 and 8.3-8) strongly indicate that the presence of alteration minerals has reduced the
permeability and the capacity of these rocks to transmit water downward. In zones where there
is little or no alteration, such as in the vitric rocks of the Calico Hills Formation (CHV) and some
of the devitrified and vapor-phase corroded rocks of the Prow Pass Tuff (PP3), saturations are
extremely low because the pores are larger and drain more easily. In the crystallized and
minimally vapor-phase-corroded Prow Pass Tuff (PP4, PP2, and PP1), saturations are high
because the rocks are welded and have small pores. There is also some evidence that high-
temperature alteration products, such as the vapor-phase crystallization minerals tridymite and
cristobalite, have influenced the retention of water in this zone (Flint, L.E. 1998, p. 33).

8.3.2.2.3 Mean Matrix Property Values for Hydrogeologic Units

To facilitate the use of matrix hydrologic properties data in numerical flow models, mean values
and standard deviations were calculated from the regression analyses for all measured properties
(Table 8.3-2) and for estimated K, values for each hydrogeologic unit (Flint, L.E. 1998, p. 43).
In general, the variation in porosity within each hydrogeologic unit was relatively small, with the
exception of BT4, BT2, and PV2. Because BT4 is very thin and few samples were collected,
substantial variation in properties was expected. The relatively large variation in properties in
BT2 resulted from the fact that it is composed of lithostratigraphic units that vary significantly in
the amount of mineral alteration, and it includes the moderately welded Tptrv2 that rapidly
grades downward into low porosity rocks. The same is true for the PV2, which grades relatively
sharply from very low-porosity to relatively high-porosity rocks.

Several important results are apparent from comparison of mean values of porosity for the
hydrogeologic units (Flint, L.E. 1998, p. 43). In the Tiva Canyon Tuff, the lithophysal CUL has
a mean porosity (0.16) that is twice that of the mostly nonlithophysal CW (0.08). In contrast,
within the TSw unit, mean porosities of lithophysal and nonlithophysal units do not differ quite
as much as in the Tiva Canyon Tuff in that the TUL and TLL have mean porosities of 0.15 and
0.13, respectively, and the TMN, TM2, and TM1 have mean porosities of 0.11, 0.11, and 0.09,
respectively. The vitric bedded tuffs and nonwelded ashflow tuffs of the PTn hydrogeologic
unit, included in CNW, BT4, BT3, and BT2, vary in mean porosity from 0.39 to 0.49. These
porosities are significantly higher than similarly deposited vitric tuffaceous rocks in BTI and
CHV that have mean porosities of 0.27 and 0.34, respectively. All units below the Topopah
Spring Tuff have moderate to high mean porosity (0.26 to 0.34) except for BF3, which has 0.12.
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Frequency distributions of porosity developed for each detailed hydrogeologic unit (Flint, L.E.
1998, Appendix I) indicate normal distributions for most units.

Examination of the means and standard deviations for Ks reveals large statistical variances for
many hydrogeologic units (Flint, L.E. 1998, pp. 43 and 46). In particular, unit CMW exhibits
large variances because the degree of mineral alteration likely is variable vertically within the
unit and laterally between boreholes. The large variance in Ks values for unit TC likely is due to
the random sampling of microfractures. For some units, geometric means of the Ks values
estimated from porosity using the regression analyses are lower than the geometric means of the
measured values of Ks. This is particularly true for units that contain microfractures, because Ks
was estimated using the regression equation for the matrix only (discounting the Ks contributed
by the microfractures), resulting in estimated mean Ks that is three orders of magnitude lower
than the measured Ks for TC and two orders of magnitude lower for PV3. Significant differences
between estimated and measured mean Ks also resulted for units below the Topopah Spring Tuff
because all Ks values were estimated using the regression equation for altered rocks even though
the individual units have significantly variable degrees of alteration and crystallization.

Since completion of the L.E. Flint (1998) study, a new method for measurement of Ks has been
adopted that has extended the lower limit of measurement that previously was limited to 5 x 10-12

m/s. The method uses a high-pressure permeameter that provides a larger hydraulic gradient for
sample analysis and extends the lower limit of measurement to approximately 1 x 10-I4 m/s,
allowing for Ks measurements on all core samples tested and, therefore, bounding the possible
range of Ks. A number of previously under-sampled hydrogeologic units also were tested to
provide better estimates for the site-scale flow model parameter set. Figure 8.3-10 indicates the
data set of saturated hydraulic conductivity, in meters per second, that was available in L.E. Flint
(1998) and the new measurements that have broadened the range of Ks values. Ks values are
plotted versus relative-humidity porosity to better represent actual flow conditions and to
illustrate the range of Ks values for all rock types sampled, regardless of degree of alteration.
A large number of the new samples tested were from nonwelded, vitric units at the base of the
Topopah Spring Tuff and the nonzeolitized Calico Hills Formation. These samples were tested
to assess the relation of Ks to the varying degree of alteration that occurs at the vitric-zeolitic
transition, particularly in the southern part of the repository area near boreholes USW SD-7 and
USW SD- 12. The new Ks data are from the following sources:

* Physical properties and hydraulic conductivity measurements of core samples from
borehole USW WT-24

* Physical properties and saturated hydraulic conductivity measurements of core samples
from borehole USW SD-6

. Physical properties and saturated hydraulic conductivity measurements of core samples
from boreholes USW SD-7, USW SD-9, USW SD-12, USW UZ-14, and UE-25 UZ# 16.

8.3.2.2.4 Moisture-Retention Characteristics and Unsaturated-Hydraulic Conductivity

Moisture-retention curves (water potential versus saturation) were developed for representative
hydrogeologic units (Flint, L.E. 1998, p. 40) and are shown in Figure 8.3-11. For the first three
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hydrogeologic units (CW, BT3, and TR), the data sets include both laboratory desorption curves
and composite curves combining laboratory data and all field data that were collected from
cores. Standard errors of the curve-fit parameters, a and n, were used to include the 66 percent
confidence intervals about the curve-fit models. These intervals were used for graphical
purposes because the lower limits of the 95 percent intervals were undefined for a number of
hydrogeologic units. Two models were developed: one model is associated with the laboratory
desorption data (thick lines on Figure8.3-1la through 8.3-1lc) and the second model is
associated with the composite data set (thin lines in these figures). In all three units, the
composite model plotted lower on the graph because of inclusion of field samples that had lower
water contents for given water potentials than the laboratory desorption data. This results in
slightly larger air entry values (lower a), which increases modeled fluxes for the same matrix
saturation. For the other three hydrogeologic units (TUL, PV3, and CHZ), the data sets consist
of laboratory desorption measurements only and include the error incorporated into the
laboratory measurement due to the instrument resolution.

Notable differences in the moisture retention curves are chiefly a function of the pore size
distributions of the rock types (Flint, L.E. 1998, p. 40). These different distributions are
primarily due to the degree of welding, and are exemplified by comparing the curve for the
bedded tuff (BT3) to those of the welded tuffs CW and TUL. The welded tuff units all have high
air entry pressures, approximately equivalent to 1/a. The air entry pressures describe the water
potential at which the pores initially drain and, thus, represent the largest pores. Rocks in the
hydrogeologic unit TR are vapor-phase corroded, which increases the size of the pores and
results in pore structures that drain at lower water potential than noncorroded welded rocks.
Another contrasting characteristic is the residual saturation, which is approximately represented
by the saturation at which the dry end of the curves becomes asymptotic. Residual saturation is
caused by the abundance of very small pores that retain water at approximately 65 percent
relative humidity and 60'C (-70,000 kPa [-700 bars]). Altered rocks such as CHZ, or
vitrophyres such as PV3, have the largest residual saturations, although for altered rocks some of
this is due to bound water. (See Sections 8.3.2.2.1 and 8.3.2.2.2 for discussions of mineral
alteration.)

Moisture-retention van Genuchten curve-fit parameters (a, n, and m) for each hydrogeologic unit
also were calculated (Flint, L.E. 1998, p. 46) and are listed in Table 8.3-3. The log of a is well
correlated to porosity for the unaltered vitric, crystallized, and microfractured samples, but is not
as well correlated for the altered samples (Flint, L.E. 1998, p. 40). Regression models were
made for the prediction of the log of a that was determined for all hydrogeologic units for the
purposes of estimating parameters from porosity. These models are useful for the representation
of more gradual transition zones in numerical flow models to eliminate unwarranted lateral flow
of water that results from flow-model layers that unrealistically simulate sharply contrasting
properties. The form of the model equation for the relation of the log of a to porosity is the same
as for K, for both altered and unaltered hydrogeologic units.

Moisture-retention curve-fit parameters were used to predict unsaturated hydraulic conductivity
based on values of saturated conductivity (Flint et al. 1999, pp. 293 to 302) and the relation
developed by van Genuchten (1980). These predictions were compared with direct
measurements of unsaturated hydraulic conductivity (Figure 8.3-12) made using a steady-state
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ultra-centrifuge, also called an unsaturated flow apparatus (Conca and Wright 1998). Moisture-
retention curves are shown with data obtained using two laboratory techniques: the chilled-
mirror psychrometer (Model CX2, Decagon, Pullman, Washington), which was used to compile
moisture retention data for all hydrogeologic units, and the unsaturated flow apparatus, which
has higher resolution at the wet end of the curve and also uses the entire plug sample that is used
to measure conductivity, rather than a subsample. The driest point for both samples was
obtained using the estimated residual water content, as discussed in the previous section on
mineral alteration in Section 8.3.2.2.1. Data from the two laboratory methods match relatively
well and the points from the ultra-centrifuge fill in the wet-end gap left by the chilled-mirror
psychrometer measurements. Measured unsaturated conductivity values for two replicates from
two samples also are shown in Figure 8.3-12 along with estimated unsaturated hydraulic
conductivity from the moisture retention data using three methods. Method I predicts
unsaturated hydraulic conductivity from moisture retention parameters obtained from fitting the
measured moisture retention data (van Genuchten 1980) collected using the CX2 chilled-mirror
psychrometer. Method 2 fits the conductivity data measured on the centrifuge, then predicts the
moisture retention. Method 3 simultaneously fits both the moisture retention and conductivity
data. Method I results in a poor prediction of the conductivity data. The driest point, collected
from volumetric water content at relative humidity dryness, is not predicted from either method 2
or 3, suggesting that it is an inappropriate definition of residual water content when considered
for unsaturated flow processes. It is possible that there are two residual water contents, one
representing physical and static properties and another representing flow processes. If the
moisture retention data are fit without including the residual water content point, the unsaturated
hydraulic conductivity data can be predicted adequately for these two samples.

8.3.2.2.5 Lithologic Stratification: Transitions and Capillary and Permeability
Barriers

Lithologic features, such as degree of welding, layering in ash-fall tuffs, fracture distributions,
and subsequent mineralogic alteration, are critical to characterize in order to determine the
distribution of hydrologic conditions within the vertically stratified system at Yucca Mountain
(Flint, L.E. 1998, p. 9). The primary large-scale feature controlling the moisture distribution and
flux at Yucca Mountain is the occurrence of nonwelded and bedded tuffs of the PTn
hydrogeologic unit between two welded and fractured pyroclastic flow units, the Tiva Canyon
and Topopah Spring tuffs. This stratigraphic orientation results in transition zones that exhibit
pronounced vertical variations in matrix properties, typically caused by variations in porosity due
to welding, mineral alteration, or vapor-phase corrosion, or by abrupt contrasts in properties due
to layering of ash-fall tuffs. Corresponding to the degree of welding, fracture characteristics
(density, geometry, and continuity) typically are poorly developed in nonwelded tuffs and well
developed in the welded rocks. The transition zone from fracture-dominated flow in welded
rocks (where saturation is high) to matrix-dominated flow in nonwelded rocks, can significantly
affect the overall nature of large-scale flow in the unsaturated zone. Sharp decreases or increases
in the values of hydrologic properties with depth (that also corresponds to changes in the degree
of fracturing) in these transition zones may result in localized concentration of water due to
capillary or permeability barriers, or depletion of water due to drainage.

The concept of a natural capillary barrier involves a fine-grained layer overlying a coarse-
grained layer (Flint, L.E. 1998, pp. 9 and 10). Under such conditions, water cannot flow from
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the smaller pores into the larger pores until the water potential in the overlying layer exceeds a
critical pressure, equivalent to the difference in the capillary rise of the two pore sizes. At Yucca
Mountain, the potential for this condition occurs where the porous rocks of the PTn
hydrogeologic unit is bounded above and below by double-porosity, welded, and fractured rocks
of the Tiva Canyon and Topopah Spring tuffs. A capillary barrier could theoretically be present
at the top of the nonwelded rocks where fine-grained welded rocks overlie coarse-grained
nonwelded rocks. A barrier could also be present at the base of the nonwelded rocks where the
coarse-grained rocks overlie the larger-aperture fractures present in the welded rocks. If these
conditions exist in the layered, dipping beds at Yucca Mountain, they could potentially result in
lateral flow of water. To date, simulations of site-scale unsaturated zone flow indicate that little
lateral diversion occurs between the land surface and the potential repository horizon (Section
8.10.6.8.1). However, the site-scale model still is evolving and the final model may show more
lateral diversion and greater effect by the PTn on flux distribution between the TCw and TSw
than the current model. The theoretical bases for and behavior of capillary and permeability
barriers are discussed further in L.E. Flint (1998, p. 10).

A detailed study of the contrasting and transitional hydrologic properties of the lithostratigraphic
units that comprise the PTn hydrogeologic unit was undertaken to evaluate the degree of contrast
necessary to support lateral flow of water above the potential repository (Flint, L.E. 1998, p. 27).
At borehole USW SD-9 (Figure 8.3-13), the PTn hydrogeologic unit is relatively thick and the
TPY exhibits a higher degree of welding than elsewhere. Similar to boreholes USW UZ-N31
and USW UZ-N32 (Figure 8.3-3), the altered zones in borehole USW SD-9 (indicated by
residual water content of 5 percent or greater) seem to occur in the transition zone at the base of
the Tiva Canyon Tuff, in the BT3, and in layers within the BT2 and BT3. These zones indicate
either contrasts in properties that have resulted in long-term preferential flow pathways, high-
saturation zones that allowed development of clays, or high-temperature depositional features
that influence the flow pathways.

A two-dimensional, cross-sectional numerical model, tilted 6.5°, was used to investigate the
influence of detailed unit divisions on the lateral flow of water in the PTn hydrogeologic unit
(Moyer et al. 1996, pp. 80 to 84). All layers are identified in Figure 8.3-14 and correlate with
hydrogeologic units in Table 8.3-1, but in the model had different properties. The numerical
model was constructed using the code TOUGH2 Version 1.11. With a simulated vertical
percolation flux at the upper boundary flux of only 1 mm/yr., significant lateral flow occurs,
particularly at the TPP-BT2 boundary because of a large contrast in permeability. Lateral flow
also occurs in the simulation at the CMW-CNW transitional zone at the base of the Tiva Canyon
Tuff and at the TPY-BT3 contact. Saturations within the PTn hydrogeologic unit correlate
relatively well with saturated hydraulic conductivity but are not high enough to initiate fracture
flow at the sharp contact of the PTn hydrogeologic unit and the Topopah Spring welded unit. A
more recent study of the potential for lateral diversion of flow in the PTn unit conducted in the
ESF North Ramp is described below. This study has attempted to quantify the contrasts in
properties of the hydrogeologic units within the PTn hydrogeologic unit that would be necessary
to cause significant lateral flow of water under existing and future climatic conditions. Although
the lateral flow in the PTn demonstrated by this simplified model is not entirely consistent with
the current concept of flow through the unsaturated zone (Section 8.10.6.8.1), the model does
demonstrate the potential for small-scale lateral flow due to contrasting hydrologic properties in
the PTn. Furthermore, because the unsaturated-zone flow model still is evolving, the final model
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may show more lateral diversion by the PTn than the current model, in which case the results of
this simplified model will have more relevance to site conditions.

Lateral-Diversion Study of the PTn Hydrogeologic Unit in the ESF North Ramp-The rocks
at the base of the Tiva Canyon Tuff in the PTn unit transition downward from devitrified to vitric
and from moderately welded, vapor-phase corroded to nonwelded, resulting in an analogous
transition in porosity and permeability (Flint, L.E. 1998, pp. 9 and 10). There also is a gradual
accumulation of mineral alteration with depth down through this same zone. The altered section
is low in permeability and typically is nearly saturated (Flint, L.E. 1998, pp. 32 to 39).
Underlying this altered section is a relatively linear contact with highly porous bedded tuff.
These stratigraphic conditions provide the potential for a capillary barrier (Flint, L.E. 1998, pp. 9
and 10). There is no clear field evidence to corroborate the existence for lateral diversion of
downward percolating water due to a barrier effect at the base of the Tiva Canyon Tuff.
However, the saturation profile found consistently in most boreholes, where saturated conditions
overlie an abrupt decline to less than 50 percent saturation, supports the existence of at least
localized barrier effects. Corresponding to the degree of welding, the fracture density, geometry,
and continuity become poorly developed in the nonwelded rocks. This transition zone occurs
where fracture-dominated flow in the high-saturation welded rocks changes to matrix-dominated
flow in the water-depleted rocks of the PTn unit. With general YMP acceptance of relatively
high infiltration rates (DOE 1998a, Volume 1, pp. 2-39 to 2-41), the bulk characteristics and
behavior of the PTn unit became a focus of the YMP. In particular, field investigations were
conducted in the ESF to determine the extent to which water percolating downward through the
fractures of the Tiva Canyon Tuff might be absorbed and redistributed by the PTn unit, or
laterally diverted down-dip where it could be quickly transmitted downward through faults.

Twenty-one HQ-size horizontal boreholes, each approximately 2 m in depth, were dry-drilled
into rocks in the North Ramp of the ESF, 18 directly into the right rib of the North Ramp and
3 into the right rib of the Lower Paintbrush Tuff Contact Alcove, also known as Alcove 4. These
boreholes systematically penetrated all of the lithostratigraphic units, from the vapor-phase
welded Tpcplnc at the base of the Tiva Canyon Tuff, down through the nonwelded and bedded
tuffs of the PTn unit, and into the upper vitrophyre of the Topopah Spring Tuff (Table 8.3-4).

Physical and hydrologic properties (including unsaturated flow properties) and hydrologic
conditions were measured on core samples' collected from all of these boreholes. These
boreholes also were instrumented to measure in situ water potential.

Analysis of the data collected in the ESE, along with field observations, resulted in several
noteworthy findings. In the ESF North Ramp, the vapor-phase-corroded zone at the base of the
Tiva Canyon Tuff is more developed, extending into the vitric rocks at the base of the Tiva
Canyon Tuff, and has a higher relative-humidity porosity than that encountered in any of the
surface-based boreholes (compare Tables 8.3-2 and 8.3-4). In addition, when relative-humidity
porosities of all the ESF boreholes were compared to the mean relative-humidity porosity for all
surface-based boreholes, the North Ramp samples had substantially higher values for all units
except the Tpcpvl, Tpp, the Tpbt2 altered zone, and the Topopah Spring Tuff upper vitrophyre
(Tptrvl). The Tpbt2 altered zone was not specifically targeted in surface-based boreholes,
however, and sample data were averaged for the entire unit.
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The approximate depth of the drying front from the tunnel wall (Table 8.34) was estimated from
water content measurements with depth in each borehole. The depth averages approximately
0.5 m (1.6 ft) and varies from hole to hole from about 0.2 to 0.7 m (0.7 to 2.3 ft). The most
highly fractured borehole (based on the detailed line survey), NR-#la, which is located in the
Tpcplnc, had a drying front that extended 0.7 m (2.3 ft), possibly due to the higher permeability
of the fractures than that of the matrix, which could facilitate vapor transport. Some of the less
fractured boreholes in the nonwelded tuff also had deeper drying fronts that were likely due to
the drilling method, which resulted in poor core collection and sample drying in some locations
where the formations were relatively dry.

Evaluation of the moisture conditions in the ESF North Ramp boreholes corroborates previous
interpretations of the role of the PTn unit. At least on a localized basis, the properties and
hydrologic conditions existing in the transition through the moderately welded, vapor-phase-
corroded rocks at the base of the Tiva Canyon Tuff into the PTn unit rocks exhibit the
characteristics of a permeability or capillary barrier. In this case, because of the high porosity of
the vapor-phase-corroded component, porosity is not a good indicator of the transition. Moisture
retention characteristics (Table 8.3-4) provide better indications of alteration and small pores due
to the small a values (inversely related to air-entry values) in this stratigraphic location. Further,
the K, is particularly low in borehole NR-#4 for a location with high porosity. The volumetric
water content measured on relative-humidity porosity samples also is an indication of the
presence of altered minerals, primarily smectites. These clay minerals form when saturations are
very high for long periods of time, and indicate a contrast in properties in this case between
boreholes NR-#3, NR-#4, and NR-#5. The contrast is probably due to a combination of the
lower fracture density in NR-#2 and the increase in the size of the largest pores in the matrix.
The saturation values become smaller just below borehole NR-#4 and then are high again in
borehole LPCA#2, which penetrates a very small but highly altered zone, probably because of a
high depositional temperature. This 0.2-m (0.7-ft)-wide zone may have an impact on the flow
patterns of the water in the PTn unit, but the evidence from this data set is not conclusive.
Another notable observation is the high saturations in boreholes NE-#13, LPCA#1, LPCA#2,
LPCA#3, and NR-#14. Calculations of lateral diversion in these units offer some evidence of a
capillary barrier in this stratigraphic location. Typically, the Tpbt2 has very high permeability;
preliminary numerical modeling (Moyer et al. 1996, pp. 80 to 84) indicated that, given idealized
geometry with linear contacts, lateral diversion was likely to occur within the PTn unit. Under
these conditions, a capillary barrier might develop as the matrix saturation increased due to a
transition into fracture flow with depth in the stratigraphically lower vitric units. Another
hypothesis for the higher water content is mineral alteration, which is apparent in the relative-
humidity water-content values for those five boreholes and the next two stratigraphically below.
Under these conditions, the higher saturations would result from a permeability barrier caused by
the abrupt decrease in porosity and permeability at the Tptrv2/Tptrvl contact due to mineral
alteration.

8.3.2.2.6 Properties of Fault Zones

Analysis of small-scale core samples from fault zones indicates subtle changes in the physical
properties and saturations. The Ghost Dance fault zone has been penetrated by core holes at
several locations, including borehole USW UZ-N35, which penetrates the fault in the Tiva
Canyon Tuff, and in horizontal boreholes in the Northern and Southern Ghost Dance Fault
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alcoves of the ESF, which penetrate the fault at the potential repository horizon. Borehole USW
UZ-N35 is located in Broken Limb Wash, near USW SD-12 (Figure 8.1-6), and penetrates the
fault zone at a depth of approximately 30 m (100 ft). The porosity of the brecciated zone
(Figure 8.3-15) is not significantly different from the surrounding rock units, and the saturation
of the breccia is about mid-way between that of the surrounding rocks. Rocks in the footwall of
the fault (below the breccia zone) had properties appropriate for the unit, but exhibited
saturations 15 to 20 percent higher than expected at the time of drilling. Systematic neutron-
moisture logging (Flint, L.E. and Flint, A.L. 1995, p. 7; Flint, A.L. et al. 1996, p. 60) was done in
USW UZ-N35 from the time of drilling in early 1993 until the fall of 1995 to monitor changes in
volumetric water content with depth and time. Significant precipitation occurred during the
winter of 1993, resulting in an increase in water content at the surface (Figure 8.3-16).
Coincidentally, 1 to 2 mo. later, rocks in the footwall of the fault showed an increase in water
content from 2.5 to 7.5 percent and, over the next few months, to more than 10 percent. While
the water did not travel directly through the soil profile, as apparent in the figure, the fault is
exposed at the surface several meters upslope from the borehole, providing a fast pathway for
precipitation to penetrate the surface.

Analysis of rock core from the horizontal borehole in the ESF Northern Ghost Dance Fault
Alcove indicates that the porosity of the TMN changes abruptly at the main trace of the fault
(Figure 8.3-17). The porosity of the rock on the footwall is about 0.20 lower than the porosity of
the rock in the hanging wall. The change in porosity likely was not caused by the faulting itself,
but is simply a reflection of the spatial variability of porosity within the TMN that is accentuated
by the offset and by the brecciated fault zone. Although the saturation profile of the borehole
indicates preferential drying of the most highly fractured zones by drilling air (Figure 8.3-17), a
core sample collected at the deepest penetration of the hanging wall (about 49 m [160 ft]) was
completely saturated. Most of the other core samples had saturations of about 90 percent.

Based on saturation data from these two boreholes, the first penetrating the Ghost Dance fault
above the PTn hydrogeologic unit and the second penetrating the fault in the Topopah Spring
welded hydrogeologic unit, it is likely that the fault zone is a fast pathway for water percolating
through the Tiva Canyon Tuff, causing increases in saturation in the rock matrix of the footwall.
Although the fault is probably also a fast pathway for water percolating through the PTn
hydrogeologic unit, there is little indication (based on core samples) that the fault serves as a
preferential pathway for water through the Topopah Spring welded hydrogeologic unit. Rather,
it is likely that water moves through the surrounding, highly fractured rock of the Topopah
Spring welded hydrogeologic unit just a's readily as it moves through the fault zone.

8.3.2.2.7 Spatial Variability of Matrix Properties

Rock properties vary vertically and laterally as the result of original, depositional cooling
processes and subsequent post depositional alteration (Flint, L.E. 1998, p. 2). At certain scales
and at certain positions within the volcanic rocks at Yucca Mountain, the influence of
deterministic geologic processes is so strong that the changes in material properties can be
predicted with a high degree of confidence. For example, porosities are relatively high in the
rocks at the base of the ash-flow sheets (Tiva Canyon and Topopah Spring tuffs), where cooling
occurred quickly. Progressively lower porosities occur at higher stratigraphic levels and
porosities decrease to very low values in the interior of the deposit, where temperatures remained
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high long enough for compaction and welding to occur (Figures 8.3-1 and 8.3-2). Such trends in
matrix hydrologic properties are readily observable in rock samples collected from surface
transects of outcrops and from systematic sampling of the rocks exposed in the ESF.

Vertical Variability From Surface Transects-Because of the importance of the transitional
zone at the base of the Tiva Canyon Tuff, and because of the need to predict properties and
conditions at unmeasured points, a study was conducted to evaluate the two-dimensional spatial
variability of the physical and hydrologic properties of that unit (Rautman et al. 1995, pp. 1 to 5).
Samples of the Tiva Canyon Tuff outcrop on the west-facing slope of Solitario Canyon were
collected along a series of 26 vertical transects in the vicinity of borehole USW UZ-6
(Figure 8.1-6). The sampling area extended northward from near borehole USW UZ-6, along a
1,000-m (3,300-ft) exposure of the Tiva Canyon Tuff that encompasses a stratigraphic sequence
beginning in the moderately welded rocks of the Tpcplnc, downward through the Tpcpv3,
Tpcpv2, and Tpcpvl, and terminating in the Tpbt4. Porosities of all samples are plotted in
Figure 8.3-18 in relation to the scaled thickness from the base of each transect, expressed as a
dimensionless proportion (Rautman et al. 1995, Figure 3). Porosity ranges from about 0.10 at
the top of the sequence to as high as 0.60 at the bottom. The composite plots of porosity and
saturated hydraulic conductivity (Figure 8.3-19) indicate strong vertical trends in porosity and
saturated hydraulic conductivity. At the top of the sequence, porosity is relatively low for the
moderately welded Tpcplnc, but then it increases gradually through the Tpcpv2, is consistently
about 42 percent in the Tpcpvl, and increases with depth in the Tpbt4 at the bottom of
the sequence.

The nonlinear vertical trends in porosity (and in the correlated saturated hydraulic conductivity)
are attributed to the compaction and cooling history of the rocks (Rautman et al. 1995, p. 9).
Because minimal compaction occurred in the lower subunits, where heat loss to the underlying
cooler units caused the glass shards to lose their plasticity quickly, these subunits remained
nonwelded and retained higher porosities. Analysis of the horizontal trends in the properties
indicated a lack of substantial spatial correlation. However, because of the obvious vertical
trends, vertical models were fit to the data sets in order to predict properties of the corresponding
stratigraphic elevation in other locations (Rautman et al. 1995, Figure 7). (See Section 4.8 for a
detailed description of three-dimensional modeling of rock properties.) The vertical trends
apparent in the hydrologic properties of rocks near the base of the Tiva Canyon tuff seem to be
the result of deterministic processes, at least to the extent that regression equations based on
measured physical and hydrologic properties can reasonably predict properties of this zone in
other locations at Yucca Mountain. The results of this study support the use of properties that
display deterministic trends, such as porosity, to correlate with parameters that are more difficult
to measure or predict for spatially distributing properties for site-scale numerical flow models
(Rautman et al. 1995, p. 14). The regression models describing trends in hydrologic properties
provide important insights for process modeling that are not readily discernable based solely on
the sets of measured values.

Vertical Variability from ESF Sampling-To evaluate the variability of matrix properties of the
Topopah Spring Tuff at the potential repository horizon, a lithostratigraphic section
encompassing the Tptpmn (TMN) and upper part of the Tptpll (TLL) was sampled
systematically in the ESF Main Drift. From north to south, this section encompasses a gradual
transition from the upper lithophysal unit (Tptpul) down through a series of vapor-phase partings
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or stringers, a highly fractured zone, a pumice swarm at the base of the Tptpmn, and a relatively
sharp transition zone into the lower lithophysal unit (Figure 8.3-20). At this location in the ESF,
the highly fractured zone does not exhibit the lithophysal-bearing subzone that exists farther to
the north and partially exists to the south. For comparison, porosity profiles (relative-humidity
porosity) of the Tptpmn for three nearby boreholes (USW SD-7, USW SD-12, and USW SD-9)
are shown in Figure 8.3-21a. Although the porosity profile for the northernmost borehole (USW
SD-9) shows considerable scatter of values in the lithophysal-transition zone, the lithophysal-
bearing subzone is readily apparent in the greater porosity values near the midpoint of the profile
(Figure 8.3-21a). However, farther south at borehole USW SD-12, porosities within this same
subzone of the Tptpmn are lower and fairly uniform (about 0.11) throughout the subzone. In the
ESF Main Drift, 142 rock samples were collected systematically at 20-m (66-ft) spacings and
analyzed for physical properties, including porosity (Figure 8.3-21b). Thus far, saturated
hydraulic conductivity has been measured on 60 of the 142 samples. The same trends in porosity
observed in the boreholes are apparent in the ESF transect. There is substantial scatter in the
lithophysal transition zone (ESF Station 28+00 to 35+00), and then an increase in relative-
humidity porosities from about 9 percent to about 12 percent midway through the transect.
Saturated hydraulic conductivity values from a preliminary data set (60 samples) measured using
a steady-state, high-pressure permeameter correlate relatively well with porosity calculated with
a goodness-of-fit (R ) value of 0.39. Mean relative-humidity porosity for the 60-sample subset
from the ESF Main Drift systematic sampling transect is 0.079 (standard porosity, determined at
105'C, is 0.099), and mean saturated hydraulic conductivity is 4.7 x 10-12 rn/s.

Areal Distribution of Porosity-Few of the hydrogeologic units present at Yucca Mountain were
penetrated by a sufficient number of surface-based boreholes to determine whether or not areal
trends in porosity are present (Flint, L.E. 1998, pp. 46 to 54). However, a large-scale analysis of
areal distribution of porosity was done using kriging for the two hydrogeologic units that were
penetrated by the largest number of boreholes, the central, welded, crystal-poor member of the
Tiva Canyon Tuff (CW) and Pre-Pah Canyon/Topopah Spring bedded tuff (BT2). In the vicinity
of the potential repository, CW has a relatively smooth increase in porosity from south (about
0.07) to north (about 0.12), based on data from 17 boreholes (Figure 8.3-22a). In contrast, BT2
has a smaller areal distribution and a range in porosity from 0.37 at borehole USW SD-7 to
0.52 at the northern end of the repository area (Figure 8.3-22b), based on data from 15 boreholes.
The calculated areal variation in porosity for these two units is in contrast to the lack of lateral
trends in the two-dimensional surface transect study of the base of the Tiva Canyon Tuff
discussed above.

Vertical variability of matrix properties within hydrogeologic units can be reasonably described
for most of the units, as indicated in previous sections (Flint, L.E. 1998, p. 46). Problematic
units are very thin or layered units, or those with features larger than core-size samples that
dominate the flow of water at the site scale. However, there is a large degree of uncertainty
associated with the representations of areal variability of hydrologic properties because of the
high degree of heterogeneity of the rocks and because the bulk of the data is from core
scale-sized samples from one-dimensional boreholes sparsely distributed over the study area.
The areal distribution of core-scale properties might adequately be represented for large-scale
numerical flow models by the correlation of flow properties with surrogates such as porosity,
which can be modeled using lithostratigraphic distributions and which has been shown to be
related to flow properties. The correlation of porosity with lithology provides a much larger
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database with which to calculate spatial distributions. This relationship is discussed in detail in
the description of rock property modeling in Section 4.8.

83.2.2.8 Matrix Properties of the Calico Hills Nonwelded Hydrogeologic Unit at the
Busted Butte Test Facility

The Busted Butte test is designed to generate spatial and temporal scaling information about
unsaturated zone flow and transport of key radionuclides (Tc, I, Np, U, and colloidal Pu) in the
nonwelded rocks that lie below the repository (DOE 1999, p. 2-2). In essence, the Busted Butte
underground study site is being used as an analog for the nonwelded vitric rocks at the base of
the Topopah Spring Tuff (Tptpv2, Tptpvl) and the top of the Calico Hills Formation (Tac).
Detailed sampling is being done to enable detailed characterization for flow and transport
parameters in this rock, which has high storage capacity and variable sorption capabilities.
These rocks overlie the heavily zeolitized rocks of the Calico Hills Formation, which may
provide a permeability barrier to downward flow (Flint, L.E. 1998, p. 29). Core samples have
been characterized for porosity (total), bulk density, Ks, moisture retention, and unsaturated
hydraulic conductivity. Because surface-based sampling of this highly porous and fragile rock
provided few coherent samples for laboratory testing, this exercise has provided an opportunity
to enhance the existing database for these rock types from a site relatively close to the repository
area. The complete suite of measurements has not been completed to date (July 1999), but the
subset that has been submitted to the Yucca Mountain Technical Data Management System
provides a basis for discussion. Physical properties have been completed on 80 samples, 59 of
which also have been tested for Ks. Mean values of relative-humidity porosity and Ks for the
Busted Butte samples are listed in Table 8.3-5, along with mean values for samples from the two
surface-based boreholes (USW SD-7 and USW SD-12) nearest the repository area that
penetrated the same lithostratigraphic units. Also listed are mean values for all surface-based
boreholes in the site area.

Because lithostratigraphic unit Tpbtl is not present at Busted Butte, units Tptpvl and Tpbtl were
combined for the site evaluation. This combination is justified because the properties of these
two units are not significantly different (Flint, L.E. 1998, p. 29). The porosity of Tptpv2 at
Busted Butte is much higher than in boreholes USW SD-7, USW SD-12, or the compilation of
all surface-based borehole samples. Similarly, Ks of the Tptpv2 at Busted Butte is 1,000 to
10,000 times greater than Ks in the boreholes. Although porosity of the TptpvliTpbtl rocks is
higher at Busted Butte than in all the surface-based boreholes, Ks is about one-tenth of that in the
boreholes, suggesting some alteration not evident in the physical property measurements.
Although porosity of the vitric Tac at Busted Butte is about the same as in the boreholes, Ks at
Busted Butte is about 100 times greater than in the boreholes, also suggesting a difference in
degree of alteration. Alternatively, the difference in Ks probably is a biasing of the samples
collected from the surface-based drilling toward those less friable, given that core recovery in the
friable rocks at this depth generally was poor.

Unsaturated hydraulic conductivity data (30 samples) and moisture retention curve data
(52 samples) were collected for core samples from the Busted Butte Test Facility. Because
30 samples had both measurements of unsaturated hydraulic conductivity and moisture retention
data, moisture retention data and Ks were used successfully to predict the unsaturated hydraulic
conductivity data (Figure 8.3-23). There was a lot of small-scale variability between the various
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samples. Because in many cases the Ks on an adjacent sample was inadequate to predict the
unsaturated conductivity, the K, used in the prediction was for the same sample for which
unsaturated conductivity had been measured.

8.3.3 Field-Scale Characterization of Hydrogeologic Units Using Air-Injection Testing

Air-injection testing has been conducted in the unsaturated zone at Yucca Mountain to determine
the field-scale bulk permeability, porosity, and anisotropy of the rock units that comprise,
overlie, and underlie the potential repository horizon. Permeability, along with gradient, controls
the flux of fluids (gas and water) through Yucca Mountain; pneumatic porosity controls the
velocity of pressure fronts; and anisotropy controls the direction of fluid flow through Yucca
Mountain (LeCain 1997, p. 2). These are critical parameters required for all analytical and
numerical models that attempt to predict fluid flow through the unsaturated zone at Yucca
Mountain. For the nonwelded and bedded units (such as the PTn unit), air-injection tests provide
field-scale measurements of the intergranular (or matrix) permeability and porosity. For the
highly fractured units (such as the Topopah Spring welded unit), air-injection tests provide
measurements of the bulk permeability and porosity of the fracture network.

8.3.3.1 Surface-Based Air-Injection Testing

Air-injection testing using a downhole straddle-packer assembly and a surface-based data
acquisition system was conducted in surface-based boreholes UE-25 UZ#16, USW SD-12,
USW NRG-6, and USW NRG-7a (LeCain 1997, p. 2). The locations of these boreholes are
indicated in Figure 8.1-6. Air-permeability values were determined from 194 single hole,
air-injection tests conducted in these four boreholes from 1993 through 1995 (LeCain 1997,
p. 2). The geologic units tested were the Tiva Canyon, Yucca Mountain, Pah Canyon, and
Topopah Spring tuffs, Calico Hills Formation, and three bedded tuffs within the PTn
hydrogeologic unit. Air-injection permeability values were compared to permeability values
derived from laboratory tests and pneumatic monitoring. Regression analysis was conducted
between air-injection permeability values and rock characteristics like fracture density and
presence of lithophysal cavities. The surface-based air-permeability testing was conducted using
state-of-the-art hydraulic, pneumatic, and electrical systems as described in LeCain (1997, pp. 2
to 4). The air-injection tests were analyzed using a method originally developed for
incompressible fluids that was modified for compressible fluids (like air) and for the flow
geometry (LeCain 1997, pp. 4 to 9). Because the air permeability of rock changes with water
content, a given permeability also has an associated capillary pressure. Consequently, the
relationship between air permeability and capillary pressure also was evaluated.

8.3.3.1.1 Air-Injection Permeability Values by Borehole

Air-injection permeability values with depth for the test intervals in boreholes UE-25 UZ#16,
USW SD-12, USW NRG-6, and USW NRG-7a (LeCain 1997, pp. 9 to 15) are shown on Figures
8.3-24 to 8.3-27. Also shown on the figures are the lithostratigraphic units corresponding to the
test intervals. (For definition of lithostratigraphic and hydrogeologic units, see Table 8.3-1.)

Borehole UE-25 UZ#16-Borehole UE-25 UZ#16 was tested November 1993 through May 1994
(LeCain 1997, p. 10). The borehole diameter was 0.3I m (1 ft) and total depth was 514.1 m
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(1,690 ft). The test interval length was generally 4.0 m (13 fit). The borehole penetrated the
water table at approximately 489 m (1,600 ft) below land surface. The lithostratigraphic units
tested extended from the crystal-poor lower-lithophysal zone of the Tiva Canyon Tuff down to
the Calico Hills Formation. The PTn hydrogeologic unit was not tested because of borehole wall
caving. Air-injection permeability values (Figure 8.3-24) ranged from 2.3 x 10i14 m2 in the
crystal-poor middle nonlithophysal zone of the Topopah Spring Tuff to 2.7 x 10-11 m2 in the
crystal-poor lower nonlithophysal zone of the Tiva Canyon Tuff. Most air-injection permeability
values are between 10- 3 m and 10-11 m2. The two highest air-injection permeability values, 1.5
x10- m2 and 2.7 x 10.11 m2 , were from the shallow Tiva Canyon crystal-poor lower
nonlithophysal zone. Air-injection permeability values of the Topopah Spring Tuff range from
2.3 x 10-14 M2 to 9.5 x 10-12 M2 . Taken together, the Topopah Spring crystal-poor upper
lithophysal and middle nonlithophysal zones show a distinct decrease in permeability with
increased depth. Figure 8.3-24 also shows a distinct shift in the air-injection permeability values
at the Topopah Spring middle nonlithophysal-lower lithophysal contact.

Borehole UE-25 UZ#16 was the only borehole tested that penetrated the Calico Hills Formation.
The air-permeability value was 1.7 x 10-14 M2 . The Calico Hills test showed a breakover
pressure response, indicating water redistribution. Based on the indication of water
redistribution, the capillary pressure of the Calico Hills test interval was less than 43.3 kPa
(LeCain 1997, p. 15).

Borehole USW SD-12-Air-injection tests in borehole USW SD-12 were conducted from
February 1995 through May 1995 (LeCain 1997, p. 15). The borehole diameter was 0.31 m
(1 ft), and total depth was 335.4 m (1,100 ft). The test-interval length ranged from 4.6 to 4.9 m
(15 to 16 ft). The lithostratigraphic units extended from the crystal-poor lower lithophysal zone
of the Tiva Canyon Tuff down to the crystal-poor lower nonlithophysal zone of the Topopah
Spring Tuff. The PTn hydrogeologic unit and the lower lithophysal zone of the Topopah Spring
Tuff were not tested because of borehole wall caving. Air-injection permeability values
(Figure 8.3-25) ranged from 1.2x 10-13 M2 in the Topopah Spring crystal-rich nonlithophysal zone
to 3.8x10-" M2 in the shallow Tiva Canyon crystal-poor lower lithophysal zone. Most air-
injection permeability values were between 10-1" M2 and 10-13 M2 . The Topopah Spring crystal-
rich nonlithophysal and the crystal-poor upper lithophysal zones showed decreases in
permeability with depth.

The results of several of the Tiva Canyon Tuff tests indicated water redistribution, because
pressure responses showed peaks and then subsequent decline in pressure. The tests indicated
that water was present in the fractures of the Tiva Canyon Tuff at depths of 39.6, 42.4, and
77.1 m (130, 139, and 253 ft) (LeCain 1997, p. 16).

Borehole USW NRG-6-Air-injection testing was conducted in borehole USW NRG-6 during
October and November 1994 (LeCain 1997, p. 16). The borehole diameter was 0.20 m (0.66 ft)
and the total depth was 332.3 m (1,090 ft). The test-interval lengths generally were 4.3 m (14 ft).
The lithostratigraphic units tested extended from the crystal-poor lower lithophysal zone of the
Tiva Canyon Tuff down to the crystal-poor middle nonlithophysal zone of the Topopah Spring
Tuff. The PTn hydrogeologic units and much of the lower Topopah Spring crystal-poor upper
lithophysal zone were not tested because of borehole wall caving. Air-injection permeability
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values (Figure 8.3-26) ranged from 8.2 x 10'1 m2 in the Topopah Spring crystal-rich
nonlithophysal zone to 2.8 x 10-"1 m2 in the Tiva Canyon crystal-poor lower lithophysal zone..
Most air-injection permeability values were between 10'13 m2 and I0-1 I M2 . Sixteen of the 37 test
intervals had air-injection permeability values larger than 10-12 M2 , and four test intervals had
values larger than 101- m2 . Of the four test intervals with values larger than I0-"i m2, two were
within 26 in (85 ft) of the ground surface. The Topopah Spring crystal-rich nonlithophysal zone
showed a distinct decrease in permeability with depth. The Topopah Spring crystal-poor middle
nonlithophysal zone showed an increase in permeability with depth.

Borehole USW NRG-7a-Air-injection testing was conducted in borehole USW NRG-7a from
July through September 1994 (LeCain 1997, p. 16). The borehole diameter varied with depth,
measuring 0.20 in (0.66 ft) from the ground surface to 91.5 in (300 ft), and 0.15 m (0.5 ft) from
91.5 to 379.9 m (300 to 1,250 ft). The test-interval lengths of the 0.20- and 0.15-m (0.66- and
0.5-ft)-diameter sections were 4.3 and 3.5 m, respectively. The lithostratigraphic units tested
extended from the crystal-poor lower nonlithophysal zone of the Tiva Canyon Tuff down to the
crystal-poor lower lithophysal zone of the Topopah Spring Tuff. The borehole wall was in good
condition, and most of the 0.20 and 0.15-m diameter sections of the borehole were tested.
Air-injection permeability values (Figure 8.3-27) ranged from 3.5 x 10-1 4 M2 in the Topopah
Spring crystal-rich nonlithophysal zone to 5.4 x 10-ll i 2 in the Tiva Canyon crystal-poor lower
nonlithophysal zone. Most air-injection permeability values were between 10-13 M2 and 10-12 M2 .

Seven of the test intervals had values greater than 10-12 M2 ; of the seven, five were within 60 m
of the ground surface. The three test intervals with air-injection permeability values larger than
10-1" m2 were within 20 m (66 ft) of the ground surface. The Topopah Spring crystal-poor
middle nonlithophysal zone shows a decrease in permeability with depth.

Borehole USW NRG-7a was the only borehole where the borehole wall was in sufficiently good
condition to allow tests of the PTn hydrogeologic unit (Tpbt4, Tpy, Tpbt3, Tpp, and Tpbt2 in
Figure 8.3-27). Air-injection permeability values of the nonwelded tuff ranged from 1.2 x 10-13
m2 at the bottom of the Pah Canyon Tuff and Tiva Canyon crystal-poor vitric I subzone to 3.0 x
10-12 M2 in bedded tuff number 3 (LeCain 1997, p. 16). The Yucca Mountain and Pah Canyon
tuffs showed decreases in permeability with depth.

8.3.3.1.2 Air-Injection Permeability Values by Lithostratigraphic Unit

Tiva Canyon Tuff-A statistical summary of air-injection permeability values for individual
lithostratigraphic units within the Tiva Canyon Tuff is presented in Table 8.3-6 and a statistical
summary for the entire Tiva Canyon Tuff is presented in Table 8.3-7 (LeCain 1997, p. 17).
All test intervals were located in zones of the crystal-poor member of the Tiva Canyon Tuff,
including the lower lithophysal, the lower nonlithophysal, and crystal-poor vitric. The database
is small, with only four test intervals in each of boreholes UE-25 UZ#16, USW NRG-6, and
USW NRG-7a. The total number of test intervals in each of the two tables differs because test
intervals that straddled two lithostratigraphic units are not included in Table 8.3-6. The
air-injection permeability values ranged from 2.4 x 10-13 m 2 in USW NRG-7a to 5.4 x 10-1] m2 in
USW NRG-7a. The mean air-injection permeability value for all boreholes was 1.2 x 10- " m2 .

Based on the assumption that the borehole samples are log-normal distributed and have similar
variances (two assumptions that cannot be supported by the small data set), an analysis of
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variance between samples of the natural log air-injection permeability values gives a p-value
of 0.71. The p-value indicates that the mean permeability values of the four boreholes are not
statistically different. The absence of a statistically significant difference between the means
may be because there really is no difference or may be the result of the small data set.

PTn Hydrogeologic Unit-A statistical summary of the air-injection permeability values for
individual lithostratigraphic units within the PTn hydrogeologic unit is presented in Table 8.3-8,
and a summary for the entire PTn unit is presented in Table 8.3-9 (LeCain 1997, p. 20). Test
intervals that straddle lithostratigraphic units are not included in Table 8.3-8. Exceptions were
made for the pre-Pah Canyon Tuff bedded tuff (Tpbt2) and the pre-Tiva Canyon Tuff bedded
tuff (Tpbt4) test intervals, which were thinner than the length of the test interval. All values are
from borehole USW NRG-7a. The summary includes test intervals in the Yucca Mountain Tuff,
Pah Canyon Tuff, the three bedded tuffs, and two test intervals in the crystal-poor nonwelded
vitric zone of the Tiva Canyon Tuff. The nonwelded tuff air-injection permeability values
ranged from 1.2 x 10-13 m2 at the bottom of the Pah Canyon Tuff and the crystal-poor vitric zone
of the Tiva Canyon Tuff to 3.0 x 10-12 m2 in the pre-Yucca Mountain Tuff bedded tuff (Tpbt3).
The mean air-injection permeability value was 5.4 x 10-13 m2.

Air-injection permeability values for the PTn unit with depth are shown on Figure 8.3-28. The
lowest value (1.2 x 10-13 m 2 ) was in the crystal-poor vitric zone of the Tiva Canyon Tuff and in
the lower Pah Canyon Tuff (LeCain 1997, p. 20), and the largest permeability value (3.0 x 10-42
mi2 ) was in Tpbt3. The geology and rock structure log describes the Tpbt3 as "course grained
and weakly consolidated" with no fractures, indicating that flow in Tpbt3 is through the matrix.
The log describes the Tiva Canyon crystal-poor vitric test interval as a "welding transition zone."
The low permeability probably is the result of partial welding. The Yucca Mountain and Pah
Canyon Tuffs both showed decreased permeability with increased depth, consistent with a
decrease in welding with depth, as discussed in Section 8.3.2.2.7. The log describes the Yucca
Mountain Tuff as "weak to partially welded," but does not report welding in the Pah Canyon
Tuff.

Statistical analysis of the air-injection permeability values for the PTn unit indicates that,
although slightly skewed by the relatively larger values for the Pre-Yucca Mountain Tuff bedded
tuff (Tpbt3), the distribution is reasonably log normal (LeCain 1997, p. 20).

Topopah Spring Tuff-A statistical summary of air-injection permeability values for individual
lithostratigraphic units within the Topopah Spring Tuff is presented in Table 8.3-10, and a
summary for the entire Topopah Spring Tuff is presented in Table 8.3-11 (LeCain 1997, p. 22).
Test intervals that straddled lithostratigraphic units are not included in Table 8.3-10.
Permeability values ranged from 3.3 x 10 l' m2 in the crystal-rich lithophysal zone of borehole
USW SD-12 to 2.0 x 10-14 m2 in the crystal-poor middle nonlithophysal zone of borehole UE-25
UZ#16. The borehole mean permeability values ranged from 4.0 x 10-13 m2 in borehole
USW NRG-7a to 4.7 x 10-12 m2 in borehole USW SD-12.

Because the data set of air-injection permeability values for the Topopah Spring Tuff is larger
than that of either the Tiva Canyon Tuff or the PTn unit (LeCain 1997, p. 22), more rigorous
statistical analysis was possible, including comparisons of permeability values among the
boreholes. Figure 8.3-29 presents histograms of air-injection permeability values and basic
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statistics by borehole for the Topopah Spring Tuff. The histograms show that the distributions
are not normal, because most of the air-injection permeability values plot on the left. The
distributions are skewed to the right by a small number of higher permeability values.
Histograms of the natural log air-injection permeability values (Figure 8.3-30), however, indicate
that the natural log permeability values could be considered normally distributed. Analysis of
variance between the mean values of the boreholes gives a p-value less than 0.01, indicating that
at a 99 percent confidence level, at least one of the natural log permeability-value means is
statistically different.

Examination of Figures 8.3-29 and 8.3-30 indicates that the borehole USW NRG-7a permeability
values generally are smaller than those for the other boreholes (LeCain 1997, p. 22).
The borehole USW NRG-7a histogram is shifted to the left and has a smaller variance. Analysis
of variance between the means of the natural-log values from boreholes UE-25 UZ#16,
USW SD-12, and USW NRG-6 gives a p-value of 0.10, indicating that there is no statistical
difference among the geometric-mean permeability values for these boreholes. Therefore, it
seems that the permeability values from borehole USW NRG-7a represent a different population,
at least from a statistical standpoint. Coincidentally, borehole USW NRG-7a is the northernmost
of the four boreholes and is closest to the boundary between the Yucca Crest and Azreal Ridge
structural subdomains (Rousseau et al. 1999, Figure 20). In the Azreal Ridge subdomain, older
cooling joints are more predominant than younger tectonic fractures (Rousseau et al. 1999,
pp. 44 to 53).

8.3.3.1.3 Relation of Fracture Density, Lithophysal Cavities, and Core Recovery to Air-
Injection Permeability

The average number of natural fractures per test interval, by lithostratigraphic unit and borehole,
are shown in Table 8.3-12. The fracture data for boreholes UE-25 UZ#16 and USW SD-12 are
from the YMP Sample Management Facility structural logs (CRWMS M&O 1995, data tracking
number TMOOOOOOOOUZ16.002), and the fracture data for boreholes USW NRG-6 and USW
NRG-7a are from the Agapito and Associates geology and rock structure logs (SNL 1995a,
1995b). Although the number of fractures per test interval is known to be inaccurate because of
missing core, the data can be used for comparisons if it is assumed that any potential bias is
independent of rock unit. Table 8.3-12 indicates that boreholes UE-25 UZ#16 and USW SD-12
have similar fracture densities in both the Tiva Canyon and Topopah Spring tuffs, -whereas in
boreholes USW NRG-6 and USW NRG-7a fracture densities in Tiva Canyon Tuff are about four
times larger than in the Topopah Spring tuff. The NRG boreholes are both located on the edge
of Drill Hole Wash, near the boundary between the Yucca Crest and Azreal Ridge structural
subdomains (Rousseau et al. 1999, Figure 20), whereas boreholes UE-25 UZ#16 and USW
SD-12 are located farther south, well within the Yucca Crest subdomain. The differences in
fracture density and air-injection permeability between boreholes may be related to their location
with respect to these structural subdomains and the structural styles that distinguish them
(Rousseau et al. 1999, pp. 44 to 53).

A series of univariate regression analyses were performed between air-injection permeability
values and six explanatory variables: total fractures, natural fractures, indeterminate fractures,
and percentages of lithophysal cavities, core rubble, and core lost (LeCain 1997, p. 27).
The analyses indicated no correlation between permeability and the number of indeterminate
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fractures, percentage of lithophysal cavities, core rubble, or core lost. However, the regression
analyses indicated a 0.22 and 0.24 goodness-of-fit (R2) between the number of natural fractures
and permeability for boreholes USW NRG-6 and USW NRG-7a. This correlation is evident in
the clustering of data points in the semi-log plots of air-injection permeability values and natural
fractures per test interval for boreholes USW NRG-6 and USW NRG-7a (Figures 8.3-31
and 8.3-32).

8.3.3.2 Air-Injection Testing in the Exploratory Studies Facility

Air-injection and gaseous tracer tests have been conducted in test alcoves constructed off the
North Ramp and Main Drift of the ESF (Figure 8.3-33). Although initial studies in these alcoves
are complete, studies in several alcoves are continuing. Results from studies conducted in the
first three alcoves off the North Ramp of the ESF are described here. These alcoves include the
Upper Tiva Canyon Alcove, the Bow Ridge Fault Alcove, and the Upper Paintbrush Contact
Alcove. Testing in the Northern Ghost Dance Fault Alcove off the ESF Main Drift is described
in Section 8.8.4. Testing was conducted in the Upper Tiva Canyon Alcove to confirm the
gaseous-phase properties of the Tiva Canyon Tuff determined through investigations in surface-
based boreholes. Testing in the Bow Ridge Fault Alcove was intended to determine the
properties of the Bow Ridge fault zone and the extent to which it may be a fast pathway for the
flow of fluids (gas and water). Testing in the Upper Paintbrush Contact Alcove was intended to
determine the properties of the transition zone between the Tiva Canyon welded hydrogeologic
unit and the PTn hydrogeologic unit. The properties of the Tiva Canyon welded hydrogeologic
unit-PTn hydrogeologic unit contact are important because of the potential for lateral flow of
water at this horizon above the potential repository (see Section 8.3.2.2.5).

8.3.3.2.1 Air-Injection Permeability, Porosity, and Water-Redistribution Pressures
by Alcove

Air-injection testing using a downhole straddle packer assembly was conducted from August
1994 through July 1996 in boreholes drilled from ESF alcoves, including the Upper Tiva Canyon
Alcove, Bow Ridge Fault Alcove, and Upper Paintbrush Contact Alcove (LeCain 1998, p. 2).
The test interval lengths ranged from 1 to 3 m (3.3 to 9.8 ft) and gas-injection rates ranged from
10 to 750 standard liters per minute (LeCain 1998, pp. 5 and 6). Testing was conducted at
increasing injection pressures to identify water redistribution. Injection-interval differential
pressures were up to 165 kPa in the Upper Tiva Canyon Alcove boreholes, 64 kPa in the Bow
Ridge Fault Alcove, and 111 kPa in the Upper Paintbrush Contact Alcove. Turbulence was
identified as a decrease in calculated permeability with increasing flow rate and corrected.
Single-hole and cross-hole air-injection tests were conducted in the Upper Tiva Canyon Alcove
and the Bow Ridge Fault Alcove to determine field-scale air permeability and, in the Bow Ridge
Fault Alcove, porosity. In addition, cross-hole gaseous tracer tests were conducted in the Bow
Ridge Fault Alcove to determine field-scale effective porosity. Because not all of the planned
boreholes have been drilled to date, only single-hole air-injection testing has been conducted in
the Upper Paintbrush Contact Alcove.

Upper Tiva Canyon Alcove-The Upper Tiva Canyon Alcove was constructed in the Tiva
Canyon crystal-poor upper lithophysal unit (Tpcpul), which is moderately to densely welded and
fractured (LeCain 1998, p. 13). Three subhorizontal boreholes were drilled in the Upper Tiva
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Canyon Alcove for the radial borehole test: RBT#l, RBT#2, and RBT#3 (Figure 8.3-34).
Single-hole air-injection testing was conducted in the Upper Tiva Canyon Alcove from August
through November 1994 in horizontal boreholes RBT#1, RBT#2, and RBT#3, all of which are
about 30 m (100 ft) deep (LeCain 1998, pp. 12 and 13). Water-redistribution pressures were
monitored during the tests to estimate near-field capillary pressure, which is discussed in more
detail below. Because the boreholes had very high rugosity due to the lithophysal cavities and
caving, the ability to isolate test intervals with pneumatic packers was limited and resulted in a
limited number of test intervals. Successful air-injection tests were conducted on 25 percent of
RBT#1, 55 percent of RBT#2, and 21 percent of RBT#3.

Air-permeability values of the three boreholes range from 2.0 x 10-13 m2 to 8.5 x 10-" m2 , with
an arithmetic mean of 2.9 x 10-11 m2 and a geometric mean of 1.6 x 10-1" M2 (LeCain 1998,
p. 15). Nine test intervals indicated water redistribution at pressures less than 62.9 kPa, and one
test interval in borehole RBT#2 had a water-redistribution pressure less than 4.5 kPa (LeCain
1998, Tables 1 and 2). Composite histograms and statistics for air-permeability values and their
natural logarithms for the three boreholes in the Upper Paintbrush Contact Alcove are shown in
Figure 8.3-35. The histograms are inconclusive due to the small database and indicate that the
values are not normally distributed (LeCain 1998, p. 15). The apparent lack of a log-normal
distribution disagrees with the conclusions of LeCain (1997, p. 17), which indicated that the
distribution of the Tiva Canyon permeability values from surface-based boreholes are log
normal. The disagreement may be due to the limited number of intervals tested in the Upper
Tiva Canyon Alcove boreholes because of the poor condition of borehole walls.

Table 8.3-13 presents a statistical summary of the permeability values of the Upper Tiva Canyon
Alcove radial boreholes.

Although cross-hole air-injection testing was conducted between the three radial boreholes in the
Upper Paintbrush Contact Alcove from April to July 1995, these tests found no pneumatic
connections between the air-injection intervals and the monitor intervals (LeCain 1998, p. 16),
thus precluding gaseous tracer tests. Analytical predictions based on an equivalent porous
medium using the single-hole air permneability values indicated that the gas-injection rates and
pressure transducer sensitivity should have been sufficient to provide cross-hole pressure
responses. Thus, the failure of the cross-hole tests was attributed to the complex nature of the
fracture network. To help understand these complexities, Anna (1998a) used the ESF fracture
mapping data to develop a stochastic fracture network of the Upper Tiva Canyon Alcove.
An average of 422 fractures was generated, and boreholes RBT#1, RBT#2, and RBT#3 had an
average of 20, 22, and 21 single-fracture intersections, respectively (Anna 1998a, p. 19).
An average of 53 fracture networks were connected to at least one borehole. However, the
connections between boreholes were sparse and composed of fractures connected in series. The
simulations indicated that few fractures are connected from source to sink, implying that only a
small percentage of the fractures make up the flow path from source to sink (Anna 1998a, pp. 25
to 27). Twenty realizations were simulated to examine the fracture pneumatic connections
between the radial boreholes (Anna 1998a, p. 19). Six realizations showed no fracture
pneumatic connections, four showed a single pathway connection from source to sink, and 10
showed two pathway connections from source to sink.
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The fracture-network modeling indicates that at the scale of the radial boreholes (3 to 10 m
[10 to 33 ft]), cross-hole testing must be analyzed using discrete fracture methods and monitor
intervals must isolate individual fractures (LeCain 1998, p. 17). Further, the absence of any
cross-hole pressure responses were due to the combination of a limited number of cross-hole
fracture connections and the inability to isolate discrete fractures in the monitor and air-injection
boreholes. The caving and high rugosity of the boreholes severely limited the packer location
and spacing and made it impossible to isolate individual fractures. The non-ideal packer
placement resulted in the lengths of the monitor intervals being expanded to up to 4 m (13 ft),
and therefore the intervals intersected numerous fractures. The pressure responses in the long
monitor intervals represented a composite pressure response of several fractures, as opposed to a
pressure response from a single fracture. Even if a fracture did connect a monitor interval and
injection interval, the other fractures would act as constant-head boundaries, preventing any
pressure increase in the monitor interval. The absence of any cross-hole pneumatic connections
meant the cross-hole tracer testing could not be conducted. Identification of connected
pneumatic flow paths is required before successful tracer tests can be conducted in the upper
Tiva Canyon alcove boreholes.

Bow Ridge Fault Alcove-The Bow Ridge Fault Alcove was constructed on the east side
(footwall) of the Bow Ridge fault in the Tiva Canyon crystal-poor middle nonlithophysal zone
(Tpcpmn), which is densely welded and fractured (LeCain 1998, p. 17). The Bow Ridge fault,
which is a normal fault with approximately 128 m (420 ft) offset, is located 199 m (653 ft) into
the ESF from the north portal, and has a strike of 1800 and a dip of 750. On the west side
(hanging wall) of the fault, the younger, nonwelded, Tertiary pre-Rainier Mesa bedded tuff #1
(Tmbtl) has been dropped down to the same elevation as the Tpcpmn and the underlying Tiva
Canyon crystal-poor lower lithophysal zone (Tpcpll). Two boreholes were drilled for the
Hydrologic Properties of Major Faults Test: HPF#1 and HPF#2. Figure 8.3-36 shows the spatial
orientation of borehole HPF#1 with respect to the alcove, the Bow Ridge fault, and
lithostratigraphic contacts. The fault zone is approximately 2.7 m (8.9 ft) wide and contains
three breccia zones. The Bow Ridge fault zone was encountered at a depth of 15.5 m (50.8 ft) in
borehole HPF#1, and the fault zone extended from 15.5 to 17.3 m (50.8 to 56.8 ft). The Tmbtl
encountered at a depth of 17.3 m (56.8 ft) is a bedded/reworked tuff that is white to very light
gray, unconsolidated, and vitric, with 75 percent pumice and 10 percent phenocrysts. The
lithology and depth to contacts in borehole HPF#2 were almost identical to borehole HPF#1.

Single-hole air-injection testing was conducted in the Bow Ridge Fault Alcove in borehole
HPF#1 in December 1995 and January 1996 (LeCain 1998, p. 19). Water-redistribution
pressures were monitored during the tests to estimate near-field capillary pressure, which is
discussed in more detail below. Testing was conducted in the Tpcpmn and Tpcpll, the Bow
Ridge fault zone, and the Tmbtl. Permeability values of the eight test intervals in the Tpcpmn
ranged from 6.0 x 10-1 2 m2 to 2.6 x 10-1" m2 . Permeability values of the five test intervals in the
Tpcpll ranged from 6.0 x 10-W m2 to 2.0 x 10-12 m2 . Permeability values of the three intervals in
the fault zone ranged from 8.0 x 10-W2 M2 to 1.6 x 10-1W m2. Permeability values of the two
Tmbtl test intervals were 4.1 x 10-11 m2 and 2.2 x 10-41 m2 . The statistical summary of air-
permeability values determined in borehole HPF#1 (Table 8.3-14) indicates that the permeability
of the Tpcpmn is about 10 times greater than that of the Tpcpll. Assuming that the populations
are log-normally distributed, an analysis of variance between the two zones gives a p-value of
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0.006, confirming that the mean values are statistically different (LeCain 1998, p. 21).
Comparing the mean permeability values of the Tpcpmn and the Tpcpll with the permeabilities
of the Bow Ridge fault zone and the Tmbtl indicates that the permeability of the Tpcpll is 5 to
10 times smaller than the other units. This may be due to less intense fracturing of the Tpcpll
associated with the Bow Ridge fault because the lithophysal cavities of the Tpcpll may have
absorbed some of the tectonic stress.

Eleven test intervals in borehole HPF#1 indicated water redistribution at pressures less than
63.6 kPa; one test interval had a water-redistribution pressure of less than 5.6 kPa (LeCain 1998,
Table 5). Testing in the fault breccia and Tmbtl did not indicate water redistribution (LeCain
1998, p. 19). The absence of water redistribution may be because of higher capillary pressures
associated with the increased porosity of the nonwelded Tmbtl, or it may simply be because the
high permeability values limited the maximum injection pressures.

Cross-hole air-injection tests were conducted in the Bow Ridge Fault Alcove between boreholes
HPF#1 and HPF#2 during May and June 1996 (LeCain 1998, p. 21). A total of 13 cross-hole
tests were conducted with HPF#1 as the injection borehole and HPF#2 as the monitor borehole,
but several of these tests were not valid because the injection intervals used did not indicate
pneumatic connections to the monitor intervals in HPF#2. Successful cross-hole testing was
conducted in the Bow Ridge fault zone and Tmbtl. Table 8.3-15 shows the permeability and
porosity values from cross-hole tests 4, 5, and 6 for the spherical-flow type curve analysis. The
cross-hole air-injection permeability values agree fairly well with the single-hole results in that
the cross-hole values were within 2 or 3 times the single-hole values. These results indicate that
the scale differences between the two sets of tests (I versus 3 m) did not substantially affect the
test results.

Convergent cross-hole tracer testing was conducted in the Bow Ridge Fault Alcove between
boreholes HPF#1 and HPF#2 during June and July 1996 using sulfur hexafluoride (SF6) as the
tracer gas (LeCain 1998, p. 22). Although six cross-hole tracer tests were conducted, only two
tests yielded usable analytical results (Table 8.3-16). In test 1, the system for releasing the slug
of tracer gas malfunctioned and the results were not usable. In test 4, in which the tracer slug
was released into the Tmbtl, no tracer had arrived after a duration more than twice the estimated
tracer travel time, and the test was terminated. Although tests 5 and 6 were successful in
measuring tracer travel times, without valid pneumatic tests, the tracer tests could not be
analyzed. In Table 8.3-16, the tracer velocity is an average velocity based on the peak arrival
time, and the Darcy velocity is based on the pneumatic permeability and pneumatic gradient.

The effective porosity values of the fault zone determined from tests 2 and 3 are larger than their
corresponding pneumatic porosity values from cross-hole air-injection tests 4 and 5, indicated in
Table 8.3-15 (LeCain 1998, p. 22). The larger effective porosity values indicate increased
tortuosity and/or adsorption of the tracer. Adsorption may also explain the loss of all tracer gas
during cross-hole tracer test 4, conducted in the Tmbtl, and the identical first arrival times but
different peak arrival times of tests 2 and 3. The tracer released in test 2 may have occupied
adsorption sites so that less adsorption occurred during test 3, resulting in faster average velocity.

Upper Paintbrush Contact Alcove-The Upper Paintbrush Contact Alcove was constructed in
the moderately welded Tiva Canyon crystal-poor lower nonlithophysal columnar subzone
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(Tpcplnc), in the vicinity of the contact between the Tiva Canyon welded and PTn units (LeCain
1998, p. 23). To date, only two of the boreholes planned for the Upper Paintbrush Contact
Alcove radial boreholes test have been drilled: RBT#1 and RBT#4 (Figure 8.3-37). Borehole
RBT#1 was drilled generally westward from the Upper Paintbrush Contact Alcove in a "down-
section" direction, to penetrate the upper subunits of the PTn unit. Borehole RBT#4 was drilled
generally eastward from the Upper Paintbrush Contact Alcove in an "up-section" direction to
penetrate the lower subunits of the Topopah Spring welded unit.

Single-hole air-injection testing was conducted in Upper Paintbrush Contact Alcove boreholes
RBT#1 and RBT#4 from April through June 1996 (LeCain 1998, p. 24). The lithostratigraphic
units tested were the Tpcplnh, Tpcplnc, Tpcpv2, and Tpcvl. All test intervals were 1 m long
except for bottom-hole test intervals, which were 3.2 and 5.0 m in boreholes RBT#1 and RBT#4,
respectively. Water-redistribution pressures were monitored during the tests to estimate
near-field capillary pressure, which is discussed in more detail below. Permeability values of the
Tpcplnh ranged from 1.0 x 10-13 to 1.2 x 10-11 m2, with an arithmetic mean of 3.7 x 10-12 m2 and
a geometric mean of 2.1 x 10-1 m2 (Table 8.3-17). Permeability values of the Tpcplnc ranged
from 2.0 x 10-14 to 2.0 x 10-12 m2 , with an arithmetic mean of 7.0 x 10-13 m2 and a geometric
mean of 3.0 x 10-13 m2. Permeability values of the Tpcpv2 and Tpcpvl ranged from 4.0 x 10-13

to 5.7 x 10-11 m2 , with an arithmetic mean of 1.7 x 10-1I m2 and a geometric mean of 7.0 x 10-12

m2. The relatively large permeability values of the Tpcpv subzones, compared to the Tpcpln
subzones, indicate significant fracturing in the less welded Tpcpv. Twenty-two test intervals in
boreholes RBT#1 and RBT#4 indicated water redistribution at pressures less than 95.2 kPa, and
one test interval in borehole RBT#l had a water-redistribution pressure of less than 5.2 kPa
(LeCain 1998, Tables 9 and 10).

8.3.3.2.2 Water-Redistribution Pressures as an Indication of Capillary Pressures

During air-injection tests, occurrence of a "breakover" pressure response, or a decrease in
pressure with time, indicates near-field redistribution of water (LeCain 1998, pp. 5 and 6).
Water redistribution occurs when the gas-injection pressure exceeds the capillary forces that hold
water in the matrix pores and fractures. The differential air-injection pressure at which water
redistribution is identified can be interpreted to represent an upper limit of the near-field
capillary pressure.

Water redistribution was not identified in many of the high-permeability test intervals in ESF
alcove boreholes because their high permeability limited the maximum injection-interval
differential pressures to a few kPa (LeCain 1998, pp. 15 and 16). This is especially true in the
Upper Tiva Canyon Alcove boreholes, where 28 of the 41 test intervals had maximum
differential air-injection pressures of less than about 4.5 kPa and showed no water redistribution.
However, the water-redistribution pressures for the remaining 12 intervals provide some insight
on the in situ capillary pressures. One test interval indicated a capillary pressure of less than
4.5 kPa, six indicated capillary pressures between 10 and 50 kPa, and two intervals indicated
capillary pressures between 50 and 100 kPa. Two intervals had water-redistribution pressures
greater than 130.8 and 164.9 kPa (LeCain 1998, Tables 2 and 3). The larger capillary pressures
are significant because they indicate that water is being held in the rock matrix and in very small
fractures at pressures exceeding one atmosphere (about 100 kPa); therefore, the rocks are drier
than those with smaller capillary pressures.
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In the Bow Ridge Fault Alcove, capillary pressures appeared to be significantly lower than in the

Upper Tiva Canyon Alcove. Of the 19 test intervals of borehole HPF#1 in the Bow Ridge Fault

Alcove, four had capillary pressures of less than 10 kPa, six had capillary pressures between

10 and 50 kPa, one had a capillary pressure between 50 and 100 kPa, and eight intervals showed

no water redistribution (LeCain 1998, P. 19, Table 5). The maximum differential pressure in the

eight test intervals that did not show water redistribution was 12.5 kPa, indicating that the limited

gas-injection rate and low test-interval pressure due to high permeability was the reason no water

redistribution was identified.

Interestingly, capillary pressures in the Upper Paintbrush Contact Alcove were as large as in the

Upper Tiva Canyon Alcove. Of the 29 Upper Paintbrush Contact Alcove test intervals, 6 had

capillary pressures of less than 10 kPa, 10 had capillary pressures between 10 and 50 kPa, 6 had

capillary pressures between 50 and 100 kPa, and 7 intervals showed no water redistribution (3 of

these had differential pressures near or greater than 100 kPa) (LeCain 1998, Tables 9 and 10).

Once again, the larger capillary pressures are significant because they indicate that water is being

held in the rock matrix and in very small fractures at pressures exceeding one atmosphere (about

100 kPa).

In contrast, the rocks that show water redistribution at relatively low differential pressures also

exhibit low capillary pressures. Overall, the water-redistribution data show that about 20 percent

of test intervals had capillary pressures less than 20 kPa, indicating that these intervals have

higher saturations than previously documented. A capillary pressure of 20 kPa is equivalent to a

water potential of about -20 kPa (-0.2 bar), which is somewhat wetter than the -300 to -100 kPa

(-3.0 to -1.0 bar) water potentials measured in surface-based boreholes in the Topopah Spring

welded and the PTn units (Rousseau et al. 1999, pp. 143 to 151). Based on the matrix moisture

retention characteristics curves presented in Section 8.3.2.2.4, the lower capillary pressures

indicate that all the matrix pores and the smaller fractures (aperture less than 14 rum) of these

intervals are saturated. These wetter capillary pressures could indicate a potential for significant

microfracture (apertures of I to 14 pm) water flow through the unsaturated zone.

8.3.3.3 Comparison of Laboratory Permeability Values with Surface-Based and

Exploratory Studies Facility Air-Injection Permeability Values

Saturated hydraulic conductivity values determined from laboratory analysis of core samples of

various hydrogeologic units (Table 8.3-2) (Flint, L.E. 1998, Table 7) were compared to air-

injection permeability values from surface-based boreholes and the ESF. (Note: Saturated

hydraulic conductivity in meters per second can be converted to intrinsic permeability in square

meters by dividing by 9.8 x 106.) The geometric means of core-scale intrinsic permeability of

individual welded units of the Tiva Canyon Tuff and the Topopah Spring Tuff ranged from

4.0 x 10-18 m 2 (TMN) to 3.8 x 10-.5 m2 (CUC), with overall geometric means of 6.6 x io-17 m 2

for the Tiva Canyon welded unit and 3.8 x 10.17 m2 for the Topopah Spring welded unit. The

surface-based and ESF air-injection permeability values for the Tiva Canyon welded and

Topopah Spring welded units (from Sections 8.3.3.1 and 8.3.3.2) are 1,000 to 1 million times

greater than the core-scale intrinsic permeability values. Negating the difference in the

viscosities of water and air, the air-injection permeability values from the surface-based

boreholes and the ESF are so much larger because they dominantly represent the bulk

permeability of the fracture network in the Tiva Canyon welded and the Topopah Spring welded
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units. Because of their scale, the permeability values derived from laboratory analysis of core
samples of the welded units dominantly represent the permeability of the rock matrix. Therefore,
it is not surprising that the field-scale air-injection values differ so much from the laboratory core
measurements.

The geometric means of intrinsic permeability from core analysis of individual lithostratigraphic
units within the PTn unit ranged from 3.1 x 10-15 m2 (CNW) to 3.2 x 10-13 m2 (BT2), with an
overall geometric mean of 6.0 x 10-14 m2 for the PTn unit. Although greater, the surface-based
and ESF air-permeability values for the PTn unit are much closer to the laboratory core values,
falling in the upper range of the core values or differing by no more than a factor of 10. This
similarity between the field air-injection and laboratory core intrinsic permeability values
indicates that, although the permeability of the PTn unit is much more homogeneous at the two
scales than that of the welded units, the PTn unit nevertheless has some fracture permeability
(LeCain 1997, p. 29). An alternative explanation is that the laboratory intrinsic permeability
values are skewed toward the lower range because the higher-permeability core samples were
destroyed during drilling because they were so friable.

8.3.3.4 Comparison of the Surface-Based, Exploratory Studies Facility, and Pneumatic
Monitoring Air-Permeability Values and Estimation of Anisotropy

Comparisons of mean air-permeability values determined from air-injection testing in surface-
based boreholes and the ESF and determined by pneumatic monitoring are shown in
Table 8.3-18. The air-permeability values are the arithmetic means and are derived from
Sections 8.3.3.1 and 8.3.3.2. Pneumatic monitoring air-permeability values are derived from
Rousseau et al. (1999, pp. 97 to 110; 1997, pp. 52 to 56). (See Section 8.4.2.2.)

Air-permeability values for the Tpcpul in the Upper Tiva Canyon Alcove fall in the upper range
of the surface-based air-permeability values for the Tpcpll and Tpcpln (Table 8.3-18), which
may be associated with increased fracturing or reduced overburden pressure because of the
shallow depth of the Upper Tiva Canyon Alcove (about 24.0 m below ground surface).
Unfortunately, the surface-based permeability values are for the Tpcpll and Tpcpln, making
direct comparison with the Tpcpul values from the Upper Tiva Canyon Alcove questionable.
Similarly, air-permeability values for the Tpcpmn in the Bow Ridge Fault Alcove are at the
upper range of the surface-based values for the Tpcpll and Tpcpln. Air-permeability values for
the Tpcpll in the Bow Ridge fault alcove are about 10 times smaller than the surface-based
Tpcpll air-permeability values.

Air-permeability values for the Tpcpln in the Upper Paintbrush Contact Alcove are at the lower
range of the surface-based values for the Tpcpln (Table 8.3-18). In contrast, air-permeability
values of the Tpcpv in the Upper Paintbrush Contact Alcove are almost 100 times larger than the
surface-based values for the Tpcpv. However, any comparison of the ESF permeability values
with the surface-based permeability values should take into account that analysis of the surface-
based testing data resulted in a statistically significant difference between borehole USW
NRG-7a and the other three surface-based boreholes (LeCain 1997, p. 22). Therefore, it is not
surprising that air-permeability values from a single ESF alcove match some of the surface-based
air-permeability values and not others.

TDR-CRW-GS-OOOOO1 REV 01 ICN 01 8.3-34 September 2000



In other studies, air permeability of major hydrogeologic units also was determined through
analysis of vertical pneumatic pressure profiles obtained from pneumatic monitoring of
instrumented boreholes. The determination of pneumatic diffusivity and air permeability from
pneumatic monitoring of boreholes USW NRG-6 and USW NRG-7a is described in Rousseau et
al. (1999, pp. 97 to 102). Similar analysis of pneumatic monitoring data from borehole
USW SD-12 is described in Rousseau et al. (1997, pp. 53 to 55). The pneumatic monitoring
permeability values for the Tpcpll and Tpcpln subunits of the Tiva Canyon Tuff derived from
boreholes USW NRG-6 and USW NRG-7a are similar to the ESF values, but generally fall at
the lower range or are smaller than the air-injection values for surface-based boreholes
(Table 8.3-18). However, for the Tpcpv subunit, both the pneumatic monitoring and the surface-
based permeability values are significantly smaller than those obtained for the Tpcpv from the
ESF Upper Paintbrush Contact Alcove. However, the larger permeability value for the Tiva
Canyon Tuff obtained from pneumatic monitoring of borehole USW SD-12 is closer to the air-
injection values obtained from the ESF and the surface-based boreholes. The larger air-
permeability values for the Tiva Canyon Tuff obtained from pneumatic monitoring of borehole
USW SD-12 compared to those obtained from boreholes USW NRG-6 and USW NRG-7a may
be due to the difference in the methods used.

The air-permeability values for the PTn unit from pneumatic monitoring of boreholes USW
NRG-6, USW NRG-7a, and USW SD-12 agree well with the mean air-injection permeability
value from borehole USW NRG-7a (Table 8.3-18). For the Topopah Spring Tuff, the pneumatic
monitoring permeability values from boreholes USW NRG-6, USW NRG-7a, and USW SD-12
are about 10 times larger than the surface-based, air-injection permeability values.

Comparison of the pneumatic monitoring and air-injection permeability values may provide
some insight on how scale influences the results of these different methods for determining air
permeability (LeCain 1997, p. 30). The pneumatic monitoring permeability values for the Tiva
Canyon Tuff and PTn unit generally are within the range of the surface-based and ESF air-
injection permeability values (Table 8.3-18), with the exception of the larger pneumatic
monitoring values obtained for the Tiva Canyon Tuff from borehole USW SD-12. This is
expected because at the scale of the air-injection tests (an ellipsoid with a zone of influence of
approximately 4 m), the Tiva Canyon Tuff and the PTn unit are heterogeneous. At the scale of
the pneumatic monitoring (40 to 200 m [130 to 660 ft] vertically), individual lithostratigraphic
intervals must be combined, and the heterogeneity indicated by the range in air-injection values
is lost in the pneumatic monitoring average permeability value.

In contrast, the pneumatic monitoring permeability values for the Topopah Spring Tuff are at
least 10 times greater than the surface-based, air-injection permeability values (Table 8.3-18).
One possible explanation is that the permeability of the Topopah Spring Tuff is anisotropic
(LeCain 1997, p. 31). Consequently, a vertical borehole that penetrates the Topopah Spring
Tuff, which is dominated by vertical fractures, may intersect few fractures and, therefore, may
not provide a representative permeability value from in situ air-injection testing. Because the
air-injection test intervals may have poor pneumatic connections to the vertical fracture system,
the test-interval permeability value will be dominated by the poor connection, not by the vertical
fracture permeability. Therefore, the air-injection permeability values may be more
representative of the horizontal permeability of the Topopah Spring Tuff than the vertical
permeability. In the pneumatic monitoring, pressure responses are controlled by transmission
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through the vertical fractures. Even if a pneumatic monitoring interval itself has a poor
pneumatic connection to the vertical fracture system, the pneumatic monitoring interval pressure
response still is controlled by the vertical fracture system because of the relatively large scale
(40 to 200 m [130 to 660 ft] vertically) of the pressure measurements. Thus, the air-injection
values most closely represent the horizontal permeability and the pneumatic monitoring values
most closely represent the vertical permeability, resulting in a significant vertical-to-horizontal
anisotropy ratio. The apparent anisotropy of the Topopah Spring Tuff has been noted in other
studies, including Rousseau et al. (1999, p. 122), which concluded that the ratio of vertical-to-
horizontal permeability in the Topopah Spring Tuff is 3:1 to 10:1.

Like the Topopah Spring Tuff, the Tiva Canyon Tuff contains an abundance of vertical fractures
(LeCain 1997, p. 31). However, comparison of the air-injection and pneumatic monitoring
permeability values (Table 8.3-18, with the exception of borehole USW SD-12) suggests that the
Tiva Canyon Tuff may have a larger horizontal air permeability than vertical, at least in certain
locations (such as the vicinity of Drill Hole Wash). The larger horizontal permeability of the
Tiva Canyon Tuff may be because of a higher density of horizontal fractures. As indicated in
Table 8.3-12, boreholes USW NRG-6 and USW NRG-7a have fracture densities in the Tiva
Canyon Tuff that are about four times larger than in the Topopah Spring Tuff. A possible
explanation for this apparent higher density of horizontal fractures could be the thinner
overburden and associated stress-relief opening of the horizontal fractures (LeCain 1997, p. 31).

When comparing air-injection and pneumatic monitoring permeability values, it is important to
keep in mind that the pneumatic monitoring permeability values are derived from a pneumatic
diffusivity model (LeCain 1997, p. 31). Because the pneumatic diffusivity term has permeability
in the numerator and porosity in the denominator, the calculated permeability value will be
different for a different assumed value of porosity, while the pneumatic diffusivity term will
remain constant. Thus, if the effective air-filled porosity is actually one-half the estimated value,
then the calculated permeability values also will be half.

Assuming that air-injection permeability values obtained from vertical boreholes are more
representative of horizontal permeability, and that values from horizontal boreholes in the ESF
are more representative of vertical permeability, comparison of the air-permeability values for
the Tpcpll obtained from the Bow Ridge Fault Alcove and those obtained from the surface-based
boreholes (Table 8.3-18) indicates that the permeability of the Tpcpll is anisotropic, with an
average horizontal-to-vertical ratio of approximately 29:1 (LeCain 1997, p. 21). The anisotropy
is not a function of depth because the boreholes in the Bow Ridge Fault Alcove and test intervals
in the surface-based boreholes are located at about the same depths below ground surface (30 to
40 m [98 to 130 fit]). However, the apparent anisotropy of the Tpcpll may be due to the limited
spatial distribution of testing locations and the small databases for the Bow Ridge Fault Alcove
and surface-based permeability values. Anisotropy of the Tpcpln in the Upper Paintbrush
Contact Alcove is dependent on which of the surface-based boreholes is used for comparison and
which subzone (hackly or columnar) is considered (LeCain 1998, p. 24). The permeability of the
Tpcplnh may be anisotropic and may have a horizontal to vertical ratio of 8:1. In contrast, the
ratio of horizontal to vertical permeability of the Tpcplnc may be 37:1. Despite the
predominance of vertical fracturing in the Tiva Canyon Tuff, there is no indication that the
vertical permeability of the Tpcpln is greater than the horizontal permeability. The small
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database of surface-based values for the Tpcpv (two test intervals) indicates that the air
permeability of the Tpcpv is anisotropic, with a vertical-to-horizontal ratio of about 79:1.
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8.4 PNEUMATIC PRESSURE AND GASEOUS-PHASE FLOW IN THE DEEP
UNSATURATED ZONE

Prior to 1997, nine deep boreholes were instrumented in the Yucca Mountain unsaturated zone to
measure in situ pneumatic pressure, water potential, and temperature at multiple depths in
accordance with a fully compliant quality assurance program (Rousseau et al. 1999, p. 77; 1997,
pp. 18 and 19). These boreholes were UE-25 NRG#5, USW NRG-6, USW NRG-7a, USW
SD-7, USW SD-9, USW SD-12, UE-25 UZ#4, UE-25 UZ#5, and USW UZ-7a (Figure 8.1-6).
The specific types of instrumentation in each borehole and the methods used to instrument,
sample, and monitor these boreholes are described in Rousseau et al. (1999, pp. 77, 88, and 89;
1997, pp. 18 to 23). The locations of instrunent stations with respect to lithostratigraphy in each
borehole are shown in Figure 8.4-1. The symbols depicting lithostratigraphic units are defined in
Figure 8.4-2. Monitoring in these boreholes began in October 1994 and as of 1999, some
boreholes continued to be monitored. In addition, two other boreholes (USW UZ-1 and UE-25
NRG#4) were instrumented and monitored, but most of the data were not obtained in accordance
with a fully compliant quality assurance program. Data from boreholes USW UZ-1 and UE-25
NRG#4 were used to characterize the unsaturated zone system in the vicinity of the Exploratory
Studies Facility (ESF) North Ramp. This was because data from these boreholes tend to
corroborate and support observations made in other boreholes, especially with regard to the
pneumatic characteristics of the Paintbrush nonwelded (PTn) unit (Rousseau et al. 1999, p. 88).
Data obtained from monitoring and sampling the instrumented boreholes were used to
characterize various aspects of the deep unsaturated zone system. Pneumatic pressure
fluctuations in the deep unsaturated zone were analyzed (Section 8.4.2) to determine general
pneumatic characteristics and vertical permeability of major hydrogeologic units, flow of gas and
water vapor through the deep unsaturated zone, and the effects of ESF construction on the
gaseous-phase system. In situ water potentials (Section 8.5.1) and the occurrence of perched
water (Section 8.5.2) were analyzed to describe the overall liquid-water flow regime in the deep
unsaturated zone. Selected temperature data from previous studies and the instrumented
boreholes were analyzed (Section 8.5.3) to estimate heat flow in the unsaturated zone. In
addition, geochemical data were collected from most of the instrumented boreholes to help
characterize the flow of gas and water through the unsaturated zone (Section 8.6).

8.4.1 Data Sources

The principal sources of data, analyses, and interpretations for the pneumatic-pressure
monitoring and gaseous-phase flow studies are three reports: Patterson et al. (1996); Rousseau et
al. (1997); and Rousseau et al. (1999). For the pneumatic-pressure monitoring and gaseous-
phase flow studies, the data include the following site characterization parameters: atmospheric
pressure, fracture connectivity, fault location, flow velocity, fracture frequency, lithostratigraphy,
permeability, pneumatic pressure, porosity, relative humidity, and temperature.

8.4.2 Pneumatic Pressure and Gaseous-Phase Movement

Gas and water-vapor movement through the unsaturated zone is driven by changes in barometric
pressure, temperature-induced density differences, and wind effects (Rousseau et al. 1999, pp. 55
and 56). Changes in barometric pressure at the land surface result in corresponding changes in
pneumatic pressure in the unsaturated zone, which commonly are amplitude attenuated and time
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lagged relative to the pressure change at the surface. The attenuation and lag are functions of the
air permeability and the associated pneumatic diffusivity of the rocks. Temperature-induced
density effects are significant only in hilly terrain and are dominated by drier, cooler air entering
along hillsides and moving through the subsurface. This air becomes geothermally heated as it
moves through the rock and eventually can move vertically upward to exhaust along hillcrests.
This is referred to as the "thermosyphon" effect by mechanical engineers and is referred to as
such in this section (Patterson et al. 1996, pp. 3 and 4).

The subsurface pressure response to surface barometric changes is dominated by the bulk
pneumatic diffusivity of the layers of rock present at a given location (Rousseau et al. 1999,
p. 56). Consequently, the subsurface responses are controlled by the distribution and
interconnectedness of fractures, the presence of faults and their ability to conduct gas and vapor,
and the moisture content and matrix permeability of the rock units themselves. Specific aspects
of the pneumatic system discussed in this section include the ability of the PTn unit, vitric units,
and perched-water zones to act as impediments to the propagation of surface barometric-pressure
changes and thus act as impediments to gas and vapor movement.

As part of the characterization of Yucca Mountain, several studies have been conducted to
develop an understanding of the movement of gas and water vapor through the thick unsaturated
zone (Rousseau et al. 1999, p. 77). As part of these studies, several boreholes have been
instrumented in the unsaturated zone and continuously monitored to record changes in pneumatic
pressure at depth. The purpose of the pneumatic monitoring is threefold:

. To measure in situ pneumatic pressure response to atmospheric pressure changes to
determine the influence of lithostratigraphy, bulk properties, and major structural
features on the natural gaseous-phase circulation system

. To use the response of the system at depth to changes in atmospheric pressure to
estimate pneumatic diffusivities and, ultimately, effective gas permeabilities of the
lithostratigraphic layers

. To document and quantify the effects of excavation of the ESF on in situ pneumatic
pressure and on the overall gaseous-phase circulation system.

8.4.2.1 Synthesis of Subsurface Pneumatic Pressure Prior to the Influence of
Exploratory Studies Facility Excavation

The computed phase lags and residual amplitudes of the in situ pressure data indicate that
individual lithostratigraphic units can be grouped into four distinct pneumatic systems that
correspond to the major hydrogeologic units (Rousseau et al. 1999, p. 89):

. The Tiva Canyon welded hydrogeologic unit, which consists of the welded units of the
Tiva Canyon Tuff (see Table 8.3-1)

. The PTn hydrogeologic unit, which consists of the crystal-poor vitric base of the Tiva
Canyon Tuff (Tpcpvl, Tpcpv2), the Yucca Mountain and Pah Canyon tuffs (with
associated bedded tuffs), and the crystal-rich top of the Topopah Spring Tuff (Tptrv2,
Tptrv3) (see Table 8.3-1)
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. The Topopah Spring welded hydrogeologic unit, which consists of the welded
lithophysal and nonlithophysal units of the Topopah Spring Tuff (see Table 8.3- 1)

. The Calico Hills nonwelded hydrogeologic unit, which consists of the pre-Topopah
Spring bedded tuff, the nonwelded tuffs of the Calico Hills Formation, and the pre-
Calico Hills Formation bedded tuff and basal sandstone (see Table 8.3-1).

The responses observed in each of these pneumatic systems to the propagation of atmospheric
pressure changes from land surface to depth are discussed below.

8.4.2.1.1 Tiva Canyon Welded Hydrogeologic Unit

For the most part, pneumatic pressure records for the Tiva Canyon welded unit display very little
attenuation and lagging of the synoptic pressure signal (Rousseau et al. 1999, p. 89), as
exemplified by the pressure record from borehole UE-25 NRG#5 (Figure 8.4-3). Spectral
analysis of the subsurface synoptic pressure signal indicates very rapid transmission of
atmospheric pressure changes throughout the Tiva Canyon welded unit. In many cases, it is not
possible to distinguish the atmospheric signal from the downhole pressure signal. Because of the
topographic position of the unit and its direct exposure to the atmosphere throughout most of the
site area, gas flow within the Tiva Canyon welded unit is strongly influenced by topographic and
barometric-pumping effects (Rousseau et al. 1999, p. 120). The only significant exception to this
behavior is the pneumatic pressure record from the Tiva Canyon crystal-poor columnar subzone
(instrument station G) in borehole USW NRG-6 (Figure 8.4-4). The data from this instrument
station for May and June 1995 indicate that the residual amplitude of the pressure signal is only
56 percent of the synoptic signal and that its phase lag is 1.8 hr. These spectral parameters are
significantly different from those of all other pressure records from Tiva Canyon welded unit
monitoring instrument stations where residual amplitudes of the synoptic signal are on the order
of 96 percent or greater, and phase lags are less than 1 hr. (see Figures 8.4-3 and 8.4-5). Shallow
soil cover and temporary pneumatic sealing of near-surface fractures by localized infiltrating
water associated with unusually high precipitation during late 1994 and early 1995 seems to be a
plausible explanation for the small residual amplitudes in the Tiva Canyon welded unit at
borehole USW NRG-6 (Rousseau et al. 1999, p. 93). Spectral analysis of earlier data from
borehole USW NRG-6 (beginning in February 1995) indicates that the residual amplitude was
only 43 percent, with a phase lag of 9.6 hr. (Rousseau et al. 1999, p. 89, Table 7). Both of these
analyses are for data collected prior to the effects of ESF excavation; thus, the increasing residual
amplitude and decreasing phase lag are likely the result of drying out of surface materials
following transient infiltration events (Patterson et al. 1996, p. 23). It is likely that transient
infiltration occurred at other boreholes, but the effects are not readily apparent in the
pneumatic records.

8.4.2.1.2 Paintbrush Nonwelded Hydrogeologic Unit

The PTn unit includes the crystal-poor vitric zones (Tpcpvl, Tpcpv2) at the base of the Tiva
Canyon, the crystal-rich vitric zones (Tptrv2, Tptrv3) at the top of the Topopah Spring Tuff, as
well as the intervening Yucca Mountain, Pah Canyon, and associated bedded tuffs (Table 8.3-1).
Across the Yucca Mountain site area, the PTn unit generally becomes thinner from northwest to
southeast (Rousseau et al. 1999, p. 93), and in the monitored boreholes, this unit is thickest at
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borehole UE-25 UZ#4 (84 m [280 fit]) and thinnest at USW UZ-7a (24 m [79 ft]) (Patterson et al.
1996, p. 23).

Pneumatic pressure records from monitoring boreholes at different locations within the site area
indicate that the attenuation of the synoptic pressure signal across the PTn unit is greater in
boreholes in the northern part of the site area (USW NRG-7a, UE-25 UZ#4, and UE-25 UZ#5)
than in the southern part of the site area (USW SD-7, USW SD-12, and USW UZ-7a) (Patterson
et al. 1996, p. 23). For example, in borehole USW UZ#4, substantial attenuation of the synoptic
pressure signal across the PTn unit is evidenced by a residual amplitude at instrument station A
of 16 percent and a phase lag of 22.9 hr. (Figure 8.4-6). In borehole USW UZ-7a, however,
attenuation of the synoptic pressure signal across the PTn unit is substantially less, as evidenced
by a residual amplitude at instrument station D of 73 percent and a phase lag of 6 hr. and the
relatively high residual amplitudes at all the Topopah Spring welded unit instrument stations
(Figure 8.4-5). Evaluation of the pneumatic pressure data from various boreholes indicates that
the attenuation characteristics of different units of the PTn unit vary from one location to another
and that the composite thickness of the PTn unit is insufficient to uniquely account for these
variations (Rousseau et al. 1999, p. 96). Differences in the pneumatic diffusivities of individual
units within the PTn unit are obviously present. These differences probably are a reflection of
local differences in the saturation of individual units and the presence or absence of open
fractures within these units. In the absence of localized fracturing, the very low matrix porosities
of the crystal-rich vitric and crystal-poor vitric zones render the pneumatic permeabilities of
these units particularly sensitive to small changes in moisture content. Locally, the pneumatic
characteristics of the crystal-rich vitric zone appear to be dominated by fracturing. Detailed
descriptions of these borehole-to-borehole variations are contained in Rousseau et al. (1999, pp.
93 to 96) and Patterson et al. (1996, pp. 23 to 26). Although the values of residual amplitude and
phase lag from these two studies are different for some boreholes, primarily because different
periods of pneumatic records were analyzed, the overall conclusions of the two studies were the
same, as summarized above.

8.4.2.1.3 Topopah Spring Welded Hydrogeologic Unit

Regardless of location within the site area, borehole pneumatic-pressure signals in the
lithophysal and nonlithophysal units indicate negligible attenuation across the Topopah Spring
crystal-rich vitric zone, which encompasses the lowermost part of the PTn unit and the
uppermost part of the Topopah Spring welded unit (Rousseau et al. 1999, pp. 96 to 97; Patterson
et al. 1996, pp. 26 to 27). This phenomenon is exemplified by data from boreholes USW UZ#4
and USW UZ-7a (Figures 8.4-5 and 8.4-6). Further, pressure signals appear to be transmitted
nearly instantaneously throughout most of the vertical section of the Topopah Spring welded
unit, as exemplified by borehole USW NRG-6 (Figure 8.4-4) and borehole USW SD-12
(Figure 8.4-7). Nearly all the pressure data from the Topopah Spring welded unit indicate that
the fractures within that unit apparently are very permeable and highly interconnected within
both the lithophysal and nonlithophysal units. The only exceptions to this are the lowermost
instrument stations of boreholes UE-25 NRG#5 (Figure 8.4-8) and USW SD-12 (Figure 8.4-7).
In borehole USW NRG-5, the residual amplitude of pneumatic pressure increases from 29
percent at instrument station 9 to 39 percent at station 10, and the phase lag decreases by over 10
hr. from station 9 to station 10. (This reversal in the normal trend of increasing attenuation with
depth probably is due to the barometric pressure signal bypassing the PTn unit by traveling
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preferentially down the Drill Hole Wash fault.) A similar situation exists in borehole USW SD-
12 (Figure 8.4-7) where station C exhibits a larger residual amplitude and smaller phase lag than
the overlying stations. In the vicinity of borehole USW SD-12, the likely preferential pathway
for the pneumatic signal is through the Ghost Dance fault.

8.4.2.1.4 Calico Hills Nonwelded Hydrogeologic Unit

Pneumatic pressures in boreholes USW SD-9 and USW SD-7 were monitored from inside the
annular space of nested casings that were open between the bottom of a perched-water zone and
the top of the water table (Rousseau et al. 1999, p. 97; Patterson et al. 1996, pp. 27 and 28).
Perched water was encountered during drilling near the base of the Topopah Spring Tuff in
borehole USW SD-9 and near the base of the Calico Hills Formation in borehole USW SD-7
(see Section 8.5.2). Although no perched-water reservoir of sufficient magnitude to cause
standing water in the borehole was detected during the drilling of USW SD-12, the video camera
log of this borehole indicates that a perched-water zone of limited extent probably is present in
the densely welded vitric subunit (Tptpv3) of the Topopah Spring Tuff (Rousseau et al. 1997,
p. 21, Figure 3.0-1). In borehole USW SD-12, instrument stations A and B are located within the
Calico Hills Formation and within the crystal-poor vitric unit at the base of the Topopah Spring
Tuff, respectively, both of which are below the perched-water zone in the densely welded vitric
subunit (Tptpv3). Figure 8.4-9 shows pressure records measured below the perched-water zones
in boreholes USW SD-7, USW SD-9, and USW SD-12. The pressure records for all three
boreholes indicate that essentially all of the synoptic barometric signal is attenuated (Patterson et
al. 1996, p. 28). This is consistent with the concept that the presence of a perched-water zone
with extremely low permeability to air would effectively impede the downward propagation of
the surface barometric signal. The small fluctuations seen in these records likely are the result of
horizontal propagation of the barometric signal from outside the margins of the perched-
water zones.

8.4.2.2 Determination of Pneumatic Diffusivity and Vertical Permeability Using
Borehole Pneumatic Pressure Data

The pneumatic pressure data from the monitoring boreholes show that barometric pressures at
the ground surface experience amplitude reductions and phase lags as they propagate through the
subsurface. The magnitudes of the amplitude reductions and phase lags in pneumatic pressure
are a reflection of the pneumatic diffusivities of the layers through which the pneumatic pressure
signal has passed and can be described by the transient gas-diffusion equation (Rousseau et
al. 1999, pp. 97 to 98; 1997, pp. 53 to 56). The time-varying pneumatic pressures were used to
estimate the pneumatic diffusivities and, ultimately, the effective gas permeabilities of single and
combined stratigraphic layers bounded by monitoring stations. These analyses were conducted
using the AIRK Version 1 program developed by Weeks (1978) and the TOUGH2 Version 1.11
program developed by Pruess (1987, 1991). Both the AIRK and TOUGH2 codes solve the gas
diffusion equation numerically by using either finite-difference (AIRK) or integrated finite-
difference (TOUGH2) methods to estimate the time-dependent vertical distribution of gas
pressure (given initial and boundary conditions provided by the data from the instrumented
boreholes). Beginning at the bottom or top of a stack of layers, the pneumatic diffusivity of each
layer was estimated, one layer at a time, using the pressures at the upper or lower stations as the
appropriate boundary condition for that layer. Estimates of pneumatic diffusivity of the layer
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were adjusted, either manually by the user or automatically by the program, until a satisfactory
match between the measured and simulated pressures was achieved. Because pneumatic
diffusivity is a function of both the effective permeability to air of the medium and the air-filled
porosity, unique or even reasonable solutions for permeability are possible only if air-filled
porosity is known and the flow domain is truly one-dimensional. Given that air flow in the
unsaturated zone at Yucca Mountain occurs predominantly through fractures, the estimates of
permeability are subject to uncertainty, because independent estimates of secondary fracture
porosity were not available at the time these analyses were performed.

Pneumatic diffusivities for lithostratigraphic intervals in boreholes USW NRG-6 and
USW NRG-7a in Drill Hole Wash and boreholes UE-25 UZ#4 and UE-25 UZ#5 in Pagany
Wash were determined using the AIRK program by manually adjusting estimated values for each
layer until a satisfactory match between the measured and simulated pressures was achieved
(Rousseau et al. 1999, pp. 98 to 110). Pneumatic diffusivities for hydrogeologic units in
boreholes UE-25 NRG#5, USW NRG-6, USW NRG-7a, USW SD-7, and USW SD-9 were
determined using the AIRK program by allowing the program to automatically adjust estimated
values for each layer until a satisfactory match between measured and simulated pressures was
achieved (Patterson et al. 1996, pp. 29 to 40). In addition, pneumatic diffusivities for
lithostratigraphic intervals in boreholes USW SD-7, USW SD-12, and USW UZ-7a were
determined using the TOUGH2 program (Rousseau et al. 1997, pp. 53 to 56).

The results of these three sets of analyses are compared in Table 8.4-1. For the Tiva Canyon
welded unit, the means of the air permeability values from Patterson et al. (1996) and Rousseau
et al. (1997), seem in agreement, but both are two orders of magnitude higher than the mean of
the values obtained by Rousseau et al. (1999). However, the mean of the air permeability values
for the Tiva Canyon welded unit estimated by Patterson et al. (1996) was greatly affected by a
very large value (3.0 x 10-9 M2 ) from borehole UE-25 NRG#5, which is very near the Drill Hole
Wash fault. The means of the air permeability values for the PTn unit are in much closer
agreement, especially considering that the mean of the values from Rousseau et al. (1997) was
greatly affected by a very large value (1.5 x 10-10 M2 ) from borehole USW UZ-7a, which was
drilled into the Ghost Dance fault zone. For the Topopah Spring welded unit, the means of the
air permeability values from Rousseau et al. (1999, 1997) seem in agreement, with the mean of
the values from Patterson et al. (1996) being about 10 times higher. Interestingly, both Rousseau
et al. (1999) and Patterson et al. (1996) derived the highest value of air permeability for the
Topopah Spring welded unit at borehole USW NRG-6, 5.0 x 10-1 m2 and 5.00 x 10-° rn,
respectively.

The differences in the estimates of permeability derived by Rousseau et al. (1999) and Patterson
et al. (1996) are related to differences in the estimated values of air-filled porosity within given
depth intervals, and to the fact that, in the Tiva Canyon and Topopah Spring welded units,
Rousseau et al. (1999) manually identified the minimum permeability that would result in no
additional amplitude dampening or phase lag in the pneumatic pressure signal measured at
adjacent stations. Rousseau et al. (1999) reasoned that when there was no offset or amplitude
changes with depth, only a minimum permeability could be identified. All permeability values
above this threshold permeability would result in simulated pneumatic pressure signals that were
nearly identical such that the optimization criteria were relatively insensitive to changes in
permeability above this threshold. Patterson et al. (1996), on the other hand, used the automatic
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search procedure in the AIRK program to identify the permeability that minimized the
optimization criteria, even though relatively large changes in permeability probably resulted in
only small changes in this value. Therefore, permeability values for the Tiva Canyon and
Topopah Spring welded units, estimated by Patterson et al. (1996) tend to be significantly larger
than those of Rousseau et al. (1999) because of the manner in which the optimization criteria
were applied.

Comparison of air permeability values on a borehole-to-borehole basis (see Section 8.3.3.1.1)
probably is more meaningful than comparison of mean values for hydrogeologic units because of
significant spatial variability in bulk properties due to faulting and associated fracturing.
For example, air permeability values estimated for the same hydrogeologic units in boreholes
USW NRG-6 and USW NRG-7a by Rousseau et al. (1999, Tables 9 and 10) and by Patterson
et al. (1996, Table 4) compare very favorably. Both sets of values differ from each other by no
more than a factor of 10, with the exception of values for the Topopah Spring welded unit in
borehole USW NRG-6. Borehole-to-borehole comparisons between the air permeability values
derived from the pneumatic diffusivity determinations of Rousseau et al. (1999) and air
permeability values determined by air-injection testing are discussed in Section 8.3.3.4.
In general, air permeability values for the Tiva Canyon welded and PTn units compare very well,
whereas values from the diffusivity determinations are about 10 times higher than air-injection
values for the Topopah Spring welded unit.

8.4.2.3 Effects of Excavation of the Exploratory Studies Facility Tunnel on In Situ
Pneumatic Pressure Measurements in Boreholes

Pneumatic pressure interference effects associated with excavation of the ESF by the tunnel-
boring machine have been observed in all monitored boreholes (Rousseau et al. 1999, p. 110;
Rousseau et al. 1997, p. 34; Patterson et al. 1996, p. 40). A possible exception to this general
observation may be borehole USW UZ-7a, which was drilled within the zone of the Ghost Dance
fault. Consequently, all zones within the borehole exhibit only partially attenuated responses to
the surface barometric signal, which may effectively mask the detection of any possible effects
of ESF excavation (Patterson et al. 1996, pp. 40 and 41). The effects of ESF excavation on in
situ pneumatic pressure were carefully monitored, because such effects offer some insight on
how the overall gaseous-phase system in the unsaturated zone has been affected by the direct
exposure of deeply buried rock units to atmospheric pressure by way of the ESF tunnel. Further,
monitoring of such effects also presented an opportunity to use the pneumatic stress caused by
ESF excavation to determine large-scale pneumatic properties of the rock units and to identify
pneumatic fast pathways within the subsurface (see Section 8.4.2.4). Table 8.4-2 indicates the
event and first occurrence of pneumatic-interference effects for each affected borehole at Yucca
Mountain (data from Rousseau et al. [1999, Table 13], Rousseau et al. [1997, Table 4.1-3], and
Patterson et al. [1996, Table 5]). The tunnel-boring machine began excavation of the ESF tunnel
at the North Portal, proceeded northwestward subparallel to Drill Hole Wash to complete the
North Ramp, crossed under Drill Hole Wash, and then turned straight south to complete the
Main Drift. Monitored boreholes were located along the North Ramp and the Main Drift; no
monitored boreholes were located along the South Ramp. Locations of monitored boreholes in
relation to the ESF are shown in Figure 8.1-6.
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Detection of the first occurrence of a pneumatic disturbance effect may not coincide exactly in
time with key excavation events in the ESF tunnel, such as penetration of a fault or removal of a
confining or pneumatic-impeding layer (Rousseau et al. 1999, p. 110). Many of the recorded
dates for pneumatic-interference events appear in the pneumatic record several days after the
excavation event. The apparent lag effect can be attributed to two primary causes. First,
changes in the frequency and amplitude of the synoptic pressure signal as this was registered
downhole were used to determine when a tunnel interference effect had occurred.
The wavelength of this signal is on the order of 96+ hr., depending on the time of year (longer in
the summer, shorter in the winter). To observe a change in in situ pressure using this signal
requires at least a half wavelength of record (2 days or more) before changes in the amplitude
and frequency become apparent. Second, the rate of advance of the tunnel-boring machine tends
to obscure detection of the first arrival of the pneumatic interference, because this interference is
initially propagated as a weak spherical wavefront that gradually evolves into a stronger
cylindrical wavefront as the tunnel-boring machine advances closer and closer to the affected
borehole. Obviously, if the tunnel-boring machine were advancing very rapidly, the weak
spherical interference may not be readily discernible given the half-wavelength delay time (more
than 2 days) needed to confirm a change in the frequency and amplitude of the in situ pressure
signal. Conversely, pressure interferences at boreholes UE-25 UZ#4 and UE-25 UZ#5 that
clearly were propagated along a fault plane were detected in advance of fault penetration by the
ESF tunnel, but only because the tunnel-boring machine was shut down for 10 days and did not
actually penetrate the fault until 8 days after tunneling operations resumed. At borehole USW
NRG-6, the pneumatic interference was not observed until 2 days after the Drill Hole Wash fault
structure was penetrated for reasons cited above.

Penetration of the crystal-rich vitric zone at the base of the PTn unit by the tunnel-boring
machine occurred in the ESF North Ramp on June 20, 1995, but was first evidenced by
pneumatic interference to the ambient pressure system in borehole UE-25 NRG#4 on June 16,
1995 (Rousseau et al. 1999, pp. 110 to 111). The pneumatic interference first occurred when the
tunnel-boring machine was excavating in the pre-Pah Canyon Tuff (Tpbt2), and the crystal-rich
vitric zone at the base of the PTn unit was still undisturbed. The pneumatic-interference effects
observed at UE-25 NRG#4 are the result of the removal of the PTn unit pneumatic impeding
layer, thus exposing the Topopah Spring welded units directly to the atmospheric pressure signal.

Pneumatic-interference effects at UE-25 UZ#4 and UE-25 UZ#5 were first observed on August
12, 1995, when the face of the ESF North Ramp tunnel was approximately 18 m east of the
intersection with a north-to-northwest-trending, west-dipping, normal fault (Rousseau et al.
1999, p. 111, Figure 21). The pneumatic interference observed at UE-25 UZ#4 and UE-25 UZ#5
on August 12, 1995, was transmitted along this, fault zone over a distance of 377 to 415 m.
The pneumatic pressure responses in all of the PTn unit and Topopah Spring Tuff instrument
stations in these two boreholes were affected. Pressure records and results of cross-spectral
analyses after the effects of ESF excavation for borehole UE-25 UZ#4 (Figure 8.4-10) indicate
that residual amplitudes at stations within the Yucca Mountain and Pah Canyon tuffs increased
by about 40 percentage points, while those from stations in the Topopah Spring crystal-rich
vitrophyre and crystal-rich nonlithophysal units increased by about 60 percentage points
(compare Figure 8.4-6 with Figure 8.4-10). The lower stations displayed larger residual
amplitudes and shorter phase lags after the ESF excavation effects, because the barometric signal
was being transmitted from below the PTn unit by way of the open ESF tunnel.

TDR-CRW-G S-OOOOO I REV 01 ICN 01 8.4-8 September 2000



The first indication of a pneumatic interference in the pressure record for borehole UE-25
NRG#5 occurred on September 14, 1995, when the tunnel-boring machine had advanced to
approximately 93 m (305 ft) from the borehole and was in the lower section of the Topopah
Spring crystal-rich nonlithophysal unit (Rousseau et al. 1999, pp. 111 to 112). Pneumatic-
interference effects were recorded in all of the PTn and Topopah Spring welded units instrument
stations in this borehole. Pressure records and the results of cross-spectral analyses after the
effects of ESF excavation for borehole UE-25 NRG#5 indicate that residual amplitudes in zones
above the PTn unit were not significantly affected by ESF excavation. However, residual
amplitudes at stations 7 through 9 in the Topopah Spring welded unit (Figure 8.4-11) increased
by 40 to 60 percentage points after the effects of ESF excavation (compare Figure 8.4-8 with
Figure 8.4-11). Interestingly, the residual amplitude at station 10 near the bottom of the upper
lithophysal unit, previously discussed as being affected by the Drill Hole Wash fault, increased
only 9 percentage points (Patterson et al. 1996, pp. 45 and 46). The smaller increase in residual
amplitude at station 10 after the effects of ESF excavation corroborates the earlier conclusion
that the barometric pressure signal was bypassing the PTn unit by traveling preferentially down
the Drill Hole Wash fault. Further, the fact that the effects of ESF excavation propagated
downward to station 10 suggests that the overlying stations (6 through 9) in the Topopah Spring
welded unit also probably were affected by the Drill Hole Wash fault and, without its influence,
may have had residual amplitudes about 10 percentage points lower.

Although not recognized immediately, pneumatic-interference effects began to occur at borehole
USW NRG-6 on October 1, 1995, approximately 2 days after the tunnel-boring machine
intersected the northern boundary of the Drill Hole Wash fault structure (Rousseau et al. 1999,
p. 112). Several months of pressure data were required to confirm that there was indeed a
change in the amplitude and phase lag of the synoptic pressure signal in the borehole USW
NRG-6 pressure records for the Topopah Spring welded unit instrument stations. Numerical
model simulations using the site-scale unsaturated zone flow model were able to help confirm
and isolate the approximate date that these changes first occurred. The numerical model
simulation results corroborated the results of the post-interference cross-spectral analysis of the
pneumatic pressure record at borehole USW NRG-6 (Figure 8.4-12), which showed that residual
amplitudes in all stations in the Topopah Spring welded unit increased by about 20 percentage
points and the phase lags decreased by about 9 hr. (compare Figure 8.4-4 with Figure 8.4-12).
Borehole USW NRG-6 is located south of the inferred boundaries of the Drill Hole Wash fault.
It is likely that the weak pressure interference seen at borehole USW NRG-6 is a reflection of
pressure changes that are propagated both along, and perpendicular to, the alignment of this
fault. It is clear from these data that faults in Drill Hole Wash are open in the Topopah Spring
Tuff, and the relatively high-residual amplitudes in the Topopah Spring Tuff stations prior to
ESF effects probably were the result of the surface barometric signal being transmitted
preferentially down through the Drill Hole Wash fault (Patterson et al. 1996, p. 47).

At borehole USW NRG-7a, pneumatic-interference effects were first observed on October 21,
1995, 5 days after the tunnel-boring machine crossed the southern boundary of the northwest-
trending Drill Hole Wash fault (Rousseau et al. 1999, p. 112). The pneumatic interference was
not detected until the tunnel-boring machine had advanced to within 26 m of the borehole.
The sequence of events leading up to the first observed pneumatic interference at USW NRG-7a
indicate that secondary, near-field fracturing associated with the Drill Hole Wash fault
apparently is very limited immediately south of where the ESF North Ramp tunnel crosses the
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Drill Hole Wash fault. However, it also should be noted that the rate of advance of the tunnel-
boring machine, approximately 22 rn/day, may have obscured earlier detection of the first arrival
of the pneumrntic-interference effect. Pressure records and the results of cross-spectral analysis
for borehole USW NRG-7a after the effects of ESF excavation indicate that residual amplitudes
of all zones within the Topopah Spring Tuff increased about 50 percentage points, and the phase
lags decreased by about 50 hr. (Patterson et al. 1996, pp. 47 to 48, Figure 24), very similar to the
changes in attenuation observed at borehole UE-25 NRG#5.

At borehole USW SD-9, pneumatic-interference effects first occurred on November 7, 1995
(Patterson et al. 1996, Table 5), when the residual amplitude in the upper zone increased about
20 percentage points, and the phase lag decreased from about 100 hr. to about 30 hr. The tunnel-
boring machine was approximately 184 m from USW SD-9 in the Topopah Spring middle
nonlithophysal unit (Tptpmn), but no known fault or fracture-zone features have been associated
with this location. Therefore, the first occurrence of pneumatic-interference effects at borehole
USW SD-9 was a function only of the bulk horizontal permeability of the Tptpmn. The lower
monitored zone in borehole USW SD-9 (below the perched-water zone) continued to be
unaffected by ESF excavation.

At borehole USW SD-12, pneumatic-interference effects were recognizable in the pressure
records beginning on March 23, 1996, when the tunnel-boring machine was only 49 m (160 ft)
from the borehole, which is surprising, given that the tunnel-boring machine was within a zone
of steeply dipping, intense fractures (Patterson et al. 1996, p. 48). This fracture zone is
coincident with the location of maximum displacement and deformation of the nearby Ghost
Dance fault, but is not considered to be part of the Ghost Dance fault. Because of the high
presumed air permeability of the fracture zone, interference effects were expected to occur much
sooner, and, in fact, there is evidence that the earliest effects were subtle and not visually
identifiable. The fact that the large fracture zone would have large storage capability may have
caused the pneumatic effects from the ESF excavation to occur gradually in borehole
USW SD-12 and mask the initial onset until the effects were large enough to be visually
identified in the record. Pressure records and the results of cross-spectral analysis for borehole
USW SD-12 after the effects of ESF excavation (Figure 8.4-13) indicate that residual amplitudes
of all stations (C through H) in the Topopah Spring welded unit increased about 20 percentage
points (compare Figure 8.4-7 with Figure 8.4-13). The pneumatic characters of the two deepest
stations (A and B) in borehole USW SD-12 were discussed in Section 8.4.2.1.4 in relation to the
presence of a perched-water zone above these stations.

More recent analysis of pneumatic pressure records suggests that interference effects from ESF
excavation may have occurred at borehole USW SD-12 as early as February 26, 1996, when the
tunnel-boring machine was about 342 m from the borehole (Rousseau et al. 1997, pp. 36 to 38,
Table 4.1-3). Identification of this earlier date is based on differencing the pressure record for
borehole USW SD-12 station G (Tptpmn), from the pressure records for borehole USW NRG-7a
station A (Tptpul) and borehole USW UZ-7a station A (Tptpll). In using this cross-hole
pressure-differencing approach, it was assumed that the pressure responses to atmospheric
pressure changes in both USW UZ-7a and USW NRG-7a were stable. Pressures at USW
NRG-7a already had been affected by ESF interference. Pressures in USW UZ-7a were assumed
to be immune to interference effects (at least prior to USW SD-12 being affected) because of the
borehole's location with respect to USW SD-12 and its completion in the Ghost Dance fault zone
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where downhole pressures are dominated by the atmospheric pressure signal (see Section 8.4.2.1
and Figure 8.4-5). Differencing of the pressure data between the Tptpmn instrument station in
USW SD-12 and the Tptpul instrument station in USW NRG-7a indicates progressive
deterioration in the pressure-amplitude and phase-lag relationships beginning on or about
February 26, 1996, reaching a maximum shortly before March 23, 1996 for borehole USW
NRG-7a and shortly after that date for borehole USW UZ-7a. Prior to March 23, 1996, the
signal at borehole USW SD-12 lagged that in USW NRG-7a. After March 23, 1996, the signal
at USW SD-12 began to lead the signal in USW NRG-7a, producing a differential pressure-
decay envelope.

At borehole USW SD-7, located about 500 m (1,600 ft) north of the intersection of the ESF Main
Drift and the South Ramp, pneumatic-interference effects became apparent on June 5, 1996, and
were evidenced by simultaneous initiation of downhole responses to the diurnal barometric
signal (Patterson et al. 1996, p. 49). Unlike any other borehole, the tunnel-boring machine had
already gone 30 to 40 m (98 to 130 ft) beyond the nearest approach of the ESF to borehole USW
SD-7 when the pneumatic-interference effects first occurred. This may reflect a somewhat lower
horizontal permeability in the rock mass between the ESF and the borehole such that the
interference did not propagate horizontally until a more permeable zone was encountered.
Pressure records and cross-spectral analysis for borehole USW SD-7 after the effects of ESF
excavation (Patterson et al. 1996, Figure 28) indicate that residual amplitudes of all zones within
the Topopah Spring welded unit increased about 25 percentage points, and the phase lags
decreased by about 10 hr. These effects are very similar to those observed at borehole USW
NRG-6. Because all instrument stations in the Topopah Spring welded unit responded
simultaneously to barometric signals, both prior to and after ESF interference effects, the vertical
permeability of the Topopah Spring welded unit at the location of borehole USW SD-7 must be
very large.

8.4.2.4 Determination of Horizontal Permeability and the Vertical Anisotropy of the
Topopah Spring Tuff by Numerical Simulation of Pressure Responses to
Exploratory Studies Facility Excavation

Observed pneumatic pressure responses in boreholes UE-25 NRG#5, USW NRG-6, and USW
NRG-7a to ESF excavation were used in the formulation of a numerical model to estimate the
permeability to air of the PTn and Topopah Spring welded units using the computer code
MODFLOWP version 2.3 (Patterson et al. 1996, p. 50). Particular emphasis was placed on
determining the horizontal permeability and the ratio of horizontal to vertical permeability of the
Topopah Spring welded unit, because these properties cannot be estimated reliably from the
monitoring data in the absence of ESF interference effects. Further, although these properties
were determined by- air-injection testing (Section 8.3.3), the values obtained are for a much
smaller scale than those that can be determined based on the larger-scale pneumatic-interference
effects caused by ESF excavation. Permeabilities determined from these simulations may be
useful in more complete and larger scale models of the repository that would account for heat
and moisture movement that would accompany waste emplacement.

Use of a groundwater-based flow code to simulate airflow through unsaturated, fractured porous
media requires some explanation and qualification (Patterson et al. 1996, p. 50). Groundwater
flow codes typically are formulated assuming that the porous medium is saturated with a single
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slightly compressible homogeneous fluid. The unsaturated rocks being simulated, on the other
hand, are partly saturated with water, and the fluid of interest is highly compressible, resulting in
the governing flow equation being nonlinear. However, water movement through the rocks
comprising Yucca Mountain generally is slow and diffuse, resulting in liquid saturations that
vary little on the time scale of the pneumatic-interference effects being simulated. Therefore, the
air-filled porosity can be considered constant with time. Water movement also occurs as
intermittent, rapidly focused percolation that bypasses the main volume (rock matrix) of the
unsaturated zone. Such recharge may affect saturations and air-filled porosity briefly
immediately after infiltration events, but probably would not affect air permeability
determinations based on long-term (monthly) data. Airflow simulations may be made using the
linear groundwater flow equation if the pressure variations about the mean pressure are no more
than about 10 percent (Weeks 1978). For naturally induced pressure potential differences arising
from atmospheric pressure fluctuations, temperature-induced density effects, and wind pumping,
pressure fluctuations typically are no more than about 1 percent of the mean pressure, ensuring
that the effects of nonlinearity in the gas-flow equation arising from high gas compressibility will
be quite minimal.

The appropriateness of using a porous media-based flow model to simulate fluid movement
through fractured porous media also must be considered, particularly in regard to whether the
unit is sufficiently fractured that it may be modeled as an equivalent porous medium (Patterson
et al. 1996, p. 51). Such appropriateness depends on whether the model scale is large relative to
the representative elementary volume of the fracture-matrix continuum. In a system dominated
by flow in discrete fractures, it would be anticipated that monitoring stations that did not
intersect the fractures would be bypassed by barometrically induced flow from the ESF tunnel.
Consequently, stations near the tunnel might show less response than those more distant but
within the zone of influence of the fracture. Based on examination of data from monitoring
boreholes USW NRG-6, USW NRG-7a, and UE-25 NRG#5, deeper stations at borehole UE-25
NRG#5 do show greater response than the shallower stations prior to tunnel excavation,
illustrating this effect. However, most observed pressure responses, which have been made at
distances of tens to hundreds of meters from the ESF, both vertically and horizontally, indicate
that, in general, the responses decrease monotonically with radial distance from the ESF. Thus,
the Topopah Spring welded unit must be extensively fractured, and an equivalent-porous-media
model probably is adequate to examine pressure responses at a scale of tens to hundreds of
meters. However, the fracturing of the Topopah Spring welded unit is variable, as can be seen
by exposures in the ESF, and the initial response of various boreholes appears highly dependent
on the time when the ESF intersects the fault or more broken rock.

Faults at Yucca Mountain seem to have properties that cause them to function both as highly
permeable conduits and as low-permeability barriers (Patterson et al. 1996, pp. 51 and 52).
(See Sections 8.4.2.1 and 8.4.2.3.) Presumably, the highly fractured breccia zones are very
permeable, whereas fault gouge along the base of the faults seems to create low-permeability
barriers to flow. These properties perhaps are illustrated best by the residual amplitudes for
borehole USW UZ-7a prior to the effects of ESF excavation (Figure 8.4-5). Monitoring stations
D through F, extending through the PTn unit and well into the Topopah Spring Tuff, exhibit
large and nearly uniform residual amplitudes, indicating that even the PTn unit is highly
fractured at this location. However, monitoring stations A through C exhibit much reduced
residual amplitudes that are nearly constant among these stations. Thus, the lower stations are
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separated from the highly permeable breccia zone by a low-permeability layer. These features
likely are nearly vertical and extend through the entire thickness of the Topopah Spring welded
unit. However, the preliminary conceptual model for equivalent porous medium applied here
assumes that the media properties of both the PTn unit and the Topopah Spring Tuff are areally
uniform, and neither the conduit effects of breccia zones nor the barrier effects of gouge planes
are simulated. Thus, the identified permeability of fractured rock surrounding the monitoring
boreholes incorporates the effects of the breccia zones as larger block permeability and the
effects of gouge as smaller block perneability. Therefore, use of the bulk permeability values
determined below must be used with caution and the full recognition that simulations based on
these values might poorly represent the system.

8.4.2.4.1 Model Structure

The MODFLOWP model of pneumatic-pressure interference effects for the ESF North Ramp
area was formulated to include only the PTn and Topopah Spring welded units (Patterson et al.
1996, pp. 52 and 53). Based on the pneumatic pressure data collected in several instrumented
boreholes (Section 8.4.2.1), it was concluded that the Tiva Canyon welded unit is so permeable
that atmospheric pressure changes were assumed to be transmitted instantaneously to the top of
the PTn unit throughout the model area. This assumption allows substantial simplification of the
model representation, as the complex topography representing the Tiva Canyon Tuff outcrop can
be ignored. The Calico Hills nonwelded hydrogeologic unit, which immediately underlies the
Topopah Spring welded unit, was assumed to be impermeable to air, based on the occurrence of
perched water in either the Calico Hills nonwelded unit or in the basal vitrophyre of the Topopah
Spring welded unit throughout much of the model area. The modeled region was bordered on
the northeast by a 1,780-m (5,840-ft) section of the ESF North Ramp extending northwestward
from where the ESF intersects the Bow Ridge fault. The model area extended 2,100 m (6,900 ft)
southwestward from the ESF and was 385 m (1,260 ft) thick. The upper boundary of the model
was a specified-pressure boundary to simulate time-variant atmospheric pressure. All other
boundaries were no-flow boundaries, except the boundary representing the ESF tunnel, which
was a general-head boundary where pressure potential always was specified the same as that of
the upper boundary of the model. Based on evaluation of pressure and temperature data
collected in the ESF, pressure effects from the ESF mechanical ventilation system were
determined to be negligible and, therefore, were ignored in the model. Additional details of
model construction are given in Patterson et al. (1996).

8.4.2.4.2 Model Input Parameters and Initial Conditions

Properties equivalent to transmissivity and storage coefficient for a saturated groundwater
system were assigned to the gas-flow simulation using intrinsic permeability, thickness, relative
permeability to air, dynamic viscosity, air-filled porosity, and mean atmospheric pressure
(Patterson et al. 1996, pp. 55 to 57). Because matrix porosity generally is large relative to
fracture porosity, matrix porosity was assumed equal to total porosity for this model. Data
available for parameter estimation in the model included time series of pressure potentials
observed for various monitoring stations in boreholes USW NRG-6, USW NRG-7a, and UE-25
NRG#5. To simplify these records, data used in the model were based on the sine waves that
best fit the synoptic atmospheric changes. Pressures at the top of the PTn unit and within the
ESF tunnel were represented as a sine wave of unit amplitude and no phase lag. Pressure
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potentials at each monitoring station are represented by sine waves of equal period but having an
amplitude and phase lag equal to that determined for the borehole based on cross-spectral
analysis (see Section 8.4.2.1). Simulation of airflow due to atmospheric pressure change
required frequent updating of pressure potentials along the specified-pressure and general-head
boundaries. Initial conditions representing effects of atmospheric pressure fluctuations were
complicated by the fact that atmospheric pressure was never constant for a long enough period
that pressure differences with depth disappear. Therefore, a simulated cyclic steady state was
established prior to the time interval over which bulk rock properties were determined using the
parameter estimation simulation.

8.4.2.4.3 Parameter Estimation for Boreholes UE-25 NRG#5, USW NRG-6, and USW
NRG-7a

Several attempts were made at parameter estimation using the MODFLOWP gas-flow model of
the ESF North Ramp area before convergence to stable parameters was obtained (Patterson et al.
1996, pp. 58 to 62). Early simulations produced satisfactory results for the permeability of the
PTn unit, which was determined to be isotropic with respect to permeability, but failed to
produce satisfactory results for the Topopah Spring welded unit due to problems associated with
the fact that the three boreholes (UE-25 NRG#5, USW NRG-6, and USW NRG-7a) only
partially penetrate the unit. This problem was overcome by recognizing that borehole USW
NRG-6 was far enough away from the ESF so that the simulation of pneumatic-interference
effects at USW NRG-6 would not be affected by partial penetration. Once this problem was
recognized and solved, a series of simulations were made in which the horizontal and vertical
permeability of the Topopah Spring welded unit and the isotropic permeability of the PTn unit
were determined. In these simulations, data from borehole USW NRG-6 were used alone and in
conjunction with data from borehole UE-25 NRG#5 and borehole USW NRG-7a separately, and
boreholes UE-25 NRG#5 and USW NRG-7a together (Table 8.4-3).

These simulations resulted in permeability values for the PTn unit (Patterson et al. 1996,
Table 6) that were about one-half the average value obtained from the one-dimensional analyses
of diffusivity by Patterson et al. (1996) (see Section 8.4.2.2). For the Topopah Spring welded
unit, vertical permeability values obtained from the parameter estimation simulations were also
about one-half the average value obtained from the one-dimensional analyses of diffusivity by
Patterson et al. (1996) and were closer to the values obtained using other methods. The
simulations also confirmed that the ratio of vertical to horizontal permeability in the Topopah
Spring welded unit is at least 2:1.

To help validate the MODFLOWP gas-flow model of the ESF North Ramp area, a series of
model simulations were made to test whether the model could match the times at which
pneumatic-interference effects were first observed in various boreholes (Patterson et al. 1996,
pp. 63 to 65). In these simulations, the ESF tunnel was progressively advanced on a weekly
basis from July 5 to November 15, 1995. Model results indicate that simulated responses for
boreholes UE-25 NRG#5 and USW NRG-6 began to exhibit subtle interference effects on about
September 5, 1995. A significant increase in residual amplitude of the synoptic pressure signal
was simulated for borehole UE-25 NRG#5 between September 12 and 15, 1995, which is in
agreement with the first occurrence of interference effects based on evaluation of the pressure
records (Table 8.4-2). For borehole USW NRG-6, model results indicated that the residual
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amplitude of the synoptic pressure signal increased quite slowly throughout the simulation
period, with- no clear-cut increase attributable to a given date. Nonetheless, the increase in
amplitude between September 26 and 30, 1995, is somewhat larger than those for previous
periods and agrees reasonably well with the first occurrence of interference effects based on
evaluation of the pressure records (Table 8.4-2). The simulated residual amplitudes in borehole
USW NRG-7a exhibited dramatic increases between October 17 and 20, 1995, slightly sooner
than the October 21, 1995 date identified based on the pressure records (Table 8.4-2). Overall,
the first occurrences of pneumatic-interference effects identified in Table 8.4-2 agree well with
simulated results based on model identified properties.

8.4.2.5 Parameter Estimation for Boreholes UE-25 UZ#4 and UE-25 UZ#5

A numerical model very similar to the one described in Section 8.4.2.4 was constructed for the
vicinity of boreholes UE-25 UZ#4 and UE-25 UZ#5 in Pagany Wash about 0.5 km northeast of
the ESF North Ramp (Patterson et al. 1996, pp. 66 to 67). The observed pneumatic-interference
effects in boreholes UE-25 UZ#4 (Figures 8.4-6 and 8.4-10) and UE-25 UZ#5 (not shown) were
simulated for each borehole separately and for the two boreholes combined, resulting in the
permeability values listed in Table 8.4-4. Permeability values for the Topopah Spring welded
unit are very large and likely represent the effects of the fault zone extending from the ESF
northward to the near vicinity of boreholes UE-25 UZ#4 and UE-25 UZ#5 (see Section 8.4.2.3).
In regard to whether the model reasonably represents the fault, it can be argued that, with the
tunnel extending the length of the model, the model is, in essence, a cross-sectional model,
particularly if the breccia zone is highly permeable and the slip plane of the fault is a low-
permeability barrier. In these circumstances, the pressure response propagated along the highly
permeable zone would be isolated from the less fractured Topopah Spring welded unit to the
west of the fault trace. Hence, the model probably does reasonably represent the system. The
large difference between permeabilities determined for the two boreholes could be accounted for
by relatively small differences in width of more typical Topopah Spring welded unit rock
separating the fault zone from the boreholes, and in differences in the effectiveness of the low-
permeability barrier created by the fault.

These model results for boreholes UE-25 UZ#4 and UE-25 UZ#5 are contradictory to the
separate simulations for boreholes UE-25 NRG-5, USW NRG-6, and USW NRG-7a
(Section 8.4.2.4) and illustrate some of the problems encountered in using a porous-media model
to simulate effects of major discrete features that have quite different permeabilities than those of
the rest of the system (Patterson et al. 1996, pp. 67 and 68). The results indicate that a local
portion of the repository block might be satisfactorily simulated by a porous-media model when
data are available for calibration, but the use of parameters identified for the local system might
provide quite erroneous results if applied to the repository block as a whole. For example, the
good agreement between simulated and observed results for data from boreholes UE-25 NRG#5,
USW NRG-6, and USW NRG-7a indicates that the presence of highly conductive faults and of
partial flow barriers that divide the Topopah Spring Tuff into more permeable compartments are
not necessarily important for describing the overall behavior of air movement through that part
of Yucca Mountain immediately south of the ESF North Ramp. However, the permeability
values identified for these rocks would completely fail to simulate the ESF-induced pneumatic-
interference effects determined for boreholes UE-25 UZ#4 and UE-25 UZ#5. Conversely,
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results of parameter identification for these boreholes would be totally inappropriate for the area
south of the ESF North Ramp.
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8.5 DISTRIBUTION OF IN SITU WATER POTENTIAL AND TEMPERATURE AND
OCCURRENCES OF PERCHED WATER IN THE DEEP UNSATURATED ZONE

A conceptual model of fluid flow in the unsaturated zone at Yucca Mountain was developed
during the early stages of the Yucca Mountain Site Characterization Project (YMP) (Montazer
and Wilson 1984), based on very limited hydrologic data (Rousseau et al. 1999, pp. 122 to 123).
The conceptual model suggested that the vertical matrix-to-matrix flux capacity of the porous
and sparsely fractured rocks of the Paintbrush nonwelded (PTn) unit was much greater than the
vertical matrix-to-matrix flux capacity of the underlying, low-porosity, densely welded, but
intensely fractured rocks of the Topopah Spring welded unit (TSw). Vertical flux through the
Calico Hills nonwelded unit (CHn) matrix was postulated to be very low. In the 1984 conceptual
model, redistribution of vertical flux in the PTn as downdip lateral flow within and/or above the
upper contact of this unit with the overlying Tiva Canyon welded unit (TCw), with subsequent
drainage into bounding structural features, was presented as the most likely mechanism to
account for mass-balance deficits in the vertical matrix flux profile. Dipping beds, permeability
layering, and capillary-barrier effects were envisioned as the combined hydrogeologic features
and hydrologic processes needed to promote lateral flow in the PTn. Thus, most of the flux
through the PTn would find its way into the deeper subsurface along major structural pathways
through downdip lateral flow, interception, and diversion. One-dimensional, vertical, matrix-to-
fracture flow between the PTn and the TSw was presumed to be limited because of the capillary-
barrier retardation effects between the smaller pores of the high-porosity matrix of the PTn
overlying the larger fracture apertures of the densely welded TSw. According to the 1984
model, the extent of deep fracture flow within the TSw also was presumed to be limited because
of imbibition of fracture water into the surrounding matrix. A maximum upper limit of 1 mrn/yr.
was proposed for saturated-matrix flux in the Topopah Spring Tuff under an assumed net
infiltration rate of 4.5 mm/yr. Net infiltration in excess of the I mm/yr. estimated to flow
through the TSw matrix was presumed to move laterally either within or directly above the PTn
toward structural features that would then intercept and transmit this flow downward to the base
of the TSw. Here, the water either would enter the CHn along the same but less permeable
structural flow paths, or would accumulate as perched water and then move downward into the
CHn as matrix percolation. The 1984 conceptual model heavily emphasized lateral flow in the
PTn, with interception and transmission of this flow along major structural pathways.

Investigations conducted since 1984 tend to support many of the key attributes of the 1984
conceptual model for unsaturated flow at Yucca Mountain, including low net infiltration due to
the arid climate, rapid infiltration into the fractures of the TCw, unit hydraulic gradients within
the PTn and TSw, and perched water at the base of the TSw (Rousseau et al. 1999, pp. 123 to
124). However, direct evidence to document extensive lateral flow in the PTn and diversion of
flow into structural pathways has been elusive. Nevertheless, there is very strong evidence for
significant fracture flow within the PTn locally where secondary fracture permeability, in
association with mapped faults, is evident. Fracture flow also is evident below the PTn in the
highly fractured rocks of the TSw, a flow mechanism that was not strongly emphasized in the
1984 conceptual model. At the base of the TSw, the transition from highly fractured to sparsely
fractured rock has resulted in permeability barriers that have allowed the accumulation of
perched water (Rousseau et al. 1999, p. 171). Consequently, perched water has been
encountered at the base of the TSw or in the top of the CHn in nearly every borehole that was
dry-drilled deep enough to penetrate the TSw-CHn contact in the site area, particularly in the
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vicinity of the Exploratory Studies Facility (ESF) North Ramp (Rousseau et al. 1999, p. 170).
To help understand water movement in the deep unsaturated zone, in situ temperature data have
been used to estimate heat flow, which has been used, subsequently, to estimate percolation flux
(Rousseau et al. 1999, p. 151).

8.5.1 In Situ Water Potentials

In situ water potential has been monitored at multiple depths in instrumented boreholes USW
NRG-6, USW NRG-7a, UE-25 UZ#4, UE-25 UZ#5, USW UZ-7a, and USW SD-12 (Rousseau
et al. 1999, pp. 143 to 151; Rousseau et al. 1997, pp. 39 to 45) using thermocouple
psychrometers. Water potential data were collected from these boreholes under a fully compliant
quality assurance program for various periods of time from November 1994 through the present
(1999). In addition, non-qualified water-potential data were collected from borehole USW UZ-1
from October 1983 through October 1985 using a prototype borehole instrumentation system.

The thermocouple psychrometers measure the combined osmotic and matric potential, but not
the gravitational potential, of liquid water contained within the pore spaces of the rock matrix
and openings of fractures (Rousseau et al. 1999, pp. 143 to 144). Psychrometers measure liquid
water potential in the vapor phase by sensing the relative humidity, or vapor pressure, of the
formation rock gas that is in contact with water-filled pores and fracture openings. Because a
water potential of zero indicates that the medium is saturated, water potential is always less than
or equal to zero. In this report, water potential is expressed in megapascals (MPa); a megapascal
is equal to 10 bars. The thermocouple psychrometers were calibrated over a water-potential
range of -0.1 to -7.0 x 1 03 kPa, which is equivalent to a relative humidity range of 99.9+ to
93 percent. Additional information about the logistics and mechanics of water-potential
monitoring in deep, instrumented boreholes is available in Rousseau et al. (1999, pp. 143 to 144).

8.5.1.1 Data Sources

The principal sources of data, analyses, and interpretations for water potential in the deep
unsaturated zone are two reports: Rousseau et al. (1997) and Rousseau et al. (1999). Water-
potential data from instrumented boreholes are presented in both depth-profile and time-series
format. In situ water-potential data also are compared to water-potential values obtained through
laboratory analysis of rock core.

8.5.1.2 Water-Potential Trends and Gradients

Although the water-potential data from borehole USW UZ-1 are nonqualified, these data
provide important insights regarding the changes and stabilization of in situ water potential
following instrumentation and stemming of deep boreholes in the unsaturated zone (Rousseau et
al. 1999, pp. 144 to 145). The water-potential profiles for borehole USW UZ-1 for elapsed
times following instrumentation of 30, 90, 230, 365, and 730 days (Figure 8.5-1) indicate that the
rock surrounding most instrument stations still was becoming wetter even after 2 yr. The
recovery time for water potentials after the borehole dried out prior to stemming was much
longer for USW UZ-1 than for any other boreholes instrumented at Yucca Mountain. This
probably was because of the large diameter of the borehole (0.92 m [3 ft] from 12 to 30 m [39 to
98 ft] in depth, 0.45 m [1.5 ft] below 30 m[98 ft]) and the type of stemming materials used.
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Water potentials at instrument stations 12 and 13, located in the lower lithophysal unit of the
Topopah Spring Tuff, may not have achieved equilibrium even after 2 yr. of monitoring. Core
fracture data from borehole USW UZ-14, located about 27 m (89 ft) northwest of USW UZ-1,
indicate that the fracture density of the lower lithophysal unit at this location is very low (see
Section 8.5.2), which may account for the very slow rates of recovery of water potentials at these
two instrument stations. Relatively slow rates of recovery also are apparent in the time-lapse
profiles for instrument stations 3, 5, 6, 9, and 10, which also are located in lithostratigraphic units
with low fracture densities. The more rapid recovery of water potentials at instrument stations 4,
7, 11, 14, and 15 correlate with zones of high fracture density in nearby borehole USW UZ-14.
Water-potential data from instrument stations 1 and 2 may have been affected by water that was
used to drill the first 18 m (59 ft) of the borehole and may not be reliable. Slow recovery at
instrument station 3 probably is a reflection of the large diameter of the borehole at this location,
which required a large volume of dry stemming material to back-fill. The resultant water-
potential profile for October 25, 1985 indicates that water-potential gradients in all TSw units,
with the possible exception of the lower lithophysal unit, are very close to zero. Extrapolation of
the observed trend in water potentials at stations 12 and 13 from October 1984 to October 1985
indicates that the water-potential gradient throughout the Topopah Spring Tuff is close to zero.
Thus, the gravitational potential may be the dominant component of the total hydraulic gradient,
which is very close to unity.

Boreholes USW NRG-7a and USW NRG-6 were instrumented in October and November 1994,
respectively (Rousseau et al. 1999, pp. 145 to 149). The diameters of these boreholes averaged
approximately 0.25 m (0.82 ft), with large breakouts of 0.30 to 0.45 m (0.98 to 1.5 ft) occurring
across the Pah Canyon Tuff and crystal-rich vitric unit at the base of the PTn. Selected
temperature and water-potential profiles for these two boreholes are shown in Figures 8.5-2 and
8.5-3. For borehole USW NRG-7a (Figure 8.5-2), the elapsed times since instrumentation are
about 4, 7, and 13 mo. For borehole USW NRG-6 (Figure 8.5-3), the elapsed times since
instrumentation are about 3, 6, and 12 mo. Although temperatures at all but the shallowest
stations reach equilibrium in 3 to 4 mo., water potentials do not appear to approach equilibrium
until at least a 1 yr. after instrumentation. To investigate water-potential equilibrium further,
Figures 8.5-4 and 8.5-5 show 100-day time-series records of water potential in these two
boreholes from November 1, 1995 to February 8, 1996, which is a period that begins about 1 yr.
after the boreholes were instrumented. For station B in USW NRG-7a (Figure 8.5-4) and station
A in USW NRG-6 (Figure 8.5-5), water potentials appear to be slightly above zero because the
calibration accuracy of these sensors was on the order of ±0.2 MPa.

The time-series water-potential data for borehole USW NRG-6 for November 1, 1995 to
February 8, 1996 (Figure 8.5-5) indicate that water potentials in nearly all the instrument stations
had equilibrated after about 1 yr. of monitoring (Rousseau et al. 1999, p. 145). During this
period, however, very small increases in water potential continued at instrument stations B, D,
and E (less than about 0.0005 MPa per day based on cumulative changes over a 2,400-hr.
period). The profile of water potential with depth for November 14, 1995 (Figure 8.5-3)
indicates a water-potential gradient that is very close to zero across the PTn and through the
upper portion of the TSw.

The time-series water potential data for borehole USW NRG-7a (Figure 8.5-4) indicate that
water potentials after November 1, 1995 were still increasing at a rate slightly greater than
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0.0005 MPa per day at all but one of the deeper instrument stations (station B) in this borehole
(Rousseau et al. 1999, p. 145). The water potential at instrument station E, which is located at a
depth of about 5 m, is strongly affected by seasonal temperature changes at the land surface and
the movement of air through the TCw. The November 1, 1995 water-potential profile with depth
for USW NRG-7a (Figures 8.5-2) indicates a water-potential gradient that is very close to zero
across the entire instrumented section of this borehole, including the TCw, PTn, and TSw,
13 mo. after instrumentation.

Despite the apparent stability and uniformity of the water-potential profile in borehole USW
NRG-7a, transient moisture-redistribution events apparently do occur sporadically. For example,
on May 9, 1996, water potentials and temperatures at station D, located in the Yucca Mountain
Tuff (Tpy) of the PTn, began to oscillate in a manner that was completely unlike any previous
activity observed at this instrument station (Rousseau et al. 1997, pp. 50 to 51). These
oscillations were manifested by large shifts in water potential from -0.2 MPa (-2 bars) to less
than -7.5 MPa (-75 bars), with concurrent shifts in temperature. These oscillations followed a
prolonged period (18 mo.) of slow, asymptotic, and uneventful recovery in water potential and
temperature. The largest water-potential change was a decrease greater than 7.5 MPa (75 bars)
and was accompanied by a decrease in temperature of 0.68°C. These oscillations lasted for over
1 mo., with at least 13 separate episodes recorded between May 9 and June 14, 1996 (Rousseau
et al. 1997, Figure 4.4-1). Each temperature and water-potential excursion was followed by a
short but truncated period of recovery. This unusual activity ceased almost as abruptly as it
started. From June 14, 1996 to February 14, 1997, water potentials and temperatures in station D
slowly recovered to their predisturbed state. On February 14, 1997 and March 4, 1997, two less
severe temperature and water-potential excursions were recorded at this instrument station.

Although barometric pumping had been observed in the water-potential record for this station in
borehole USW NRG-7a (similar to that observed in borehole USW UZ-7a), during the period of
extreme excursions in May and June 1996 there was no obvious correlation between surface
pressure changes and downhole temperature and water-potential changes (Rousseau et al. 1997,
pp. 51 to 52). In fact, falling temperatures were accompanied by decreasing water potentials,
which is a complete reversal of the normal response. Instrument malfunction and station leakage
have been completely ruled out as possible explanations for these excursions. Further, there
appears to be no correlation between the anomalous behavior of station D and construction
activities in the ESF. Although analysis of the pneumatic pressure record indicated very
significant changes in the residual amplitude and phase lag of the pressure signal from station D
after excavation of the ESF (see Section 8.4.2.3), those changes occurred in October 1995, prior
to excavation of the ESF. Overall, the data indicate that the water-potential and temperature
disturbances recorded in station D originated from above the instrument station and probably
were due to enhanced communication between this station and the atmosphere. The nearly
instantaneous nature of the episodic disturbances and the slow but truncated recovery following
each episode suggest nearly complete replacement of the gas in the instrument station. Moisture
redistribution in the fractures of the overlying TCw, accompanied by topographically induced
density-driven gas flow, may be the cause of the unusual water-potential responses observed at
station D in borehole USW NRG-7a.

Water-potential profiles for September 26 and December 25, 1995 for boreholes UE-25 UZ#4
and UE-25 UZ#5 are shown in Figure 8.5-6 for elapsed-time periods of about 3 and 6 mo.
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following instrumentation (Rousseau et al. 1999, p. 149). Plotted with the two sets of in situwater-potential measurements are measurements of water potential made on core samples shortly
after the boreholes were drilled in 1984. Shortly before being instrumented in June and July1995, these boreholes were reamed to a diameter of 22 cm. Borehole UE-25 UZ#4 is located inthe active channel of Pagany Wash and UE-25 UZ#5 is located on a sideslope adjacent to Pagany
Wash, approximately 38 m south of UE-25 UZ#4.

At several stations in UE-25 UZ#4 (Figure 8.5-6), there is little or no difference between waterpotentials measured on September 26, 1995 and those measured on December 25, 1995
(Rousseau et al. 1999, p. 149). This indicates that water potentials equilibrated fairly rapidly atinstrument station A, located at the top of the crystal-rich nonlithophysal unit of the Topopah
Spring Tuff, and at instrument stations E, F, and G, located in the upper units of the PTn where
water potentials are between -0.1 x 10-3 and -0.25 x 10-3 kPa (-1 to -2.5 bars). Time-series
water-potential records for UE-25 UZ#4 (Figure 8.5-7) indicate that water potentials at three
instrument stations in the lower units of the PTn (B, C, and D) were still increasing slightly afterDecember 25, 1995. The increasing trend at these stations indicates that the equilibrated profile
will be very close to that derived from the core samples and that the resulting profile will very
closely approximate a zero water-potential gradient across most of the PTn section at thisborehole. This conclusion is consistent with the results of the comparison of field-scale and
core-scale water potentials and water-potential gradients described in Rousseau et al. (1999,
pp. 183 to 184).

The water-potential profile (Figure 8.5-6) and the time-series water-potential records forborehole UE-25 UZ#5 (Figure 8.5-8) indicate that water potentials at all instrument stations were
still increasing slightly after December 25, 1995 (Rousseau et al. 1999, p. 149). Overall,
therefore, equilibration rates in borehole UE-25 UZ#5 are slower than in UE-25 UZ#4. The
water-potential profile for UE-25 UZ#5 as of December 25, 1995 (Figure 8.5-6) indicates that
the water-potential gradient at this borehole also is very nearly zero across the entire PTn section.
Water potentials in the upper PTn units (crystal-poor vitric, Yucca Mountain Tuff, and the pre-
Yucca Mountain Tuff bedded tuft) are 0.2 x 1 00 to 0.3 x 100- kPa (2 to 3 bars) lower than waterpotentials of the same units at UE-25 UZ#4. These data may indicate lateral flow from the
vicinity of borehole UE-25 UZ#4 toward borehole UE-25 UZ#5, which would be from the
channel toward the sideslope. This interpretation is subject to limitations in accuracy
(±0.2 MPa) and uncertainty over final equilibration values. However, the interpretation is
consistent with the distribution of tritium found in pore water from the cores of boreholes UE-25
UZ#4 and UE-25 UZ#5 (Yang et al. 1996, p. 25; Rousseau et al. 1999, p. 165) and with heat-
flow data from the same boreholes (Rousseau et al. 1999, pp. 184 to 191).

Borehole USW SD-12, located along the ESF Main Drift, is the deepest borehole instrumented in
the unsaturated zone at Yucca Mountain and is the only borehole that has instrument stations in
all four major hydrogeologic units: TCw, PTn, TSw, and CHn. (See Figures 8.4-1 and 8.4-2 for
locations of instrument stations.) In borehole USW SD-12, water-potential recovery trends
across the TSw and CHn tend to follow distinctive patterns during the first 6 mo. after
instrumentation (Rousseau et al. 1997, p. 42). Water potentials at instrument stations located at
the base of (station C) and below (stations A and B) the lower nonlithophysal unit (Tptpln) tend
to follow a pattern of monotonically increasing over time (Figure 8.5-9). In contrast, water
potentials at stations located at the top and above the Tptpln (stations D, E, F, G, H, and J) tend
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to follow a pattern of initially decreasing followed by increasing water potentials (Figures 8.5-9
and 8.5-10). Water potentials at stations G and H, located in the intensely fractured middle
nonlithophysal unit of the Topopah Spring Tuff (Tptpmn), recovered very quickly, suggesting
enhanced recovery attributable to a dense network of interconnected fractures. Very early-time
decline in water potentials probably was an artifact of the effects of the dry stemming materials
used to backfill the instrument stations (polyethylene beads and 20/40 silica sand). In contrast to
the other stations in the TSw, water-potential recovery for station K, located in the TSw crystal-
rich nonlithophysal unit (Tptrn), was somewhat slower, although this interval started out much
drier than the other stations, with a water potential of less than -2.0 x 10-3 kPa (-20 bars). The
initial dryness at this station and the slower water-potential recovery probably reflected the
effects of high matrix porosity (12 to 20 percent) and low matrix saturation (35 to 60 percent) of
this unit (Rousseau et al. 1997, Figure 4.2.1-9). Despite differences in water-potential recovery
patterns during the first 6 mo. after instrumentation, all of these stations in borehole USW SD-12
(A-K) appeared to be close to equilibrium and have recovered to water potentials within the
fairly narrow range of -0.5 to -0.3 MPa (-5 to -3 bars). Overall, the recovery of water
potentials in the TSw at borehole USW SD- 12 resulted in a moisture regime quite similar to that
in other boreholes such as USW UZ-1, USW NRG-6, and USW NRG-7a, although possibly a
little drier.

Time-series water-potential records for borehole USW SD-12 at instrument stations within the
PTn and TCw (Figure 8.5-1 1) contrast markedly with the water-potential records for deeper
stations (Rousseau et al. 1997, p. 43). The dynamics of barometric pumping are readily apparent
in the water-potential record of station L, located near the base of the nonwelded PTn (upper
Tptrv3, Tpbt2, and lower Tpp). The small-amplitude oscillations superimposed on the water-
potential recovery curve of this station reflect barometric pressure changes that generate
downward and upward air movement across sections where there is a shift in the temperature
gradient and/or vapor-saturation gradient (as determined from temperature, pressure, and water-
potential measurements). Typically, rising pressures are accompanied by decreasing
temperatures (flow from above) and increasing water potentials (effect of the lower temperatures
on relative humidity even though the vapor concentration of the inflow gas is lower).
Conversely, falling pressures are accompanied by increasing temperatures and decreasing water
potentials. This barometric-pumping effect is strongest early during the recovery period and
diminishes over time, but never dissipates completely as water-potential equilibrium is reached
at about -0.5 x 10-3 kPa (-5 bars). The relative dryness of the TCw is reflected in the water-
potential recovery trend for station P, which recovered to near equilibrium with a water potential
of less than -1.5 x 10-3 kPa (-15 bars).

Borehole USW UZ-7a was drilled in the Ghost Dance fault zone about 200 m (660 fit) east of the
ESF Main Drift near the southern end of the potential repository area (Figure 8.1-6). The
borehole intersected the easternmost trace (main trace) of the Ghost Dance fault zone at a depth
of about 120 m (390 ft) within the TSw crystal-poor, upper lithophysal unit (Tptpul), very near
the contact of this unit with the TSw crystal-rich, upper lithophysal unit (Tptprl) (Rousseau et al.
1997, p. 21). Total displacement across the fault zone has been estimated at about 24 m (80 ft).

The time-series water-potential records for borehole USW UZ-7a (Figures 8.5-12 and 8.5-13)
indicate that the recovery period for the deepest station (A) is considerably longer than that of the
other two instrument stations (B and C) located below the easternmost trace of the Ghost Dance
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fault zone (Rousseau et al. 1997, p. 43). The initial water potential at station A (-2 x 10-3 kPa,
-20 bars) also is lower than the initial water potentials at stations B and C (about -0.5 x 10-3

kPa, -5 bars). The lower initial water potential and longer recovery period probably reflect the
influence of higher bulk porosity (lithophysal porosity) and lower fracture density of the TSw
lower lithophysal unit (Tptpln). Very little change in water potentials occurred at stations B and
C during the first 10 mo. after the borehole was instrumented in October 1995. Much lower
initial water potentials and much slower water-potential recovery rates are apparent in the time-
series records for all instrument stations located above the easternmost trace of the Ghost Dance
fault zone (stations E, F, G, H, I, and J). In addition, many of these stations exhibit water-
potential oscillations that are directly related to surface barometric pressure changes, as
described above for station L in borehole USW SD-12. Water-potential oscillations in station J,
located at a depth of 13.5 m in the TCw lower lithophysal unit (Tpcpll) and within the zone of
influence of the annual temperature wave, may increase or decrease in response to barometric
pressure changes depending on the time of the year and the phase of the temperature cycle.

Water-potential oscillations are conspicuously absent in the water-potential records of the three
lower stations (A, B, and C) located below the easternmost trace of the Ghost Dance fault zone,
but are very pronounced in station D, located immediately above the fault trace in borehole USW
UZ-7a (Rousseau et al. 1997, p. 43). These observations and the analysis of pneumatic pressures
in borehole USW UZ-7a prior to ESF excavation (Figure 8.4-6) indicate that the pneumatic
characteristics of the TSw in the fault zone are much different than elsewhere at Yucca
Mountain. Specifically, within the Ghost Dance fault zone, the TSw is much less isolated from
the atmosphere than elsewhere, probably due to higher fracture densities in the PTn. This
enhanced connection to the atmosphere and the effects of more deeply penetrating barometric
pumping result in a moisture regime that has the potential to be more dynamic than elsewhere
because it may be subject to both rapid, focused percolation of liquid water and the drying
effects of barometric pumping.

Overall, the time-series profiles of in situ water potential indicate that water potentials are
generally high, greater than about -0.3 MPa (-3 bars), and are nearly depth-invariant across the
entire TSw (Rousseau et al. 1997, p. 45). Although water potentials in the overlying PTn are
slightly lower than in the TSw, the measured values in these two hydrogeologic units are
considerably greater than would result if water potentials in the unsaturated zone were in a state
of static equilibrium with the water table. This implies that the downward percolation flux is
non-zero as water potentials in these units approach equilibrium. The relatively large water
potentials also indicate that the rock matrix of the TSw is sufficiently wet (at least near fractures)
that should water flow through the fractures, it would undergo little imbibition by the rock
matrix, due to small matrix permeability and small water-potential gradients across the fracture-
matrix interface. Across the TCw, water potentials are progressively lower with decreasing
depth, as exemplified by the in situ water-potential profiles for boreholes USW UZ-7a and USW
SD-12. These drier conditions indicate greater imbibition capacity associated with the TCw and
upward matrix flow across this unit. However, these observations do not exclude the possibility
of episodic, downward fracture flow across this unit.

Water potentials measured for rock cores by L.E. Flint (1998) exhibit much greater variability
than the in situ water-potential data from instrumented boreholes (Rousseau et al. 1997, p. 45).
Core-scale water-potential profiles for boreholes USW UZ-7a and USW SD-12 do not exhibit
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the depth-invariant characteristics of the in situ data. This is readily apparent in the core water-
potential data for the Tiva Canyon lower lithophysal (Tpcpll), lower nonlithophysal (Tpcpln),
and the Topopah Spring middle nonlithophysal (Tptpmn) units at USW UZ-7a and USW SD-12,
and the Topopah Spring lower nonlithophysal (Tptpln) and crystal-poor densely welded vitric
(Tptpv3) subunits at USW SD-12. Although corrections were applied to account for the effects
of moisture losses during coring, processing, and handling operations, these corrections were not
sufficient to reverse the apparent inversions in the water-potential profile across these units.
Hydrogeologic units that display the most significant departure from the in situ measurements
are those whose moisture-retention curves are the most sensitive to small changes in saturation
(e.g., Tpcpll, Tpcpln, Tptprnn, Tptpln, and Tptpv3). Consequently, water-potential data from
rock cores were not used in the calibrated properties models that were developed to facilitate
site-scale flow modeling (see Section 8.10.5.1). Only in situ water-potential data were used for
flow modeling.

8.5.1.3 Effects of Exploratory Studies Facility Excavation on Pneumatic Properties and
the Moisture Regime of the Topopah Spring Welded Unit

ESF-excavation-induced pneumatic pressure changes in the TSw in borehole USW SD-12 were
described in Section 8.4.2.3. Further analysis of the ESF interference effects suggests that they
have been propagated differentially across the TSw (Rousseau et al. 1997, pp. 60 and 61),
depending on the depth and lithostratigraphic unit under consideration. Residual amplitudes are
larger and phase lags shorter below station G in borehole USW SD-12, the closest instrument
station to the Main Drift, and are smaller and longer above station G. Increasing phase lags
accompanied by decreasing amplitudes are consistent with a radially propagated disturbance.
However, the data also imply that there may be differences in the pneumatic diffusivities of
individual units comprising TSw. These differences appear to follow a trend that is correlated, at
least qualitatively, with a trend of decreasing matrix porosity and increasing matrix saturation
with increasing depth across the entire TSw. Matrix porosities and matrix saturations are higher
above the middle nonlithophysal unit (Tptpmn) and lower below this unit. In addition, fracture
densities are very high within both the middle nonlithophysal unit (Tptpmn) and the lower
nonlithophysal unit (Tptpln) in borehole USW SD-12 (see Figure 8.5-14 and the discussion in
Section 8.5.2). Therefore, the pneumatic diffusivity of the TSw should be larger below Tptpnn
because drained porosities are lower and fracture densities (and presumably air permeability) are
higher.

Additional analysis of the pneumatic pressure records for borehole USW SD-12 since the onset
of ESF-excavation interference effects reveals that significant changes in the pneumatic
properties have occurred in the TSw since the first quarter of 1996 (Rousseau et al. 1997, p. 61).
Specifically, from April 1996 to January 1997, residual amplitudes decreased between 7 and
12 percentage points and phase lags increased between 3.7 and 4.1 hr., with the larger
adjustments occurring above Tptpmn. These changes probably are directly related to drying out
in the rock mass from ESF excavation, resulting in an increase in the drained porosities and a
decrease in the pneumatic diffusivities of the affected units. The slow, prolonged adjustment of
in situ pneumatic pressures to ESF interference effects indicates that in the vicinity of borehole
USW SD-12, a considerable volume of gas was needed to stabilize underground pressures. The
pneumatic disturbances observed at borehole USW SD-12 suggest that the intensely fractured
zone exposed in the ESF Main Drift may not be confined exclusively to the Tptpmn. Unlike
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other monitored boreholes along the ESF Main Drift, pneumatic pressures at boreholes USW
NRG-7a and USW SD-7 appear to have re-equilibrated nearly instantaneously in response to
ESF excavation. In addition, at USW NRG-7a, which is closer to the ESF than USW SD-12, no
reversals in water potential or temperature recovery trends had occurred as of the first quarter of
1997. However, it is likely that further adjustments in the pneumatic characteristics of the
system will occur in response to gas-driven moisture removal.

Monitoring of borehole USW NRG-7a in June 1997 revealed additional evidence of the effects
of ESF excavation on the moisture regime in the TSw. A significant change in water potential
was observed in borehole USW NRG-7a (26 m [85 ft] away horizontally from the ESF North
Ramp) at station A in the TSw crystal-poor, upper lithophysal unit (Tptpul), which is close to the
potential repository horizon. Water potentials at this station indicated a slow but steady wetting
of the Tptpul surrounding the borehole interval from the time the borehole was instrumented in
October 1994 until about June 27, 1997, when the trend was reversed and the Tptpul surrounding
the borehole interval began to dry out. Prior to June 27, 1997, the water potentials were in the
range of -0.1 x 10-3 to -0.2 x 10-3 kPa (-1 to -2 bars); since June 27, 1997, they have been
reduced to the range of-0.2 x 10-3 to -0.3 x 10-3 kPa (-2 to -3 bars). Temperature data indicate
that the drying may be accompanied by a slight warming at several stations in borehole USW
NRG-7a. This change in water potential has been attributed to drying out of the rock fracture
network between the borehole and the ESF due to the removal of moisture from the ESF tunnel
by the mechanical ventilation system.

8.5.2 Occurrences of Perched Water in the Site Area

By analogy with the definition of a water table, which is a surface along which water pressure is
equal to atmospheric pressure, perched water is an accumulation of water above the regional
water table within which water pressure is greater than atmospheric, and outside of which water
pressure is less than atmospheric (Rousseau et al. 1999, p. 170). According to this definition,
perched water is not merely a volume of high saturation, but a reservoir from which water will
flow freely when intersected by boreholes or tunnels that are under constant atmospheric
pressure. The fact that perched water exists in the vicinity of the potential repository has several
implications. The very presence of perched water implies that, at least at some time in the past,
the percolation rate through the unsaturated zone has exceeded the saturated hydraulic
conductivity of the perching layer. The perched-water reservoir may be a remnant from a time
during which percolation rates were higher or may reflect long-term steady-state conditions.
Perched-water reservoirs of large volume could indicate that structural or stratigraphic traps
allow percolation to accumulate. The mechanical stability of these trapping mechanisms
becomes an important issue if perched water is discovered above or updip from the potential
repository. Perched water in close proximity to the waste-emplacement tunnels in a repository
could be an additional potential source of water that may become mobilized as vapor resulting
from waste-generated heat, a fact that needs to be considered when attempting to analyze the
impact of that mobilized water on repository performance.

Perched water has been identified below the potential repository horizon in seven boreholes in
the Yucca Mountain site area (Rousseau et al. 1999, p. 170; 1997, pp. 21 to 22; CRWMS M&O
1997a). These boreholes include USW UZ-I, USW UZ-14, and USW NRG-7a in Drill Hole
Wash (Figure 8.1-6); USW SD-9, USW SD-12, and USW SD-7 along the ESF Main Drift
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(Figure 8.1-6); and USW WT-24 on Mile High Mesa, about 2 km north of the potential
repository area. The perched-water bodies identified are at elevations 100 to 200 m (330 to
660 ft) below the potential repository horizon and do not represent obstacles to repository design
or construction. Although other boreholes in the site area did not detect perched water, this
probably is because the boreholes were not drilled to sufficient depth to intercept the geologic
units where perched water has been identified, or were drilled with water or foam that obscured
the perched water when it was encountered. Although not detected in all boreholes, based on
field observations and the apparent prerequisite conditions, perched water beneath the site area
seems to be a common occurrence. In all cases, accumulation of perched water seems to be
caused by either the basal vitrophyre of the Topopah Spring Tuff or the vitric-zeolitic boundary
in the Calico Hills Formation acting in concert with a lateral structural barrier (Rousseau et al.
1999, pp. 171 to 172). Site-scale numerical model simulations of the unsaturated zone flow
system (see Section 8.10) indicate that perched water probably is more extensive beneath the site
area than might be suggested by the occurrences in the seven boreholes (Bodvarsson et al. 1997,
Chapter 13).

8.5.2.1 Data Sources

The principal sources of data, analyses, and interpretations for perched water in the deep
unsaturated zone are three reports: Rousseau et al. (1997), O'Brien (1997), and Rousseau et al.
(1999). Data on perched water at Yucca Mountain also have been obtained from borehole
drilling and testing records.

8.5.2.2 Perched Water at Boreholes USW UZ-1 and USW UZ-14

Borehole USW UZ-1 is located in Drill Hole Wash at an elevation of about 1,349 m (4,430 ft)
above sea level (Rousseau et al. 1999, pp. 170 to 171). Drilling stopped at a depth of 387.1 m
when a possible perched-water reservoir was detected. The water encountered was at an
elevation of 966.7 m (3,170 ft), which is about 190 m (620 ft) above the water table at nearby
USW UZ-14. Although no geologic samples were collected below 370 m (1,210 ft) in
USW UZ- 1, based on stratigraphy from nearby USW UZ- 14, the top of the perched water is
within the lower nonlithophysal zone of the Topopah Spring Tuff (Tptpln), about 8 m above the
contact with the crystal-poor vitric zone (Tptpv). Chemical analysis of the water showed that it
was contaminated by fluid used to drill USW G-1, a borehole located about 330 m (1,080 ft) to
the southeast. During the drilling of USW G-1, approximately 8.7 million L of drilling fluid
were lost into the rock.

Borehole USW UZ-14, located about 26 m (85 ft) from borehole USW UZ-1 in Drill Hole Wash
at an elevation of 1,349 m (4,430 ft), was drilled to a depth of 677.8 m (2,220 ft) (Rousseau et al.
1999, p. 171). Perched water was detected at a depth of 381.7 m (1,252 ft) (elevation of 967.7
m [3,175 ft]), which is about 9 m (30 ft) above the contact between the lower nonlithophysal
zone (Tptpln) and the crystal-poor vitric zone (Tptpv) of the Topopah Spring Tuff. The top of
the perched water is about 190 m (620 ft) above the water table. After the water was detected,
several pumping tests were conducted to determine if the reservoir could be dewatered. The
perched water was pumped for about 3 days at an average rate of about 0.06 L/s, but fully
recovered in about 5.6 days after the pumping stopped. This indicates that this perched-water
reservoir may be extensive.
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The perched-water reservoir at boreholes USW UZ-1 and USW UZ-14 occurs near the upper
contact of the basal vitrophyre (Tptpv), the lowermost unit in a sequence of highly fractured
pyroclastic rocks above relatively unfractured tuffs (Rousseau et al. 1999, p. 171). Fracture
densities of the rock units in borehole USW UZ-14 are fairly high at the depth at which perched
water was detected, but decrease substantially in the bedded tuffs deeper in the borehole
(Figure 8.5-15). For the vitrophyre to be the perching horizon, it would have to be relatively
unfractured, which does not appear to be the case. If a correlation is assumed between fracture
density and permeability, the permeability of the nonwelded Calico Hills Formation may be
much lower than that of the vitrophyre. Air-injection permeability data indicate that the
permeability of the Calico Hills Formation is about 100 times lower than that of the lower units
of the Topopah Spring Tuff (LeCain 1997, p. 15 and Table 6). Thus, water might be impeded on
its way to the water table by the lack of fracture pathways in the nonwelded Calico Hills
Formation. Consequently, the perched water encountered near the base of the Topopah Spring
Tuff in boreholes USW UZ-1 and USW UZ-14 may simply represent the upper part of a
perched-water reservoir whose base is within the Calico Hills Formation.

Another possible explanation for the formation of the perched water is a hypothesis that invokes
the presence of a lateral barrier to flow that effectively ponds the perched water in the vicinity of
USW UZ-1 and USW UZ-14 (Rousseau et al. 1999, p. 172, Figures 108 and 109). In this
hypothesis, the lateral barrier may be formed by a northeast trending fault that is a splay off the
Solitario Canyon fault. This fault has been interpreted to be a growth fault, thus by definition it
has greater offset and may be more laterally extensive at depth than at the surface. The structural
trap that allows the perched water to accumulate is created by the juxtaposition of a more
permeable layer (Tptpln or upper Tptpv) west of the fault against a less permeable layer (the
lower Tptpv or Tpbtl) east of the fault. This fault may intercept the water flowing downdip
along the crystal-poor vitric zone (Tptpv) or the zeolitic alteration boundary, and may not have
sufficient transmissivity to allow the water to drain as rapidly as it accumulates. This
combination could explain the presence of the thick perched-water reservoir at boreholes USW
UZ-1 and USW UZ-14.

Pumping Tests in Borehole USW UZ-14-Because approximately 9.8 m (32 ft) of a water-filled
borehole was available, several drawdown/recovery tests were conducted in August 1993 in the
perched-water reservoir at borehole USW UZ-14. Pump test #3 was run for approximately
9.3 hr., with an average discharge of 0.1 18 L/s and a maximum drawdown of about 6.1 m (20 ft).
The water level was still recovering when pump test #4 was started. Pump test #4 was run for
66.75 hr., at an average pump rate of 0.059 L/s. Maximum drawdown was 3.5 m (11 ft), and the
water level recovered completely within 72 hr. Because the water level recovered completely
following the pump tests, the perched-water reservoir was considered infinite in extent for the
test analysis. Transmissivity was calculated to be 0.55 m2/day for test #3 and 0.62 m2/day for
test #4. In discrete fracture flow regimes, the majority of the permeability and flow is from a
unique zone, with little contribution from the rock matrix. The analytical solutions provide
reasonable estimates of average transmissivity in porous-media flow conditions even if the
assumptions are not strictly met. However, in this situation, with predominant fracture flow,
violation of the assumptions most likely produces errors in the calculation of hydraulic
conductivity and transmissivity.
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8.5.2.3 Perched Water at Borehole USW NRG-7a

Borehole USW NRG-7a is located in Drill Hole Wash at an elevation of 1,282.8 m (4,208.7 ft)
and was drilled to a depth of 461.3 m (1,514 ft) into the top of the Calico Hills Formation
(Rousseau et al. 1999, p. 171). Water was first noticed in the borehole at a depth of 460.2 m
(1,510 ft), below the contact between the bedded tuff (Tpbtl) and the crystal-poor vitric zone
(Tptpv) at the base of the Topopah Spring Tuff. The water level in the borehole then rose about
30 m (98 ft) to stand at a depth of 430 m (1,410 ft) (elevation of 853 m [2,800 ft]), which is
about 2 m (6.6 ft) above the base of the lower nonlithophysal zone (Tptpln). The perched water
was initially detected about 91 m (300 ft) above the predicted water table at this borehole.
Because perched water was not a high priority at the time USW NRG-7a was drilled, no
pumping tests or television logs were conducted to determine the exact nature and location of the
water influx. Based on information from other boreholes, it is probable that water entered the
borehole prior to the initial detection during drilling. The perched water was encountered near
the contact of a series of highly fractured welded tuffs overlying relatively unfractured,
nonwelded tuffs (Figure 8.5-16). This is similar to the situation at boreholes USW UZ-1 and
USW UZ-14, where perched water may be entrapped in fractures while slowly imbibing into the
matrix of the less-fractured underlying rock unit.

8.5.2.4 Perched Water at Borehole USW SD-9

Borehole USW SD-9 is located adjacent to Drill Hole Wash at an elevation of 1,303.0 m
(4,275 ft) and was drilled to a total depth of 677.6 m (2,223 ft) (Rousseau et al. 1999, p. 171).
Standing water was first noticed in the borehole at a depth of 448.8 m (1,472 ft). Video camera
logs revealed that water was seeping through a fracture into borehole USW SD-9 at a depth of
413 m (1,360 ft) (elevation of 890 m [2,920 ft]), which is 3 m (98 ft) above the contact between
the TSw lower nonlithophysal zone (Tptpln) and the TSw crystal-poor vitric zone (Tptpv) and
about 157 m (515 ft) above the predicted regional water table. The contact between the welded
and fractured TSw crystal-poor vitric zone (Tptpv) and the pre-Topopah Spring bedded tuff
(Tpbtl) is at a depth of about 446 m (1,460 ft) (Engstrom and Rautman 1996, Table 3). The
perched-water reservoir is in fractured welded tuff (Tptpv) underlain by less-fractured
nonwelded and bedded tuffs that comprise the uppermost part of the CHn (Figure 8.5-17).
Because no pumping tests have been conducted on this perched-water reservoir, the areal extent
of the perched water is uncertain.

8.5.2.5 Perched Water in Borehole USW SD-12

Although no perched-water reservoir of sufficient magnitude to cause standing water in the
borehole was detected during the drilling of USW SD-12, the video camera log of this borehole
indicates that a perched-water zone of limited extent probably is present in the densely welded
vitric subunit (Tptpv3) of the Topopah Spring Tuff (Rousseau et al. 1997, p. 21). The video
camera log indicates increased light reflectance and shimmering effect in the depth interval
between 388.1 and 403.8 m (1,273 to 1,325 ft), or from the top of the TSw densely welded vitric
unit (Tptpv3) down to the base of the moderately welded vitric unit of the CHn. Perched water
over this interval is also indicated by the in situ pneumatic pressure responses observed in the
instrument station immediately below this zone (see Section 8.4.2.1.4). The fracture histogram
for this borehole (Figure 8.5-14) indicates intense fracturing within the TSw lower
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nonlithophysal unit (Tptpln) and sparse fracturing in the underlying TSw crystal-poor vitric
zone (Tptpv).

8.5.2.6 Perched Water in Borehole USW SD-7

Borehole USW SD-7 is located on the eastern slope of Yucca Mountain, near the ESF Main Drift
and near the southern extent of the potential repository area. The borehole was completed at a
total depth of 815.3 m (2,675 ft) (Rousseau et al. 1997, p. 22), and water was first observed
during coring at a depth of 488 m (1,600 ft) in the bedded tuffs (Tacbt) at the base of the Calico
Hills Formation (O'Brien 1997, p. 23). This level is 4.5 m (15 ft) above the top of the Prow Pass
Tuff (Figure 8.5-18) and about 143 m (469 ft) above the regional water table. The perched-water
level subsequently rose 8.4 m (28 fit) to a drilling depth of 479.4 m (1,573 ft) (Rousseau et al.
1997, p. 22). The stratigraphically complex bedded-tuff zone (Rautman and Engstrom 1996,
p. 12) is a well-sorted volcanic sandstone layer with argillically altered pumice in all layers,
predominantly horizontal fractures, and some lamination below 487 m (1,600 ft). The
occurrence of perched water at this depth may be directly related to the bedding layers in the
bedded tuff, Tacbt. The matrix hydraulic conductivity of the nonwelded vitric horizon (CHv) is
much greater than that of the zeolitized horizon (CHz) beneath it (see Table 8.3-2), and the
permeability differences alone may be sufficient to cause perched water. Lateral flow may
contribute to form a significant reservoir of water; the horizontally fractured sandstone layer may
also accommodate flow, and could be a water bearing stratum.

Similar to the perched-water reservoir at boreholes USW UZ-1 and USW UZ-14, a structural
trap may be present in the vicinity of borehole USW SD-7 (O'Brien 1997, p. 29, Figure 18).
Water flowing laterally along fractured bedding layers from west to east may encounter a fault to
the east of borehole USW SD-7. Although the physical orientation of the perched-water
reservoir at USW SD-7 can only be hypothesized based on the available information, a favored
conceptual model involves a north-south trending fault that forms a low-permeability boundary
that prevents the water from draining downdip, as illustrated in Figure 8.5-19. The permeable
bedding layers abut the nonwelded to partially welded Prow Pass Tuff at the fault offset.
Presumably, the fault does not have sufficient transmissivity to allow the water to drain as
rapidly as it accumulates, forming the perched-water reservoir. The fact that the water level rose
in the borehole after it was encountered suggests that the perched-water reservoir was under
confined conditions. However, given the dip of the bedding and the limited height of the water
column, the system probably was in contact with the atmosphere and under water-table
conditions at some distance west of the borehole (Figure 8.5-19).

Several hydraulic tests were conducted in borehole USW SD-7 during March 1995 (O'Brien
1997, pp. 23 to 34). After repeatable drawdown curves were obtained, a 30-hr. hydraulic test
was conducted with a mean discharge rate of 0.21 L/s. The mean transmissivity determined
from drawdown data using two analytical solutions was 8 m2/day. Recovery data were not
analyzable because of borehole-storage effects dominating the response. The apparent
permanent lowering of the water level (residual drawdown was 2.3 m [7.5 ft]) indicates that the
reservoir is of limited extent and not hydraulically connected to the regional water table. Water
levels appeared to slowly recover after the completion of the March tests, but they never returned
to prepumping levels. Following deepening of the borehole by 9.1 m (30 ft) to a depth of 497 m
(1,630 ft), additional hydraulic testing was conducted in August 1995. Because deepening of the
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hole allowed for more drawdown, a 64.6-hr. hydraulic test at a mean discharge rate of 0.16 L/s
was conducted. The response to pumping was similar to the March 1995 testing, with the
exception of the water level being lowered below the interval that was apparently producing
water. After about 60 hr. of pumping, the water level in the borehole reached a depth of 488 m
(1,600 ft) and the time-rate of drawdown increased. The sudden change in the drawdown curve
indicated that this interval contained the primary water-producing fracture(s) or layer of porous
rock matrix. Analysis of the drawdown data resulted in a mean transmissivity estimate of
4 m2/day. Similar to the March tests, most of the recovery occurred during the first 20 min. after
the termination of pumping. Slow recovery, at the rate of about 1 m per 6 days, continued until
water-level monitoring was terminated, at which time the residual drawdown was 2.9 m (9.5 ft).
Long-term recovery could not be monitored because the perched reservoir in the borehole was
being cased to allow the drilling operations to resume.

A possible conceptual model that helps to explain the behavior of the hydraulic tests is as
follows. Early-time pumping appeared to be under confined conditions (Figure 8.5-19), with a
rapidly expanding cone of depression. When the drawdown reached the reservoir boundary,
where water-table conditions exist, an unconfined response began to dominate the drawdown
data. Apparently, dewatering of the fracture zone occurred at the interface between the saturated
and unsaturated portions of the fractured zone. As the reservoir volume was depleted, the
driving hydraulic head on the system was reduced, which led to lower rates of inflow to the
borehole. Consequently, the apparent transmissivity decreased with increased depletion of the
reservoir due to pumping. This may explain the lower transmissivity obtained from the August
1995 test (4 m2 /day) than that obtained from the March 1995 test (8 m2 /day).

Using the results of the March and August 1995 hydraulic tests, the reservoir volume for the
perched water at borehole USW SD-7 was estimated to be 97,000 L prior to pumping
(O'Brien 1997, p. 34). This reservoir volume estimate does not include any water that might be
downdip from the borehole or otherwise hydraulically inaccessible to the borehole.

8.5.2.7 Perched Water in Borehole USW WT-24

Borehole USW WT-24 is located at the north end of Yucca Mountain on Mile High Mesa at an
altitude of about 1,494 m (4,902 ft) (YMP 1997, p. 4) in an area where the potentiometric surface
is characterized by a large hydraulic gradient (Luckey et al. 1996, p. 21). Drilling of USW
WT-24 started on July 23, 1997, and through May 14, 1998, the borehole was drilled to a depth
of about 863.8 m (2,834 ft) below land surface, with an elevation of about 630 m (2,070 ft)
(CRWMS M&O 1997a). The method of drilling for USW WT-24 was direct circulation rotary
drilling. Drilling in the dry portions of the borehole used air-circulation methods only. Drilling
through wet portions of the borehole (perched-water body and saturated zone) used mist drilling
methods (air with injected water). Cores were cut from the borehole at selected intervals by
using a 3-m-long (10 ft) HQ-3 wireline-retrievable coring system. The cores were approximately
6.1 cm (2.4 in) in diameter.

Two water bodies were detected in borehole USW WT-24 (CRWMS M&O 1997a). The depth
to the first water body was about 507 m (1,660 ft) below land surface (elevation of about
987 m [3,240 ft]) and the depth to the second water body was about 654 in (2,150 ft) below land
surface (elevation of about 840 m [2,760 ft]). The first water body was identified as perched
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water based on drilling data collected after setting the casing (bottom at about 544 m
[1,780 ft] below land surface) and an external packer that sealed off the first water body. From
about 545 to 760 m (1,790 to 2,490 ft) below land surface, USW WT-24 was drilled dry and no
moisture was detected in the borehole; therefore, the first water body is believed to be perched.
At a depth of about 760 m (2,490 ft) below land surface (elevation of about 734 m [2,410 ft]), a
water-bearing fracture was detected, and from this fracture water rose in the borehole to about
654 m (2,150 ft) below land surface (elevation of about 840 m [2,760 ft]). Drilling continued for
another 104 m (341 ft) below the fracture to 863.8 m (2,834 ft) below land surface without any
significant change in the water level. The location of the fracture is at the approximate elevation
of the regional water table at the southern end of the large hydraulic gradient. The elevation of
the fully recovered water level in this second water body is in the range of the large hydraulic
gradient, as is the elevation of the perched-water body.

The perched-water body was encountered in the lower subzones of the Topopah Spring Tuff and
the pre-Topopah Spring bedded tuff, and the second water body is in the Calico Hills Formation.
Because USW WT-24 was not drilled to sufficient depth, data are not available to adequately
define the second water body.

From October 16, 1997 through January 12, 1998, the perched-water body in borehole USW
WT-24 was pumped and tested (CRWMS M&O 1997a). Two single-borehole aquifer tests were
conducted on the perched-water body. The aquifer tests were conducted on two depth intervals
within the perched-water body, zone I (about 507 to 514 m [1,660 to 1,690 ft] below land
surface) and zone 2 (about 507 to 526 m [1,660 to 1,730 ft] below land surface). After testing
zone 1, borehole USW WT-24 was deepened to zone 2. Analysis of the aquifer test data from
the perched-water body in borehole USW WT-24 was complicated, and consideration needed to
be given to factors impacting data interpretation. These factors included possible partial
penetration, dewatering, well-bore storage, change in fracture and matrix storage, double
porosity, and lateral boundaries. Drawdown and recovery data were analyzed for aquifer
transmissivity. An aquifer transmissivity was not determined for zone 2 because of the reduction
of permeability below in situ conditions during drilling operations.

As part of an effort to verify that the uppermost water body encountered in borehole USW
WT-24 is perched, water samples were collected during the aquifer tests and analyzed for
hydrochemical and isotopic content (Patterson et al. 1998, pp. 277 to 278). The major-ion
chemistry of the perched water in borehole USW WT-24 is very similar to that from the perched
water in borehole USW UZ-14. These analyses indicate that the perched water in borehole USW
WT-24 has not been in contact with zeolites. Strontium concentrations and isotope ratios also
indicate that the uppermost water encountered in borehole USW WT-24 is perched. Overall, the
hydrochemical analyses of the uppermost water in USW WT-24 are consistent with an
interpretation of perched water within the basal vitrophyre of the Topopah Spring Tuff, based on
comparisons with perched water encountered in boreholes USW G-2 and USW UZ-14.

8.5.3 Temperature Measurements and Estimation of Heat Flow Using Borehole
Temperature Data

Temperature measurements were made in numerous boreholes within the central block of Yucca
Mountain and in the surrounding area in the 1980s (Sass et al. 1988) as part of a regional heat-
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flow study. More recently, in situ temperature measurements were made as part of the
instrumented borehole monitoring program at Yucca Mountain (Rousseau et al. 1999, pp. 151 to
161; 1997, pp. 46 to 52). The measured temperature profiles provided a means for calibrating
field-scale values of thermal conductivity (Bodvarsson and Bandurraga 1996, Section 9.4) and
for calculating heat fluxes, from which estimates of percolation flux were made (Rousseau et al.
1999, pp. 56 to 60, 184 to 208; Bodvarsson and Bandurraga 1996, Section 9.5; Bodvarsson et al.
1997, Chapter 11). (See Section 8.7.2 for estimates of percolation flux based on heat flow
estimated in boreholes.)

8.5.3.1 Data Sources

The principal sources of data, analyses, and interpretations for temperature in the deep
unsaturated zone are three reports: Sass et al. (1988), Rousseau et al. (1997), and Rousseau et al.
(1999). The data and interpretations from Sass et al. (1988) are from geothermal surveys and
studies conducted in open boreholes at Yucca Mountain during the 1980s. The data and
interpretations in Rousseau et al. (1997) and Rousseau et al. (1999) are derived from the
borehole instrumentation and monitoring program undertaken by the YMP during the 1990s.

8.5.3.2 Temperature Measurements and Gradients

In situ measurements of temperatures are available from one previously instrumented and seven
recently instrumented (stemmed or packed off) boreholes in the Yucca Mountain site area
(Rousseau et al. 1999, p. 152; Rousseau et al. 1997, p. 46). Temperature measurements in USW
NRG-6, USW NRG-7a, UE-25 UZ#4, UE-25 UZ#5, USW UZ-7a, and USW SD-12 were made
with thermistors originally calibrated against primary temperature standards to an accuracy of
±0.0050 C (95-percent confidence), and with uncalibrated thermocouples (back-up system) using
thermocouple reference tables to convert voltage output to temperature (Rousseau et al. 1999,
p. 152). Measurement precision of the thermistors, with all data acquisition system components
functioning properly, ranges between 0.001 to 0.003'C. Thermocouple accuracy using the
voltage-output reference tables is estimated to be on the order of 0.1 to 0.50C. Measurement
precision of the thermocouples ranges between 0.05 to 0.10 0C. Temperatures in USW UZ-1, a
stemmed borehole that was instrumented in 1983, and UE-25 NRG#4, a packed-off borehole
instrumented by Nye County in 1994, were measured with thermocouples. Temperature data
collected from boreholes USW NRG-6, USW NRG-7a, UE-25 UZ#4, UE-25 UZ#5, USW
UZ-7a, and USW SD-12 are fully qualified under the U.S. Geological Survey (USGS) YMP
quality assurance program. However, temperature data from USW UZ-1 and UE-25 NRG#4 are
not qualified because they were not collected under the approved USGS YMP quality assurance
program.

Additional unsaturated zone temperature data were acquired from 10 open boreholes in the
vicinity of the ESF during the early 1980s (Rousseau et al. 1999, p. 152). Temperature profiles
for boreholes UE-25 a#1, UE-25 a#4, UE-25 a#5, UE-25 a#6, UE-25 a#7, USW G-1, USW G-4,
USW H-l, UE-25 WT#4, and UE-25 WT#18 are presented in Sass et al. (1988, Appendices 1
and 2). Multiple temperature profiles were made in these boreholes intermittently between 1980
and 1984. Measurements were made using thermistors that were lowered either into water-filled
tubes inserted into these boreholes (preferred method) or into air-filled access tubes that were
used for water-level monitoring or for supporting the downhole instrumentation bundle in
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borehole USW UZ-1. Measurement methodology, data limitations, and an analysis of heat flow
within the unsaturated zone at Yucca Mountain based on these data are presented in Sass et al.
(1988). These data are not qualified because they were collected prior to implementation of the
approved USGS YMP quality assurance program.

Temperature measurements made in instrumented boreholes since 1994 confirm the general
findings and conclusions presented in the earlier work of Sass et al. (1988, pp. 35, 42): (1) heat
flow in the unsaturated zone primarily is conductive, and (2) temperature gradients in the
unsaturated zone vary, but generally consist of multiple linear segments (Rousseau et al. 1999,
p. 152). Time-lapse temperature profiles for boreholes UE-25 UZ#4 and UE-25 UZ#5, USW
NRG-7a, USW UZ-7a, and USW SD-12 are shown in Figures 8.5-20 to 8.5-23. The temperature
profiles also indicate that the depth of downward propagation of seasonal surface temperature
changes is approximately 15.2 m (50 ft) (Rousseau et al. 1997, p. 48). Below this depth, the
temperature gradient is very small (if not reflecting nearly isothermal conditions) across the Tiva
Canyon welded hydrogeologic unit. In borehole USW NRG-7a (Figure 8.5-21), temperature
data are too limited to adequately define the gradient across the TCw. However, a small
temperature gradient can be inferred from temperature measurements at station D in the Yucca
Mountain Tuff, a unit of low thermal conductivity compared to the overlying TCw or underlying
TSw. A larger temperature gradient across the PTn is required to conserve conductive heat flux
across the PTn, and this in turn implies a lower temperature gradient across the TCw.

Temperature gradients across the TSw in boreholes USW UZ-7a (Figure 8.5-22) and USW
SD-12 (Figure 8.5-23) exhibit slight convex-upward curvature in the temperature profiles
beginning near the middle of the TSw (Rousseau et al. 1997, pp. 48 and 49). The curvature
probably is an indication of slightly lower thermal conductivity associated with increasing matrix
porosity and decreasing matrix saturation at higher elevations in the TSw. At USW NRG-7a
(Figure 8.5-21), temperature data from the TSw are limited to three stations. Extrapolation of the
gradient across these three stations indicates either a very large gradient across the PTn or
alternatively convex upward curvature over the remaining section of the TSw, where data are not
available. Trends in matrix porosity and matrix saturation in borehole USW NRG-7a are similar
to those in boreholes USW UZ-7a and USW SD-12, suggesting convex-upward curvature in the
temperature profile across the upper section of the TSw in this borehole.

Using the temperature profiles developed by Sass et al. (1988, Appendices 1 and 2) and those
developed more recently for the instrumented boreholes, temperature gradients were calculated
using only the longest continuous linear segments of the borehole temperature profiles for the
various hydrogeologic units (Rousseau et al. 1999, pp. 152 and 156). This approach was used
instead of a best-fit linear regression of all the temperature data for a given hydrogeologic unit
used by Sass et al. (1988) because temperature profiles across the contacts between major
hydrogeologic units tend, to be gradational or curved. The lack of a sharp break, or refraction, in
gradients across the contacts of units with markedly different thermal conductivity is, to some
extent, due to the subtle, transitional changes in the physical and matrix-hydrologic properties
that affect thermal conductivities of the rock units on either side of the contact. This
phenomenon is particularly applicable to the contacts between the TSw and the overlying PTn
and the underlying CHn. Temperature gradients across these contacts are characterized by
convex-upward or concave-upward profiles. Inclusion of these nonlinear segments in the
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calculation of temperature gradients leads to overestimation or underestimation of the gradient
for these sections.

Temperature profiles in six of the eight instrumented boreholes, and the temperature profiles
presented in Sass et al. (1988, Appendices 1 and 2) indicate that temperature gradients in the
TSw can be approximated by nearly linear segments that are continuous over large, composite
thicknesses of this hydrogeologic unit (Rousseau et al. 1999, p. 156). The gradients vary
significantly from one location to another within the study area, and range from a low of 1.590 C
per 100 m (330 ft) at borehole UE-25 a#4 to a high of 2.550 C per 100 m (330 ft) at UE-25
NRG#4 (Rousseau et al. 1999, Table 17). In general, smaller gradients in the TSw appear to be
associated with active channels or valley floors of major drainages. Larger gradients are present
beneath channel margins and hillslopes immediately adjacent to these channels, reaching a
maximum beneath ridges (UE-25 NRG#4 located on Azreal Ridge) or in hydrologically inactive
areas (UE-25 WT#4 and UE-25 a#6 located on hillslopes that are distant from major drainages).
Two notable exceptions to this observation are UE-25 a#l (2.360 C per 100 m [330 ft]), located
very near the active channel of Drill Hole Wash, and UE-25 WT#18 (1.770 C per 100 m [330 ft]),
located along a very steep ridge near the northern boundary of the study area. The apparent
association of gradient magnitude with geomorphic setting probably has hydrologic significance,
similar to the relation between net infiltration and topography and physiography (see Section
8.2.3.3). It is clear from the analysis of heat flow in Pagany Wash that the presence of low-
thermal-conductivity alluvial fill can have a significant influence on heat flow and temperature
gradients within the PTn (see Section 8.7.2). Drill Hole Wash is much wider than Pagany Wash,
and the alluvial fill in this wash is thicker (42 m at UE-25 a#7) and laterally more extensive than
in Pagany Wash. Thus, it is conceivable that the insulation effects of the alluvial fill in Drill
Hole Wash could affect temperature gradients deeper in the TSw. Smaller gradients in the TSw
also probably are due to the effects of nonconductive heat-flow processes (such as infiltration
and deep percolation) that involve coupled heat and mass transport. The possible hydrologic
implications of channel fill and percolation for temperature gradients are examined in more
detail in Section 8.7.2.

Small temperature gradients in the TSw beneath alluvium-filled channels and large gradients
along hillslopes and ridges indicate higher heat flow in the TSw, where the unsaturated zone
section is thickest (Rousseau et al. 1999, p. 156). The thermal conductivity of the TSw is well
constrained, ranging from 1.61 to 1.82 joules per second per meter per 0C (J/s/m/°C) (see
Section 8.7.2). This cannot explain large differences in gradient in order to maintain a vertical
and areally uniform heat-flow field (that is, a 45 percent difference in gradient and a 12 percent
difference in thermal conductivity). The above generalization appears to describe the northern
part of the site area, which has two major drainages (Drill Hole Wash and Pagany Wash), but it
may not be true elsewhere on Yucca Mountain. Sass et al. (1988, p. 35, Figure 16) noted an
inverse correlation between total thickness of the unsaturated zone and heat flow in their one-
dimensional analyses, which included data from* many boreholes outside the site area. This
inverse relation is consistent with topographically induced heat-flow divergence beneath
topographic highs and with heat-flow convergence beneath topographic lows. In contrast, the
temperature data from boreholes in the northern part of the site area, with the exception of UE-25
WT#18 (on a very steep ridge), appear to support a direct correlation between heat flow and
unsaturated zone thickness.
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Changes in temperature gradients occur in all boreholes across the PTn-TSw contact because of
major differences between the thermal conductivities of nonwelded and welded tuffs (Rousseau
et al. 1999, pp. 156, 161). Temperature gradients within the PTn are larger than those in the
underlying TSw because of the lower thermal conductivities for the nonwelded subunits of the
PTn. Gradients across the composite PTn section vary from less than 20 C per 100 m (330 ft) to
greater than 4 to 5PC per 100 m (330 ft) (Rousseau et al. 1999, Table 17). Temperature gradients
within the PTn tend to show more geographic variability than gradients within the TSw (see
temperature profiles of Sass et al. 1988, Appendices I and 2). Variability in the gradient across
the PTn can be attributed to a number of factors: (1) differences in heat flow from the
underlying TSw, (2) proximity of the PTn to the land surface, and hence to the influence of
topographic effects and seasonal temperature changes, (3) the presence or absence of alluvial fill,
and (4) differences in thermal conductivity, which is sensitive to variability in porosity and
saturation values.

Temperature gradients within the TCw tend to be small, and are strongly affected by seasonal
surface temperature changes (Rousseau et al. 1999, p. 161). Temperature profiles for the
instrumented and stemmed boreholes indicate that land-surface temperature changes are
propagated down to depths of about 15 m (49 ft). These data also indicate that temperatures at
this depth tend to be higher in boreholes located within or near active channels (Rousseau et al.
1999, Table 17) because of the low thermal conductivity of the alluvial fill.

8.5.3.3 Time-Series Temperature Data from Monitored Boreholes

Borehole USW SD-12 has yielded the most comprehensive set of unsaturated zone temperature
data because it is instrumented in all four principal bedrock hydrogeologic units: Tiva Canyon
welded, PTn, Topopah Spring welded, and Calico Hills nonwelded (Rousseau et al. 1997, pp. 46
to 48). Temperature stations in the shallow part of the TCw (Q, R, S. and T), generally above the
depth of 15 m (49 ft) (Rousseau et al. 1997, p. 48), indicate the influence of seasonal surface
temperature changes (Figure 8.5-24a). Temperature recovery trends at deeper stations N, 0, and
P in the TCw, L and M in the PTn, and C through K in the TSw generally followed an
asymptotic recovery history from cooler temperatures to warmer temperatures, after an initial
rapid temperature increase (Figures 8.5-24b and 8.5-25a). These same general characteristics
can be seen in the temperature records from borehole USW UZ-7a (Figures 8.5-26a and b).

Time-series temperature records for instrument stations located in the deeper part of the TCw in
both boreholes USW SD-12 and USW UZ-7a (Figures 8.5-24b and 8.5-26a) indicate slight
temperature declines following what appears to be full recovery to ambient, predisturbed
temperatures (Rousseau et al. 1997, pp. 47 to 48). These temperature reversals, even though
slight, are significant because they occurred at depths below the penetration of seasonal surface
temperature changes. In borehole USW SD-12, the temperature reversal has been detected down
to 76.2 m (250 ft) (station M) and in borehole USW UZ-7a, down to a depth of 45.7 m (150 ft)
(station H), abruptly terminating near the top of the PTn. The significance of time-varying
temperatures in the TCw is discussed in Section 8.5.3.4.

The asymptotic warming trends established on about January 15, 1996 at the TSw instrument
stations in borehole USW SD-12 (Figure 8.5-25a) were interrupted by ESF-excavation
pneumatic disturbances in the vicinity of the borehole (Rousseau et al. 1997, pp. 49 and 50).
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Very detailed examination of the temperature records reveals that thermal disturbances began to
appear in the temperature record shortly after February 26, 1996, the date picked for the onset of
pneumatic interference at USW SD-12 from ESF excavation (see Section 8.4.2.3). The
temperature disturbances in the record consist of very subtle increases in the temperature-
recovery rates, followed by complete reversals in the temperature recovery trends.
The temperature records indicate that stations F, G, and H reversed from a warming to a cooling
trend earlier than the other Topopah Spring instrument stations in USW SD-12, probably because
these three stations are closer to the ESF Main Drift than the other stations in USW SD-12.
The temperature disturbances can be explained by recognizing that the borehole temperatures
were cooler than the surrounding rocks prior to the pneumatic disturbance and that tunnel-
induced pneumatic disturbances were accompanied by an increase in the mean in situ pressure in
the TSw. The initial arrival of warm gas as part of the advancing pressure disturbance, followed
by cooler temperatures and reversals in the temperature recovery trends, suggest that the cooling
was caused by evaporation enhanced by convective flow of dry gas from the ESF tunnel.
Without a substantial flow of dry air to replace the vapor-laden air, temperatures would stabilize
or return to their original warming trends following initial pressure stabilization, which has not
been the case. Instead, data indicate that the cooling trend continued for over 1 yr. after the ESF
Main Drift was excavated near borehole USW SD-12. Curiously, there is no evidence of
temperature disturbances associated with the tunnel-induced pressure disturbances in borehole
USW NRG-7a, despite the fact that it is closer to the ESF than USW SD-12 and ESF-excavation-
induced pressure changes occurred in USW NRG-7a almost 4 mo. before they occurred in USW
SD-12. The lack of temperature disturbance in USW NRG-7a may be because of lower fracture
densities in the TSw at USW NRG-7a and because USW NRG-7a is on the east side of ESF and,
therefore, on the downgradient or "upwind" side of the pressure disturbances caused by
tunnel excavation.

8.5.3.4 Estimation of Heat Flow and Implications for Infiltration, Percolation, and
Gas Flow

Heat flow at boreholes UE-25 UZ#4 and UE-25 UZ#5 in Pagany Wash was analyzed based on
temperature measurements and estimated gradients (Rousseau et al. 1999, p. 184). In particular,
the possible role of percolation on the inferred heat flow distribution was determined. The
calculations of heat flow are not qualified because of their dependence on saturation and porosity
data collected prior to implementation of the approved USGS YMP quality assurance program
and on unqualified thermal conductivity models.

Time-series temperature data from boreholes UE-25 UZ#4 and UE-25 UZ#5 indicate that the
temperature recovery histories of the two boreholes were quite different (Rousseau et al. 1999,
pp. 185 and 186). Following an initial rise and rapid decline in temperature from heat released
during grout hydration, temperatures at all instrument stations in UE-25 UZ#4 increased with
time. At UE-25 UZ#5, the temperatures in the lowermost three instrument stations increased,
and temperatures in the uppermost stations decreased. Trends in temperature indicated that
(1) overall temperatures at UE-25 UZ#4 are higher than at UE-25 UZ#5; and (2) the vertical
temperature gradients across the Yucca Mountain and Tiva Canyon tuffs at UE-25 UZ#4 are
large, whereas the gradients across these units at UE-25 UZ#5 are small. Convex upward
flexures in isotherms beneath Pagany Wash (Rousseau et al. 1999, Figure 116) indicate that the
low-thermal-conductivity alluvial fill acts as an insulator, trapping heat in the underlying PTn
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and elevating temperatures at UE-25 UZ#4. The low thermal conductivity of the alluvial fill
forces heat flow to diverge away from the channel and converge in the TCw along the margins
and hillslopes bordering this channel.

Vertical and horizontal heat flow across the Pah Canyon, Yucca Mountain, and Tiva Canyon
tuffs in boreholes UE-25 UZ#4 and UE-25 UZ#5 were calculated by multiplying the temperature
gradient between instrument stations by the appropriate thermal conductivity of the
lithostratigraphic unit (Rousseau et al. 1999, pp. 187 to 189). Because boreholes UE-25 UZ#4
and UE-25 UZ#5 penetrate only the very top of the TSw (Figure 8.5-20), temperatures across the
TSw were not measured at this location. Therefore, vertical heat flow across the TSw was
estimated to range between 32 and 40 mJ/s/m2 , based on the regional heat flow map of Yucca
Mountain and vicinity (Sass et al. 1988, Figure 15). The heat flow estimate for the TSw was
based on a range in temperature gradient of 0.0176 to 0.0248 'C/m and a range in thermal
conductivity of 1.61 to 1.82 J/s/m/0 C.

Comparison of calculated and estimated heat flow through the major hydrogeologic units
indicates a large heat flow deficit across the TSw-PTn contact (Rousseau et al. 1999, p. 189,
Table 20). The heat flow estimated for the Pah Canyon Tuff at boreholes UE-25 UZ#4 and
UE-25 UZ#5 of approximately 15.5 mJ/s/m (Table 20) is substantially less than the conductive
heat flow of 32 to 40 mJ/s/m estimated as typical for the TSw in the northern part of the site
area. Heat flow increases with elevation at borehole UE-25 UZ#5, and to a lesser extent at
UE-25 UZ#4, presumably as a result of the lateral divergence of heat around the alluvium toward
the more thermally conductive rocks of the TCw. Lateral divergence of heat around the alluvium
is indicated by the isotherms in Figure 116 and by the horizontal heat flow estimated to occur
between boreholes UE-25 UZ#4 and UE-25 UZ#5 (Table 20). The tendency for the heat flow to
converge beneath topographic lows also may have contributed to the increase in heat flow with
elevation at UE-25 UZ#5. The reduction in heat flow from 32 to 40 mJ/s/m2 in the TSw to
approximately 15.5 mJ/s/m2 in the Pah Canyon Tuff indicates the presence of heat-consuming
processes, such as the downward movement of water from cooler to warmer thermal regimes.
The vaporization of in situ water by the entry of relatively dry desert air into the mountain, either
because of barometric pressure changes or as the result of topographically driven, buoyancy-
induced air circulation, may be partially responsible for the cooler temperatures measured within
the TCw at UE-25 UZ#5. However, it is unlikely that these processes would be capable of
evaporating water from within the lower part of the PTn and upper part of the TSw, which is the
depth interval over which the implied heat flow deficit occurs.

In the repository block area, steady-state temperature profiles in boreholes USW NRG-7a, USW
SD-12, and USW UZ-7a (Figures 8.5-21, 8.5-22, and 8.5-23) are nearly linear across most of the
TSw (Rousseau et al. 1997, p. 56). Slight convex-upward curvature in the profiles in boreholes
USW SD-12 and USW UZ-7a probably is due to an increase in thermal conductivity with depth
that is correlated to decreasing matrix porosity and increasing matrix saturation with depth across
the TSw. Although there are too few temperature monitoring stations in the TSw in borehole
USW NRG-7a to construct a true or representative temperature profile, the matrix-porosity and
matrix-saturation trends across the TSw in USW NRG-7a are similar to those at USW SD-12 and
USW UZ-7a, suggesting that thermal conductivity increases with depth at USW NRG-7a as well.
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The nearly linear aspect of the temperature gradients within the TSw hydrogeologic unit at USW
SD-12 and USW UZ-7a indicates that heat flow is primarily conductive (Rousseau et al. 1997,
p. 57). At depths beyond the influence of topographic effects, reasonable estimates of heat flow
can be obtained by fitting linear segments to the longest and most representative portions of the
TSw profiles and by using average values of core saturation and porosity over these segments to
compute thermal conductivity. The computed vertical, conductive heat flow across the TSw at
boreholes USW NRG-7a, USW UZ-7a, and USW SD-12 is 37 mJ/s/m2 , 37 to 39 mJ/s/m 2, and
32 to 33 mJ/s/m2, respectively. These estimates compare well with the regional estimates of heat
flow of 30 to 40 mJ/s/m2 (Sass et al. 1988, Tables 5 and 6, Figure 15) for the unsaturated zone in
the area of the potential repository.

The steady-state temperature profiles for boreholes USW NRG-7a, USW UZ-7a, and USW
SD-12 (Figures 8.5-21, 8.5-22, and 8.5-23) also indicate significant changes in the temperature
gradients across the PTn and TCw (Rousseau et al. 1997, p. 57). Larger gradients across the PTn
are consistent with a decrease in thermal conductivity with depth of this unit. In contrast, the
nearly isothermal temperature profiles in boreholes USW UZ-7a and USW SD-12 and the very
small gradient at USW NRG-7a indicate significant nonconductive heat extraction processes.
Conductive heat-balance calculations across the PTn and the TCw at these boreholes indicate
that the conductive heat-flux deficit ranges from 6.6 mJ/s/m2 at USW UZ-7a to 8.8 mJ/s/m2 at
USW NRG-7a (Rousseau et al. 1997, pp. 57 and 58, Table 5.1-3). The apparent heat losses can
be accounted for by considering the two most significant nonconductive heat transfer processes
in the unsaturated zone: (1) sensible-heat consumption due to convective downward and/or
lateral movement of liquid water from relatively cool, shallow depths to deeper and warmer
depths, and (2) latent-heat consumption due to evaporation sustained by active, convective gas
flow that removes vapor-laden air.

To sustain a latent-heat transfer process, a steady flow of under-saturated air is required to
remove vapor-laden air (Rousseau et al. 1997, p. 58). Because of the physiographic setting and
fracture characteristics of the Tiva Canyon hydrogeologic unit at Yucca Mountain, several
mechanisms are available to either introduce air of a low vapor concentration or to promote
active gas circulation within this unit. These include: (I) barometric-pressure-induced pumping
to introduce drier gas directly into the subsurface, (2) lateral gas flow induced by density-driven
topographic effects, (3) wind-induced pressure effects, (4) temperature-induced density
differences, and (5) vapor buoyancy and upward vapor diffusion driven by large vapor-
concentration gradients between underground air and atmospheric air. The efficiency of
convectively driven vapor removal is bolstered by the high fracture permeabilities within
the TCw.

The computed conductive heat flow deficits for latent heat are sufficient to vaporize a water flux
equivalent of 0.11 mm/yr. at USW NRG-7a, 0.10 mm/yr. at USW SD-12, and 0.08 mm/yr. at
USW UZ-7a (Rousseau et al. 1997, pp. 58 and 59). Alternatively, sensible-heat losses would
require a downward, liquid infiltration rate of 52 mm/yr. at USW NRG-7a, 78 mm/yr. at USW
SD-12, and 96 mm/yr. at USW UZ-7a if liquid flow were the only nonconductive heat-transfer
mechanism. These estimates for vaporization and infiltration represent two end members of the
nonconductive heat-transfer spectrum. Some combination of these processes is supported by
other evidence from the borehole monitoring data from USW UZ-7a and USW SD-12. As
described in Section 8.5.3.3, the time-series temperature records for all the instrument stations in
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the TCw indicate the possible presence of a very low-amplitude, low-frequency (annual?)
temperature cycle down to depths of 76.2 m (250 ft) at USW SD-12 and 45.7 m (150 ft) at USW
UZ-7a. These depths are much greater than the depth of penetration of seasonal surface
temperature changes, 15.2 m (50 ft), and thus cannot logically be attributed to conductive heat
transfer from the ground surface. One possible explanation for the cyclic character of these
temperatures is evaporation accompanied by active, convective gas flow. However, additional
monitoring data are needed to confirm the presence of these deep temperature cycles and their
relation to surface temperatures and seasonal temperature changes.

Heat losses due to a downward infiltration in the range of 52 to 96 mm/yr. are extremely unlikely
unless substantial lateral flow occurs within the PTn (Rousseau et al. 1997, p. 59). Other
investigators have shown that steady-state downward liquid flux through the matrix of the
underlying Topopah Spring welded hydrogeologic unit is limited to 0.2 to 4.5 mm/yr. Water-
potential profiles across the TCw in boreholes USW UZ-7a and USW SD-12 indicate drier
conditions with decreasing depth below the ground surface and an upward water-potential
gradient and matrix flux component (see Section 8.5.1.2). These two conditions suggest limited
downward matrix flux within the Tiva Canyon hydrogeologic unit, but do not preclude the
possibility of episodic fracture flow. However, fracture flow through the Tiva Canyon
hydrogeologic unit is limited by the lower water potentials, hence greater imbibition capacity to
extract moisture from the fractures.

Studies by other investigators of gas residence times in the Tiva Canyon welded hydrogeologic
unit indicate that gas circulation through this unit is sufficient to remove the 0.08 to 0.11 mm/yr.
of liquid flux equivalent needed to sustain the latent-heat process (Rousseau et al. 1997, p. 58).
Gas residence times have been estimated using the chemical concentrations of three CFC species
and 14 C0 2 collected from the TCw from boreholes USW UZ-6s and USW UZ-6 in the area of
the Broken Limb Ridge near Yucca Crest (Patterson et al. 1996, pp. 93 to 94). In this analysis,
gas residence times were fairly narrowly constrained to between 1 and 4 yr., with a best estimate
of about 2 yr. If the average travel distance from the recharge area to the discharge area is 200 m
(660 ft), the 2-yr. residence time requires a gas circulation velocity of 100 m/yr. through the
TCw, which would be sufficient to sustain a vaporization rate of 0.7 mm/yr.
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8.6 HYDROCHEMICAL AND ISOTOPIC INDICATIONS OF FLUID FLOW

This section provides an overview of aqueous- and gaseous-phase hydrochemical and isotopic

data for water and gas collected from the unsaturated zone. In particular, interpretations of these

data are used to provide constraints on possible flow mechanisms and residence times of fluids

(water and air) in the unsaturated zone (Yang et al. 1996, p. 2; Yang et al. 1998, p. 2). Methods

used to collect and process water and gas samples for chemical and isotopic analyses are

described in Yang et al. (1996, pp. 6 to 12) and Yang et al. (1998, pp. 4 to 7, pp. 24 to 29). More

detailed information on sample locations and the results of chemical and isotopic analyses were

described in Sections 5.3.6, 5.3.7, and 5.3.8.

8.6.1 Data Sources

The principal sources of data, analyses, and interpretations for hydrochemical and isotopic

indications of fluid flow are two reports: Yang et al. (1996) and Yang et al. (1998). For the

unsaturated zone hydrochemical and isotopic studies, the data consist of a variety of chemical

parameters for water and gas collected from the unsaturated zone, including concentrations of

major ions, tritium, 36C1, deuterium, 180, gas composition, and C isotopes. These data were

described and interpreted in detail in Sections 5.3.6, 5.3.7, and 5.3.8.

8.6.2 Aqueous Phase Chemistry and Isotopes

Aqueous-phase hydrochemical data have been interpreted to determine possible flow

mechanisms and residence times for pore water in the unsaturated zone. The data consist of

chemical compositions (major cations and anions) and isotopic concentrations, including tritium,

14C, and 13C, of pore water in cores obtained from unsaturated zone boreholes. Chemical

compositions of pore water in different lithologic units help in understanding the hydrologic

relations among the major hydrogeologic units. The chemical and isotopic data have been used

to formulate preliminary conceptual hydrologic flow models.

8.6.2.1 Major-Ion Chemistry

Detailed information about major ions in unsaturated zone water was provided in Section 5.3.6.

These data indicate that pore water extracted from bedded tuff of the Paintbrush nonwelded unit

(PTn) is calcium-chloride or calcium-sulfate type water due to the interaction of recharging

water with near-surface or shallow-depth soils (Yang et al. 1996, pp. 13 and 55; Yang et al.

1998, p. 53). In contrast, pore water extracted from the Calico Hills nonwelded unit is sodium

carbonate-bicarbonate type water. In spite of large distances separating boreholes, chemical

compositions of pore waters generally are similar within a given stratigraphic unit, but markedly

dissimilar between different host lithologies. The total concentration of major ions in pore

waters is highly variable and in many samples is greater near contacts than in the middle of

stratigraphic units (Yang et al. 1996, p. 24). The larger concentrations suggest a greater degree

of rock-water interaction, which could indicate prolonged contact of percolating water with

silicate rocks. Concentration of total dissolved solids in unsaturated zone pore water is

significantly larger than in either perched water or saturated zone water (Yang et al. 1998, pp. 16

and 53).

TDR-CRW-GS-000001 REV 01 ICN 01 8.6-1 September 2000



Several samples of pore water extracted from rock cores were found to have very large values for
total dissolved solids (see Section 5.3.6). The isotopic composition of some of these samples
indicates that the water was subjected to evaporation after precipitation occurred and that
evaporation was as high as 12 percent of precipitation (Yang et al. 1998, pp. 15 and 51).
Although some evaporation may have occurred during field processing of core, additional water
loss could have occurred prior to infiltration or within the subsurface. In either case, the total
amount of evaporation is insufficient to account for the large values of total dissolved solids and,
therefore, rock-water interaction probably produced the anomalous values. The rock-water
interaction is not likely to have been surficial because this process would be expected to lead to a
greater homogeneity for at least the shallower pore-water samples, which has not been observed.
Furthermore, there is abundant calcium carbonate at the surface of Yucca Mountain that likely
would be a major contributor to dissolved solids prior to infiltration, but the samples with the
largest total dissolved solids do not contain substantially larger amounts of Ca or total carbonate
than other samples. Thus, the variability in chemistry of pore water among various lithologic
units most likely is the result of varying amounts of time for rock-water interaction in the
subsurface.

Chloride concentrations in perched water are fairly small, ranging from about 4 to 15 mgIL, and
are much lower than the chloride concentrations of pore water from the PTn and the Topopah
Spring welded unit (TSw) (Rousseau et al. 1999, p. 175). The low chloride concentrations
indicate very little contribution to the perched-water reservoir by water from the matrix of the
overlying rocks. Furthermore, data indicate that chloride is behaving conservatively as it moves
deeper into the system. Therefore, the nonequilibrium with respect to chloride between the
perched water and pore water indicates that the perched water has experienced minimal
interaction with the rock matrix and that the perched water probably was derived from water
flowing rapidly through fractures. These data are strong evidence that fracture flow is the
principal source of perched-water reservoirs at Yucca Mountain.

8.6.2.2 Strontium Isotopic Composition

Detailed information about Sr isotopic content of unsaturated zone water was provided in
Section 5.3.7.6. These data indicate that the isotopic composition of Sr in pore waters varies less
erratically than the major-ion chemistry and provides further evidence of rock-water interaction
(Paces et al. 1997, Appendix C). Results of Sr analyses indicate that water enters the surface at
Yucca Mountain with an isotopic composition roughly equal to that of the wet and dry fall
material and becomes more radiogenic by reacting with Sr in the Tiva Canyon Tuff. Pore water
within the PTn becomes markedly more radiogenic, possibly due to longer reaction times.
Further rock-water interaction within the Topopah Spring Tuff increases the 87Sr ratio slightly.
Finally, cation exchange with zeolites of the Calico Hills nonwelded unit (and possibly
complication from a component of lateral flow) leads to marked variations in the 87Sr ratio.

8.6.2.3 Tritium and Chlorine-36

Detailed information about tritium in unsaturated zone water was provided in Section 5.3.7.2.
These data indicate that the largest concentrations of tritium found thus far within the unsaturated
zone are associated with the Bow Ridge fault (LeCain et al. 1997, p. 40). Tritium concentrations
as great as 155 TU were found in pore waters 3.4 m (11 ft) west of the fault within the pre-
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Rainier Mesa Tuff. Values of approximately 120 and 130 TU were found in pore waters within
the fault breccia. The high values are not surprising, given the width of the fault zone at the
surface, the lack of alluvium up-slope from the fault, and the shallow depth of the samples
(approximately 20 to 30 m [66 to 96 ft]). Tritium data from surface-based unsaturated-zone
boreholes indicate several "inversions," with larger tritium concentrations located below smaller
tritium concentrations in a vertical profile (Yang et al. 1996, p. 31). These inversions indicate
that vertical water percolation through the matrix is not the only type of flow mechanism at
Yucca Mountain. Post-bomb tritium concentrations were observed down to bedded tuff or Pah
Canyon Tuff in several boreholes (Yang et al. 1996, Figures 8-13; Yang et al. 1998, Figures 6
to 9). The occurrence of bomb-generated tritium in waters below non-tritium-bearing water (and
hence older water) in a vertical profile is strong evidence of fracture and lateral flow.

Detailed information about 36C1 in unsaturated zone water was provided in Section 5.3.7.3. The
36Cl analyses of soil and alluvial profiles indicate that thick alluvium is effective in reducing net
infiltration to levels less than 1 rnm/yr. (see Section 5.3.7.3.2). Similarly, borehole samples
collected from rock units underlying such thick alluvium show no evidence of the presence of
bomb-pulse 36C1. In contrast, where alluvial cover is thin (e.g., less than a few meters thick) or
missing, water is able to readily enter fractures of the bedrock. For example, fast transport
through the Tiva Canyon welded unit is indicated by bomb-pulse 36CI in several boreholes that
intersect the PTn. Other evidence of fast pathways that persist into the TSw includes bomb-pulse
36CI at locations in the northern part of the Exploratory Studies Facility (ESF), where 31 of
247 samples showed the unambiguous presence of bomb-pulse 36CI. In the southern part of the
ESF, 36Cl ratios are typical of Holocene water, which could suggest travel times less than 10 k.y.
to this depth. A number of samples from the southern part of the ESF had 36C1 signals that were
significantly below the present-day background value, suggesting the possible presence of zones
of relatively stagnant water. The presence of bomb-pulse 36CI is supported by the presence of
bomb-pulse 99Tc at two locations, the Bow Ridge fault exposed in the ESF, and drill cuttings
from borehole USW UZ-N55 at the base of the PTn. The correlation of the elevated 36C1 in the
ESF with the surface expression of faulting indicates that the pathway and travel time may
involve locally modified fracture properties of the PTn. These data support the hypothesis that
faulting increases fracture permeability of the PTn, thereby generating a local environment that
supports fracture flow and hence rapid transport of solutes. Once through the PTn, flux
distributions favor fracture flow in the TSw, thereby providing a continuous pathway to the ESF.
None of the few 36CI measurements available for samples collected below the potential
repository horizon were sufficiently high to indicate the unambiguous presence of bomb-
pulse 36C1.

8.6.2.4 Carbon Isotopes

Detailed information about C isotopes in unsaturated zone water was provided in Section 5.3.7.4.
These data indicate that 14C values of perched waters range from 66.9 to 27.2 percent of modern
1 4C, corresponding to apparent residence times of about 3.5 to 11 k.y. (Yang et al. 1996, p. 34).
Questions regarding corrections to these ages because of dissolution of older soil caliche by
infiltrating water remain to be resolved. The corrected ages could be younger if the dissolved
inorganic carbonate has been diluted by dead C through isotopic exchange with old calcite along
its flow path (see Section 5.3.7.4). Contamination of perched water through introduction of
modern C by exposure to the atmosphere or drilling air is expected to be insignificant because
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the mass of C in water reservoirs is much larger than that in drilling air (Yang et al. 1998, p. 23).
Recent input of 14C through percolation is expected to be minor because all perched-water
samples contain only background tritium concentration (Yang et al. 1996, p. 34). If postbomb
water is present in the perched bodies, the component is too small to be detectable. Carbon-13
values for perched water are quite variable and there is a weak correlation between 13C and the
surface material in which a given borehole is located.

Pore waters from both the PTn and Calico Hills nonwelded unit have significant amounts of
modem C such that most samples suggest an apparent age of less than 10 k.y. (Yang et al. 1996,
pp. 31 to 34; Yang et al. 1998, pp. 16 to 23). The apparent young 14C ages in the pore water
from all nine boreholes may have resulted either from a single episode of inflow or a mixing of
older and younger pore waters.

8.6.2.5 Stable Isotopes

Detailed information about stable isotopes in unsaturated zone water was provided in
Section 5.3.7.5. These data indicate that, in general, deuterium and 180 values for unsaturated
zone pore water are enriched compared to local precipitation, indicating that near-surface
evaporation is an active process at Yucca Mountain (Yang et al. 1998, p. 48, Figure 17).
In addition, the stable-isotope composition of pore water is lighter than that of rain from four
major storms at Yucca Mountain during July and August of 1984, suggesting that summer rains
contribute little to net infiltration and that winter precipitation is the major source of infiltration
at Yucca Mountain (Yang et al. 1998, p. 48, Figure 18). The isotopic compositions of the
unsaturated zone pore water and saturated zone groundwater beneath Yucca Mountain show
some overlap, but the saturated zone water tends to be isotopically lighter, which is consistent
with recharge at higher elevations and at colder temperatures. Stable isotopic values for perched
water generally are slightly greater than the values for saturated zone water, but closer to local
precipitation than unsaturated zone pore water, indicating less evaporation before infiltration
than pore water of the unsaturated zone.

Stable-isotope values for both unsaturated zone pore water and perched water generally are
heavier than values for saturated zone water, which has uncorrected 14C ages between 9 and
18 k.y. (Yang et al. 1998, p. 53). Furthermore, stable-isotope values for pore water and perched
water generally are heavier than values for last-ice-age water, which has uncorrected l C ages
between 12 and 18 k.y. If significant mixing of last-ice-age water with matrix water had
occurred in the TSw, the pore water would appear to be lighter than it does. Therefore, it seems
that pore water in the TSw has a post-glacial origin and is on the order of 2 to 10 k.y. old.

8.6.3 Gaseous-Phase Chemistry and Isotopes

Detailed information about gaseous-phase chemistry and isotopes in unsaturated zone water was
provided in Sections 5.3.7.4.3 and 5.3.8. Based on data from borehole USW UZ-1, rock-gas
compositions in the unsaturated zone are similar to atmospheric air except that carbon dioxide
concentrations generally are higher in the rock gas (Yang et al. 1996, p. 40, Table 8) than in air,
with the latter averaging 0.034 percent. Gas composition data from borehole USW UZ-1
collected from 1983 to 1994 indicate that carbon dioxide concentrations steadily increased until
1987 as drilling air was removed during semiannual gas sampling. Carbon dioxide
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concentrations in the upper intervals of USW UZ-1 are high due to biologic activity in the soil
zone. High concentrations of carbon dioxide near the bottom of the borehole probably represent
breakdown of organic polymers from drilling fluids.

Carbon-13 values of gas from various depths in borehole USW UZ-1 showed large variations in
both depth and time (Yang et al. 1996, p. 40, Figure 19). Gas samples collected in 1984 had
heavier ' 3 C values than those collected in 1985 because the 1984 samples probably were heavily
contaminated with drilling air. The light 13C values near the bottom of the borehole likely were
caused by breakdown of organic polymers from drilling fluids. From 1986 through 1994, most
13C values were in the range of -18 to -23 except near the bottom of the borehole where
departures from this range were observed. Overall comparison of 13 C values for gas and water
from the same general depth in the unsaturated zone suggests that the two phases are not in
equilibrium (Yang et al. 1996, p. 45).

Carbon-14 values for gas samples from borehole USW UZ-1 showed large variations in
1984 and 1985 (Yang et al. 1996, p. 45, Figure 20). Since that time, however, 14C values have
been very consistent and indicate a gradual decrease in '4 C activity with depth to about 23 pmc at
368 m (1,210 ft). The 14C profiles show an abrupt change in the slope of the depth-versus-' 4C
activity lines within the PTn. This indicates that the transport velocity within the PTn is smaller
than that in the TSw, probably due to higher porosity and water content in the PTn. The
estimated minimum downward velocity of gas in the TSw based on the apparent 14C ages and
depths in the borehole is 0.0326 cm/yr., which is consistent with downward movement of
atmospheric carbon dioxide by simple Fickian diffusion (Yang et al. 1996, p. 45; Rousseau et al.
1999, p. 120). Although unlikely to be the only mechanism for gas movement in the TSw at
borehole USW UZ-1, diffusion seems to be the dominant mechanism and accounts for the
observed distribution of gaseous 14C values with depth.

The 14C activities of gas from borehole USW SD-12 are similar to those of borehole USW UZ-1
in that they generally decrease with depth, but with some large deviations that can be accounted
for largely by atmospheric contamination (Yang et al. 1998, pp. 21 to 23, Table 5). The smooth
trends in 14 C activity for gas within borehole USW SD-12 are consistent with the data obtained
from borehole USW UZ-1, indicating gas transport by diffusion. However, the large fluctuations
toward greater percentages of modem C in USW SD-12 may represent a fracture-flow
component. In the bottom of the hole, that component could be modem atmospheric gas, given
the sharp increase in both 13C and 14C values. Alternatively, the gas-pressure deficit in the
deepest two stations in borehole USW SD-12 or a leak in the downhole instrumentation may
have caused atmospheric air to enter the rock mass surrounding these two stations.
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8.7 ESTIMATION OF PERCOLATION FLUX IN THE DEEP UNSATURATED ZONE

Percolation flux is defined as the volumetric rate of water movement per unit area at depths
below which the rate of water removal by evapotranspiration is insignificant. Percolation flux is
an important variable that directly impacts water seepage into and drainage from the potential
waste-emplacement drifts, and thereby influences rates of waste package corrosion, waste
dissolution, and waste migration. Knowledge of its magnitude, spatial and temporal variability,
and mode of delivery as fracture- or matrix-derived flow is therefore important for the design of
canisters, engineered barriers, and the layout of the potential repository, and for assessments of
waste mobility and migration. A number of methods have been employed to assess percolation
rates. The basis for these methods, associated uncertainties, and estimates of percolation rates
derived by these methods are discussed below.

8.7.1 Data Sources

A wide variety of data and interpretive information has been used to derive estimates of
percolation flux in the deep unsaturated zone. The principal sources of these data and
interpretations are several reports: Rousseau et al. (1999); Sass et al. (1988); Bodvarsson
et al. (1997); Yang et al. (1996); Yang et al. (1998); Paces, Marshall et al. (1997); and Paces
etal. (1998).

8.7.2 Estimation of Percolation Flux Using Borehole Temperature and Heat-Flow Data

In Section 8.5.3.4, temperature data were used to estimate heat flow and to describe possible
implications for infiltration, percolation, and gas flow. Section 8.5.3.4 also describes heat-flow
deficits across the major hydrogeologic units determined using borehole temperature data. The
heat-flow deficit across the Paintbrush nonwelded (PTn) unit-Topopah Spring welded unit (TSw)
contact is especially significant because it indicates the presence of heat-consuming processes at
depths and in stratigraphic intervals where gaseous-phase circulation is unlikely to occur. Thus,
the heat flow deficits at the PTn-TSw contact likely are due to downward-movement of water
from cooler to warmer thermal regimes (Rousseau et al. 1999, p. 189). Here, heat-flow estimates
are used to derive percolation-flux estimates in the deep unsaturated zone.

Because water consumes heat as it moves from cooler, shallow depths to warmer, deeper
environments, borehole temperature profiles are potentially a sensitive indicator of the
percolation flux. The use of temperature data to estimate percolation flux has several advantages
over other methods that have been used to estimate flux.- For example, unlike isotope data
collected from the unsaturated zone, which reflect fluid velocities and require assumptions about
the effective porosity along the flow path to obtain fluid flux, temperature data are directly
sensitive to the mass flux, irrespective of fluid velocity. Because temperature data reflect the
total fluid flux, including both the fracture and matrix flow components, no assumptions about
poorly known parameters (such as those that describe fracture-matrix interaction) are necessary,
as has been the case where attempts have been made to determine percolation flux from matrix-
saturation or matrix-isotope data. Furthermore, thermal conductivity is a linear function of
saturation, and therefore subject to less uncertainty than other saturation-dependent quantities
(such as hydraulic conductivity) that are extremely sensitive to measurement errors in saturation
or in saturation-dependent functional relationships.

TDR-CRW-GS-OOOOO1 REV 01 ICN 01 8.7-1 September 2000



The TOUGH2 version 1.11 code was used for the estimation of percolation flux from borehole
temperature data. The specific applications of the TOUGH2 code are described in
Sections 8.7.2.1 and 8.7.2.2.

8.7.2.1 Pagany Wash Heat-Flow Study

The percolation necessary to cause a heat-flow deficit of a given magnitude can be estimated
from the equation:

qhz= qho - Aqh = qhO - qlchAT (Eq. 8.7-1)

where

qhz (mJ/s/m2 ) = the heat flow at some elevation z above the water table

qho (mJ/s/m 2) = the heat flow at the water table

Aqh = the heat-flow deficit (mJ/s/m2 )

q, = the mass flux of water (kg/s/mr2 )

Ch = the specific heat of water (4.1868 x 106 mJ/kg/0 C)

AT (0C) = the temperature change of water as it moves from a cooler environment at
elevation z to a warmer environment at the water table (Rousseau et al.
1999, pp. 189 and 190).

The temperature in the middle of the Pah Canyon Tuff at UE-25 UZ#4 and UE-25 UZ#5
is approximately 21 0C (Rousseau et al. 1999, Figure 116). The temperature at the water
table beneath UE-25 UZ#4 and UE-25 UZ#5 is estimated to be approximately 31 C, so that
AT, 100C. Assuming that heat flow at the water table is at least as great as that estimated for
the TSw based on the Drill Hole Wash boreholes (32 to 40 mJ/s/m2), and that
Aqh = 15.5 mJ/s/m2, it can be estimated from the above equation that percolation flux is 12.4 to
18.4 mm/yr. If the heat flow at the water table is larger than that estimated on the basis of the
data from the TSw, the percolation flux required to satisfy the larger heat-flow deficit would also
be larger. Therefore, as a minimum, the long-term percolation flux beneath Pagany Wash within
the lower part of the PTn and upper part of the TSw in the vicinity of UE-25 UZ#4 and UE-25
UZ#5 is 10 to 20 mm/yr.

It is possible that the percolation fluxes estimated above may have been affected by two
artificial-infiltration or ponding experiments conducted at UE-25 UZN#7, a neutron-monitoring
borehole located in Pagany Wash about 2 m north of borehole UE-25 UZ#4 (Rousseau
et al. 1999, pp. 190 and 191). The exact effects of these two infiltration experiments on in situ
temperatures at UE-25 UZ#4 and UE-25 UZ#5 are not known. However, the time-series
temperature records (Rousseau et al. 1999, Figures 114 and 115) and time-lapse temperature
profiles (Figure 8.5-20) for these two boreholes do not exhibit any aberrations.
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A series of one- and two-dimensional simulations of liquid flow and heat flow under Pagany
Wash was run using the TOUGH2 computer code in an attempt to verify the 12.4- to
18.4-mm/yr. percolation-flux estimates calculated at UE-25 UZ#4 and UE-25 UZ#5 on the basis
of the above equation (Rousseau et al. 1999, pp. 197 to 200). The thermal properties of rock
units used in this analysis were derived from the thermal-conductivity model of Rautman (1995).
One two-dimensional simulation considered the effects of 20 mm/yr. of infiltration applied in the
wash, with 0.1 mm/yr. applied along the adjacent sideslopes and ridges. An infiltration rate of
20 mm/yr. across the entire wash, rather than just in the main drainage channel, was used to
compensate for the fact that other processes, such as drainage from the sideslopes under the
alluvium along the alluvium/bedrock interface, were not explicitly considered. The distribution
of calculated saturation and liquid flux for this simulation indicated that, although saturation and
deep percolation flux are higher in rock beneath the wash, lateral diversion along the top of the
crystal-poor vitrophyre of the Tiva Canyon Tuff also causes a significant increase in the
saturation and percolation flux in the rock beneath the adjacent sideslope. The distribution of
calculated temperature and heat-flow vectors for this simulation indicated that heat is transported
convectively along the top of the nonwelded unit of the crystal-poor vitrophyre of the Tiva
Canyon Tuff (Tpcpvl) from UE-25 UZ#4 to UE-25 UZ#5. This result indicates that lateral
diversion of infiltration and the convective transport of heat from UE-25 UZ#4 to UE-25 UZ#5
are being overestimated by the model, possibly because too little infiltration (0.1 mm/yr.) was
assumed for the sideslopes and ridges. In addition to the assumed distribution of infiltration, the
assumption of uniform temperature (18.5°C) along the upper boundary of the model also may
have contributed to the absence of separation in the temperature profiles.

Additional one-dimensional simulations were conducted to examine a broader range of
infiltration rates than the range that could be investigated using the two-dimensional model
because of prohibitively long computation times (Rousseau et al. 1999, pp. 200 to 204). The
best-fit trial-and-error match between measured temperatures and simulated temperatures
resulted in infiltration fluxes of 18 mm/yr. at borehole UE-25 UZ#4 and 5 mm/yr. at borehole
UE-25 UZ#5. Overall, the match between the measured and simulated temperatures is good at
both UE-25 UZ#4 and UE-25 UZ#5. However, because the model is one-dimensional, it cannot
reflect the nonvertical components in the heat and water fluxes beneath the wash. The reduction
in heat flow in the upper part of UE-25 UZ#4 due to the deflection of heat around the alluvium is
not accounted for in the results of the one-dimensional model. Consequently, to compensate for
this overestimate of heat flow at UE-25 UZ#4, the model requires infiltration rates greater than
the true values in order to reduce the simulated rock temperatures to their measured values.
Similarly, because the one-dimensional model does not account for the increase in heat flow in
the upper part of UE-25 UZ#5 that results from deflection of heat into the sideslopes, percolation
rates smaller than the true values are predicted as necessary to reproduce the measured rock
temperatures. The one-dimensional model also cannot reproduce the reduction in heat flow with
depth beneath the wash that occurs as a result of lateral spreading, which may explain why
temperatures in the lower part of UE-25 UZ#4 are underestimated by the model results. The
5-mm/yr. infiltration rate resulted in a simulated water table temperature that closely
approximated the water table temperature beneath Pagany Wash (31°C). The 18-mm/yr.
infiltration rate resulted in a water table temperature that was 20C cooler than this estimated
temperature. Results of a sensitivity analysis show that the temperature profiles are fairly
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sensitive to infiltration rate, indicating that the infiltration rates identified through matches with
the borehole data are well constrained.

Because of strong similarities in the stratigraphy, geomorphology, and thermal regimes between
the Pagany Wash study site and Drill Hole Wash, extrapolation of the Pagany Wash results to
Drill Hole Wash seem reasonable (Rousseau et al. 1999, p. 206). Accordingly, percolation
fluxes on the order of 10 to 20 min/yr. in Drill Hole Wash do not seem unreasonable, even
though the alluvium in Drill Hole Wash is thicker and more extensive than that in Pagany Wash.

8.7.2.2 Analytical and Numerical Analysis of Borehole Temperature Data to Estimate
Percolation Flux

Bodvarsson et al. (1997, Chapter 11) estimated percolation flux from borehole temperature data
using both analytical and numerical methods. In the analytical method, a series of equations
were developed that represented heat flow through each layer with a uniform and constant
thermal conductivity (Bodvarsson et al. 1997, Section 1 1.4.1). Assuming that the temperature at
the surface of the top layer is known, expressions also were developed to represent the two most
likely lower boundary conditions: constant temperature and constant heat flux. Various
percolation rates then were assumed and the equations were solved to determine which analytical
model best matched the observed temperature profile. Following this general approach, the
constant lower boundary temperature analytical solution was applied to temperature data from
28 boreholes (Bodvarsson et al. 1997, Table 11.4). Percolation flux values obtained in this
manner were found to vary greatly, from 0 to over 60 mmn/yr., and the root mean square error
also varied considerably. Analysis of the percolation fluxes derived from the simple analytical
model indicated some correspondence between high percolation rates and fault zones. Low
percolation rates seemed to correspond to shallower boreholes that were more likely to be
affected by shallow gas flow in the Tiva Canyon Tuff. Analysis of root mean squares error for
each borehole indicated that the analytical method could be applied much more confidently in
deeper boreholes and that the limited number of data points for the shallower holes was
contributing substantially to the error.

To refine the estimates of percolation flux derived from the simple analytical method, numerical
analysis of borehole temperature data also was conducted using the unsaturated-zone flow model
and the TOUGH2 computer code (Bodvarsson et al. 1997, pp. 11-11 to 11-18). The numerical
analysis incorporates more realistic geological layering and the known variability in thermal
properties. In the numerical analysis, one-dimensional columns were extracted from the
unsaturated zone model, and the percolation rate was varied until a reasonable match was
achieved between computed and observed temperature profiles for each borehole. The resulting
estimated percolation flux rates are shown in Table 8.7-1, along with flux rates from the Pagany
Wash study. Results indicate that at the crest of Yucca Mountain, percolation flux rates are
about 5 mm/yr., with somewhat higher rates (about 10 to 15 mm/yr.) at boreholes USW G-2,
USW SD-12, and UE-25 WT 18 (see Bodvarsson et al. 1997, Table 11.4, Figure 11.14). No
estimates of percolation flux were made for Pagany Wash (boreholes UE-25 UZ#4 and UE-25
UZ#5) because of limitations discussed earlier in connection with the analytical method.
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8.7.3 Estimation of Percolation Flux Using Chloride Mass-Balance Method

The chloride mass-balance method uses the chloride concentration of pore water, perched water,
or saturated-zone water; the concentration of chloride in precipitation; and the average annual
precipitation to estimate the fraction of precipitation that escapes evapotranspiration and
becomes net infiltration. The method assumes that the flux of chloride along a one-dimensional
column of rock is constant and equal to estimates of the present-day chloride flux. The method
has traditionally been applied to shallow alluvial materials where runoff and run-on do not occur
and where piston-type flow can be assumed. Application of the method to sites where there may
be significant runoff and run-on, subsurface lateral diversion, and partitioning of water flow
between fractures and matrix remains to be thoroughly evaluated.

The chloride mass-balance approach estimates net infiltration using the relationship:

PCp = IC, (Eq. 8.7-2)

where

P = the estimated average annual precipitation rate for the area of the potential
repository (165 mm/yr.)

Cp = the equivalent chloride concentration in precipitation resulting from the deposition
of chloride in both wet and dry atmospheric precipitation (0.62 mg/L)
(Fabryka-Martin, Wightman et al. 1994, p. 6)

I = the infiltration rate (mm/yr.)

C, = the chloride concentration of either perched water or pore water squeezed from the
rock matrix, or for alluvium, the chloride concentration of pore water estimated
using the mass of leachable chloride and the estimated water content of the
alluvium (mg/L).

The assumption that chloride in the pore-water reservoir is well mixed is probably reasonable for
alluvium, but needs to be evaluated further for the tuffs. The complex nature of flow in the
unsaturated zone at Yucca Mountain is shown schematically in Figure 8.7-1. It is possible that
relatively dilute water that has infiltrated rapidly through fracture pathways may be inadequately
represented by matrix pore water because of incomplete mixing. If this is the case, matrix pore
water samples might be biased toward the slower moving, more concentrated matrix component
of flow, and percolation estimates based on these samples would constitute lower bounds on the
actual percolation rates (see Section 5.3.10.2.2). In the PTn, some component of the flux can
bypass the matrix as fracture or fault flow, as evidenced by the presence of 36C1 in the
Exploratory Studies Facility (ESF) at concentrations indicating an origin related to nuclear
weapons testing (see Section 5.3.10.2.2). In the Calico Hills Tuff, the matrix pore-water
concentration may not reflect the fracture component of flux for similar reasons and because
some component of the fracture flow through the Topopah Spring Tuff may be moving laterally
as perched water above the Calico Hills Tuff or the Tptpv3. This water may ultimately recharge
the saturated zone through faults or fracture zones or where the perching layer intersects the
water table. In areas where perched water is being diverted, chloride concentrations in the
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Calico Hills Tuff would underestimate the flux through the overlying Topopah Spring Tuff.
However, in downdip areas toward which perched water is flowing laterally and accumulating,
local drainage could result in percolation flux estimates that are high relative to the actual
percolation through the Topopah Spring Tuff.

Another complicating factor not typically encountered in applications of the chloride
mass-balance method involves runoff. Surface runoff and run-on, including shallow subsurface
flow along the alluvium-bedrock interface, would result in a spatially variable chloride source
term, with higher chloride application rates at lower elevations where run-on occurs. Data on the
chemical composition of surface runoff from the Yucca Mountain area indicate an average
chloride concentration in runoff of 3.5 mg/L (Section 5.3.5.3). Where run-on occurs, such as in
washes, the basic chloride mass-balance equation will underestimate net infiltration because the
chloride applied at the soil surface is underestimated if only the contribution from precipitation is
considered.

Chloride concentration data for pore water, perched water, and the saturated zone collected by
Yang et al. (1996, Tables 2 to 6; 1998, Tables 2 to 4) from boreholes UE-25 UZ#16, USW UZ-
14, USW SD-7, USW SD-9, USW SD-12, and USW NRG-7a are shown in Figure 8.7-2. The
average chloride concentrations within individual hydrostratigraphic or lithostratigraphic units in
perched, and in saturated zone water are listed in Table 8.7-2 for these boreholes and borehole
USW NRG-6. Figure 8.7-2a shows that the chloride concentration in saturated zone water bailed
from UE-25 UZ#16, is substantially less than that in the pore water of the adjacent matrix. This
difference may be real, or it may reflect the fact that saturated zone groundwater did not enter the
borehole until a fracture was encountered several meters below the depth at which the core
samples were obtained, whereupon the saturated zone water rose to the sampling depth of the
cores. A similar phenomenon was observed in the zone of perched water at USW UZ-14
(Figure 8.7-2b), where the perched water was considerably more dilute than pore water in the
adjacent matrix. Figure 8.7-2e shows a decrease in chloride concentration with depth in the
Calico Hills Formation at USW SD-12 that may indicate lateral flow within the base of the unit.

It is apparent from both Figure 8.7-2 and Table 8.7-2 that at boreholes USW UZ-14, USW SD-7,
USW SD-9, and USW SD-12, the chloride concentration in the Calico Hills Formation (Tac) is
substantially less than that in the overlying PTn. It is also evident that the chloride concentration
in the perched water at USW UZ-14, USW NRG-7a, USW SD-7, and USW SD-9 is much lower
than that of the pore water from either the PTn or the Calico Hills Formation. The more dilute
water in the lower unsaturated zone implies the following:

. Water is bypassing the matrix of the PTn along fractures or faults or where the PTn is
absent in Solitario Canyon, or

. Water is moving through the PTn updip from these boreholes in high-flux areas for
which no chloride data are yet available, or

. The chloride concentration of pore and perched water in the lower unsaturated zone is
being significantly influenced by water migrating downdip along the base of the
Topopah Spring Tuff from where it outcrops in Solitario Canyon.

TDR-CRW-GS-OOOOO 1 REV 01 ICN 01 8.7-6 September 2000



Table 8.7-3 lists the apparent vertical percolation fluxes based on the average chloride
concentrations compiled in Table 8.7-2 and the chloride mass-balance equation indicated
previously. Apparent percolation fluxes range from 0.8 mm/yr. in the PTn at borehole USW
SD-9 to 25.1 mm/yr. in the perched-water reservoir at borehole USW SD-7, and the average rate
is 5.7 mm/yr. However, the average percolation flux computed for perched-water reservoirs is
considerably larger, at 17.8 mm/yr. than the average of all the other values (3.1 mm/yr.).
Furthermore, the average percolation flux below the perched-water reservoirs (4.0 mm/yr.) is
larger than the average percolation flux above the perched-water reservoirs (2.2 mm/yr.). This
simple analysis of percolation fluxes seems to support the hypothesis that water is moving
laterally downdip along the base in the Topopah Spring Tuff from its outcrop in Solitario
Canyon. Further, a significant addition of water to the perched-water reservoirs by lateral flow
may cause the downward percolation flux below the perched-water reservoirs to be larger than it
otherwise would be. As discussed earlier, application of this equation assumes that surface run-
on and runoff could be ignored, subsurface lateral flow was insignificant, the pore- and
fracture-water reservoirs were well mixed, and the surface chloride flux was constant through
time.

The effects of partitioning precipitation arriving at the ground surface between fractures and
matrix can be evaluated quantitatively with the expression:

Pi
Cm (C. Cf)

- P P (Eq. 8.7-3)
P ~CmCJ

where

I = net infiltration (nmm/yr.)

P = total precipitation (mm/yr.)

Pm = the precipitation that enters the matrix at the ground surface (mm/yr.)

C = chloride concentration (mg/L) in precipitation, matrix pore water, and fracture
water, designated with subscripts p, m, andf, respectively.

The apparent percolation fluxes given in Table 8.7-3 were calculated under the assumption that
all of the chloride in precipitation (PCp) was incorporated into the water sample (i.e., the fracture
and matrix waters were well mixed). In contrast, the expression above assumes that there is no
mixing between fracture water and matrix water. Although the complete absence of mixing
between fractures and matrix is unlikely, it is worthwhile to consider this case for the purpose of
making a bounding calculation to counterbalance the percolation rates calculated using the
assumption of complete mixing. As discussed in the preceding paragraphs, the disparity in the
chloride concentrations for the perched water and matrix water (Table 8.7-2) and the large
differences in the resulting flux estimates (Table 8.7-3) may be indicating incomplete chemical
mixing between fractures and matrix at Yucca Mountain. In the expression above, it is assumed
that precipitation (and the chloride in precipitation) that entered and became concentrated in the
matrix as a result of evapotranspiration is unavailable to the fracture network, and vice versa.
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From this perspective, the use of P (rather than Pm or Pf, the precipitation entering the fracture
system) would result in an overestimation of the actual matrix or fracture flux. Figure 8.7-3
shows how the total (1), fracture (I4), and matrix (In) fluxes are sensitive to the fraction of
precipitation that originally entered and became concentrated in the matrix. The concentrations
used in the calculations were Cm = 74.8 mg/L (the average of PTn pore-water concentrations for
each borehole listed in Table 8.7-2) and Cf = 6.4 mg/L (the average of the perched-water
concentrations for each borehole listed in Table 8.7-2).

Figure 8.7-3 shows that the fracture-water chloride concentrations may indicate fracture fluxes as
great as 16.3 mm/yr. or as little as 0.16 mm/yr., depending on whether 99 percent or 1 percent of
the water falling on the mountain entered the fractures. Similarly, the PTn chloride
concentrations may indicate a flux as large as 1.4 mm/yr. if all water falling on Yucca Mountain
entered the matrix (or if all fracture flow was captured by the PTn), or as little as 0.014 mm/yr. if
only 1 percent of the precipitation entered the matrix and no fracture flow mixed in the matrix of
the PTn. The maximum total flux of 16.3 mm/yr. is attained if it is assumed that essentially all
(99 percent) of the precipitation enters the fracture system.

The flux-weighted concentration of chloride moving through the unsaturated zone at Yucca
Mountain is difficult to estimate with certainty from the resident concentrations of water samples
because of probable departures of the one-dimensional assumption on a local scale, incomplete
mixing between fractures and matrix, and the difficulty of estimating Pm and Pf directly.
However, departures from the one-dimensional assumption are likely to be minimized, and
spatial variations in chloride deposition rates due to runoff and run-on are more likely to be
averaged out, if data from a sufficiently large area are considered. Similarly, it might be possible
to calibrate the average value of Pm, and P1 by considering chloride concentrations in the
uppermost saturated zone under Yucca Mountain. Chloride concentrations in the uppermost
saturated zone may better approximate the flux-weighted chloride concentration of water moving
through the unsaturated zone in a variety of fracture and matrix pathways. Unfortunately, the
only water samples collected from the uppermost saturated zone under Yucca Mountain were
taken from borehole UE-25 UZ#16 (Table 8.7-2), where there is also some uncertainty whether
the fracture and matrix chloride concentrations are well mixed (Figure 8.7-2a).

The saturated zone water sample from UE-25 UZ#16 has an average chloride concentration of
10.8 mg/L, from which a flux of 9.8 mm/yr. was calculated. Assuming that the data from UE-25
UZ#16 represents the integrated effects of local recharge in upgradient areas, an average flux
value of 9.8 mm/yr. through the western half of the central block implies that about 45 percent of
the precipitation in this area enters the matrix and 55 percent enters the fractures (Figure 8.7-3).
The average fracture flux between the ground surface and the depth of the perched water is about
9.1 mm/yr., and matrix flux through the PTn is about 0.7 mm/yr. The fluxes implied by the
chloride concentration of the perched water may therefore be considerably smaller than the
values listed in Table 8.7-3, after the effects of incomplete mixing have been considered. This
analysis also indicates that, on average, only about 7 percent of the total flux through the
unsaturated zone at Yucca Mountain occurs through pores of the rock matrix of the PTn, with the
remaining 93 percent presumably flowing through fractures and faults of the PTn.

In Table 8.7-3, the percolation fluxes through the Calico Hills Formation are generally slightly
higher than those through the PTn at each of the boreholes, possibly indicating the partial uptake
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of dilute perched water or a greater fraction of the dilute fracture flow component of the flux.
Possibly as a result of this uptake of dilute water, the average chloride concentration of pore
water in the Calico Hills Formation is 32 mg/L, which is considerably less than that in the PTn.
The fraction of the total flux (9.8 mm/yr.) that passes through the matrix of the Calico Hills (I,)
can be calculated by equating the total chloride flux estimated from the saturated zone water
sample (or equivalently, with PCp) with the flux-weighted concentrations of the pore and
perched water:

(10.8 mg/L)(9.8 mm/yr.) = Im (32 mg/L) + If (6.4 mg/L) (Eq. 8.7-4)

Substituting (9.8 mm/yr. - I,) for If gives -I = 1.7 mm/yr., which is roughly half of the apparent
flux given in Table 8.7-3. These results imply that, on average, only about 17 percent of the
9.8 mm/yr. unsaturated zone flux passes through the matrix of the Calico Hills Formation. The
remainder is recharged to the saturated zone through fractures and faults.

The foregoing analysis has been based on extremely limited data and would benefit greatly from
the collection of additional chloride data, particularly from the uppermost saturated zone. The
available chloride data can be interpreted to suggest an unsaturated zone flow system that is
dominated by fracture flow, and in which the fracture water has only limited interaction with
water in the matrix pores. However, this conclusion ignores the possibilities that (1) average
chloride concentrations in the PTn may have been biased toward more concentrated values by
siting most of the boreholes in washes (along ridges and sideslopes, the PTn chloride
concentrations are much lower), and (2) the differences in PTn and perched-water chloride
concentrations may reflect lateral migration of water along the base of the Topopah Spring Tuff
from its outcrop in Solitario Canyon.

8.7.4 Estimation of Percolation Flux Using Effective Hydraulic Conductivity/Potential
Gradient Methods

This method uses measurements or estimates of the effective hydraulic conductivity of the rock
at its prevailing state of water potential or saturation, in combination with estimates of the
hydraulic head gradient, to directly calculate the percolation flux in accordance with Darcy's
law. This method also is the basis for estimates of percolation flux produced from model
calibration against existing data sets for borehole saturation and water potential, wherein
percolation flux is adjusted until an optimal match between the observed data and the model
output is achieved (Ahlers, Bandurraga et al. 1995b, Section 3.4; Bodvarsson and Bandurraga
1996, Chapter 3). Uncertainties in application of the method to Yucca Mountain have arisen,
first because few effective hydraulic conductivity data have been measured for either welded or
nonwelded tuffs. Second, there is significant uncertainty as to the degree of fracture-matrix
interaction, that is, it has not been clear to what extent the saturation or water potential of the
rock matrix reflects the passage of water in adjacent fractures. Attempts to model matrix
saturation with dual-permeability models have demonstrated that it is possible to obtain similar
simulated matrix saturations for a range of percolation fluxes by adjusting poorly constrained
model parameters, such as effective block size, that control fluid exchange between fractures and
matrix (Ho et al. 1995, Section 3.5).
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Both of the investigations described below used the ITOUGH2 version 3.0 code to estimate
percolation flux from the effective hydraulic conductivity of the rock matrix, as measured in core
samples, and the in situ potential gradient.

Ahlers, Bandurraga et al. (1995b, Section 2, p. 3) used the parameter estimation code ITOUGH2
to simultaneously develop estimates of percolation flux and a set of rock hydrologic parameters
for individual layers in the site-scale unsaturated zone flow model for Yucca Mountain. These
hydrologic parameters include matrix permeability and parameters that describe the moisture
characteristic function of van Genuchten (1980). A uniform steady-state percolation flux of
0.02 mm/yr. was determined to provide the best overall fit to the combined saturation and water
potential data from boreholes UE-25a #1, UE-25 UZ#4, UE-25 UZ#5, USW UZ-6s, USW UZ-7,
USW UZ-13, USW UZ-14, UE-25 UZ#16, USW G-1, USW H-1, USW SD-7, USW SD-9, USW
SD-12, and USW NRG-6 (Ahlers, Bandurraga et al. 1995b, Table 3.5.2, p. 37). The low
infiltration rate required to match the saturation profiles results from the fact that the field
saturations were determined for rock core samples and an assumption that no fracture flow
occurs.

Bodvarsson and Bandurraga (1996, Chapter 3) improved on the work of Ahlers, Bandurraga
et al. (1 995b) by incorporating a greater number of geologic layers and restricting the analyses to
Yucca Mountain Site Characterization Project-qualified saturation and water potential data
collected from boreholes USW UZ-14, UE-25 UZ#16, USW SD-7, USW SD-9, and USW
SD-12. Using ITOUGH2, the best-fit match of the combined saturation and water potential data
from these boreholes, using initial rock-property values developed from laboratory
measurements, was obtained for a percolation flux of 0.1 mm/yr., based on the sum of the
squared weighted residuals (Bodvarsson and Bandurraga 1996, Table 3.4.4-1). Additional
calibration runs in which both rock properties and percolation flux were simultaneously
optimized identified the best-fit percolation flux as 0.01 mm/yr. Because the water potential data
determined from rock core showed considerable scatter within individual geologic units, all
calibrated models resulted in equally marginal fits to the water potential data. Thus,
identification of the optimal percolation flux was based largely on the fit to the measured
saturation data. Although the best fit to the saturation data was obtained for a uniform
percolation rate of 0.01 mm/yr., the small increases in the sum of the squared weighted residuals,
residual standard deviation, and biases obtained for calibration runs in which higher (0.1, 1.0,
and 5.0 mm/yr.) percolation rates were considered may not have been statistically meaningful
except in the 5.0-mm/yr. case. The authors concluded that if the percolation flux rate at Yucca
Mountain was similar to the higher values investigated in the study, the flux in excess of
1 mm/yr. was probably moving as nonsteady pulsed flow through local structural features
(Bodvarsson and Bandurraga 1996, Section 3.6.2). Attempts to match saturation and water
potential data from boreholes USW SD-7 and USW SD-9 using spatially variable infiltration
rates from A.L. Flint et al. (1996) required the use of a multiplier of 0.025, which resulted in
estimated percolation fluxes of 0.02 to 0.09 mm/yr., respectively (Bodvarsson and Bandurraga
1996, Section 3.5.1).

Percolation flux also can be estimated directly by multiplying the effective hydraulic
conductivity of the rock at a given depth by the hydraulic gradient across that depth interval. In
situ monitoring with thermocouple psychrometers at boreholes UE-25 UZ#4, UE-25 UZ#5,
USW UZ-7a, USW SD-12, USW NRG-6, and USW NRG-7a has shown that, except for
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relatively dry intervals within the Tiva Canyon Tuff at USW UZ-7a and USW SD-12, water
potentials within the unsaturated zone are generally between 0 and -0.3 x 10-3 kPa (-3 bars)
(Section 8.5.1.2). Thus, there is no evidence from these data that the water potential gradient
within the 500 to 700 m (1,640 to 2,300 ft) thick unsaturated zone is substantially different than
zero. In this case, the hydraulic gradient is approximately equal to the gravitational gradient of
unity, and the percolation flux is numerically equal to the effective hydraulic conductivity.

To make direct estimates of percolation flux, effective hydraulic conductivities for the
hydrogeologic units defined in Table 8.3-1 were estimated at boreholes UE-25 UZ#16, USW
UZ-14, USW SD-7, USW SD-9, USW SD-12, and USW UZ-7a where saturation data also were
available (Figure 8.7-4). These estimates were made using the average saturation values
estimated for individual hydrogeologic units at the boreholes (Section 8.3.2.2.1) and site-wide
averages of hydraulic properties for the hydrogeologic unit of interest. The relevant hydraulic
properties are the geometric mean saturated hydraulic conductivity (Table 8.3-2) and average
van Genuchten moisture-retention curve-fit parameters for each hydrogeologic unit
(Table 8.3-3). The numbered hydrogeologic units for each borehole in Figure 8.7-4 correspond
to the 31 units identified in Tables 8.3-2 and 8.3-3, numbered from the top down. Thus, units 1
to 5 make up the Tiva Canyon welded unit (TCw), units 6 to 12 make up the PTn, units 13 to
20 make up the TSw, units 21 to 25 make up the Calico Hills Formation and adjacent bedded
tuffs, units 26 to 29 make up the Prow Pass Tuff, and units 30 to 31 make up the upper part of
the Bullfrog Tuff. Plotting effective hydraulic conductivity versus the negative of the unit
number gives an idea of the variation of percolation flux with depth, although hydrogeologic unit
thicknesses are distorted when represented in this manner.

The effective hydraulic conductivity values shown in Figure 8.7-4 vary among boreholes within
a given hydrogeologic unit because of differences in saturation and the assumed uniformity in
the hydraulic properties. The variability in effective hydraulic conductivity among
hydrogeologic units at an individual borehole may be reflecting nonvertical-flow components,
differences in the relative amounts of fracture flow and matrix flow, uncertainty in the measured
saturation and hydraulic parameter values, and the uncertain applicability of the van Genuchten
functions for estimating effective hydraulic conductivity in tuffs.

Figure 8.7-4 indicates that the calculated effective hydraulic conductivity within the PTn can be
highly variable, even at a given borehole. However, the geometric mean effective hydraulic
conductivity values indicate a percolation flux through the PTn of less than 1 mm/yr. at
boreholes UE-25 UZ#16 (Figure 8.7-4a) and USW SD-9 (Figure 8.7-4d), on the order of
1 mm/yr. at USW SD-7 (Figure 8.7-4c) and perhaps USW UZ-7a (Figure 8.7-4f), and 1 to
2 mmn/yr. at USW SD-12 (Figure 8.7-4e). The effective hydraulic conductivity decreases
systematically at USW UZ-14 (Figure 8.7-4b) from greater than several hundred millimeters per
year near the top of the PTn to less than 0.01 mm/yr. near its base.

The effective hydraulic conductivity through the TSw at and above the potential repository
horizon (units 13 to 15) generally is on the order of a few tenths of a millimeter per year or less,
whereas the effective hydraulic conductivity values below the potential repository horizon
(units 16 to 20) in the TSw suggest an increase in flux with depth at several boreholes, such as
UE-25 UZ#16 (Figure 8.7-4a) and USW UZ-14 (Figure 8.7-4b). The upper part of the lower
nonlithophysal zone of the crystal-poor unit of the Topopah Spring Tuff (unit 17, TM2 on
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Table 8.3-2) has an effective hydraulic conductivity greater than a few millimeters per year for
all boreholes in Figure 8.7-4 for which saturation data exist.

The calculated effective hydraulic conductivities for the vitric part of the Calico Hills Formation
(unit 23) are much greater than 1,000 mnm/yr. at USW UZ-14 (Figure 8.7-4b) and USW SD-9
(Figure 8.7-4d), perhaps reflecting perching of water on the underlying zeolitic rocks at these
boreholes. In contrast, calculated effective hydraulic conductivities are a few tenths of a
millimeter per year in the vitric Calico Hills Formation at USW SD-7 (Figure 8.7-4c) and USW
SD-12 (Figure 8.7-4e). The zeolitic part of the Calico Hills Formation (unit 24) generally has an
effective hydraulic conductivity on the order of a few tenths of a millimeter per year, and the
pre-Calico Hills bedded tuff (unit 25) has an effective hydraulic conductivity of 1 to 2 mm/yr.
The Prow Pass Tuff (units 26 to 29) generally has an effective hydraulic conductivity of
2 mm/yr. or less, except at USW UZ-14 (Figure 8.7-4b) and USW SD-9 (Figure 8.7-4d), where
the effective hydraulic conductivity of the devitrified, partially welded tuff (unit 27) can be tens
or even hundreds of millimeters per year.

As a qualitative check on the saturation data and the van Genuchten moisture-retention
parameters used to calculate effective hydraulic conductivities, the same data were used to
estimate water potentials (Figure 8.7-5) in each of the hydrogeologic units for which estimates of
effective hydraulic conductivity were made. Many of the estimated water potentials plot within
or near the 0 and -0.3 x 10-3 kPa (-3 bars) range indicated by the in situ measurements at
boreholes UE-25 UZ#4, UE-25 UZ#5, USW UZ-7a, USW SD-12, USW NRG-6, and USW
NRG-7a (Section 8.5.1.2). However, predicted water potential values are considerably more
negative than 0 and -0.3 x 1 0-3 kPa within two subzones of the crystal-poor lower
nonlithophysal zone (Tptpln) of the Topopah Spring Tuff (units 17 to 18), the crystal-poor
densely welded vitrophyre (Tptpv3) of the Topopah Spring Tuff (unit 19), the upper nonwelded,
zeolitic subunit of the Prow Pass Tuff (unit 26) and, locally, the pre-Calico Hills bedded tuff
(unit 25). The anomalously low water potentials estimated for these units may be due to small
amounts of drying of the core during drilling and sample handling, rather than true variability in
water potentials. In particular, units 17, 18, and 19 (TM2, TMl, and PV3 in Table 8.3-2) have
average porosities of 0.09, 0.07, and 0.02, so that small amounts of evaporation could easily
reduce saturations from near 100 percent to the approximately 90 percent measured on these
samples. Water potentials are very sensitive to saturation changes in these rocks over this range
of saturations (Rousseau et al. 1999, p. 184). Similar phenomena could explain the more
negative water potentials estimated for the densely and moderately welded rocks in the
crystal-poor base of the Tiva Canyon Tuff (units 4 and 5, respectively), although at some
boreholes (USW UZ-7a and USW SD-12), in situ water potentials were also lower in the Tiva
Canyon Tuff, presumably because of evaporation due to natural air circulation or barometric
pumping (Section 8.5.1.2). Significant drying is not apparent in the pre-Calico Hills bedded tuff
(unit 25), where saturations are near 100 percent at each of the boreholes, but may have occurred
in the upper nonwelded zeolitic Prow Pass Tuff in boreholes USW SD-7 and UE-25 UZ#16,
where saturations are significantly lower than in the other boreholes. Other, as yet unidentified
factors may explain the anomalously low water potentials estimated for these units. In units
where the estimated water potentials suggest that drying of core during drilling or sample
handling has occurred, the calculated effective hydraulic conductivities may be underestimating
the true in situ values.
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8.7.5 Estimation of Percolation Flux Based on Calcite Accumulation Rates

The temporally averaged percolation flux over the last 10 to 12 m.y. was estimated by Paces,
Marshall et al. (1997, Appendix F) by calculating the mass of secondary minerals (principally
calcite) accumulated within fractures at multiple locations along the length of the ESF. There are
several major uncertainties associated with estimating percolation flux from secondary mineral
abundances (Paces, Marshall et al. 1997, p. F-I):

. The assumption that all of the dissolved Ca2+ in percolating water (estimated to be
25 mg/L) is precipitated as calcite in the unsaturated zone as a result of evaporation
(i.e., there is no recharge to the saturated zone)

* The assumption that, for a given location, the abundances of secondary minerals as
determined from scanline surveys in the ESF represent the average volumetric
abundance between the ground surface and water table

* The fact that passage of water is recorded by the deposition of secondary minerals for all
climate conditions and flux values.

The exact mechanisms required for calcite deposition (evaporation or degassing of C0 2) are not
known at this time, nor are there presently sufficient data to assess the representativeness of the
ESF mineral abundances for the entire thickness of the unsaturated zone. Factors tending to
cause this method to underestimate the actual percolation flux include the following:
(1) incomplete evaporation of percolation in the unsaturated zone, (2) calcite precipitation as a
result of CO2(g) degassing from solution, and (3) no deposition or incomplete deposition because
of undersaturation of percolation with respect to calcite or because of slow rates of deposition
relative to water velocity.

Paces, Marshall et al. (1997, Appendix F) estimated percolation flux using the following
relationship:

q = (pcfccfmihxca)1(CCafpprtt (Eq. 8.7-5)

where

q = the percolation flux (m/yr.)

Pcc = the density of calcite (2,700 kg/mi3 )

f~c = the fraction (by volume) of calcite in the secondary mineral coatings (0.9 m3 /m3)

1mm = the fraction (by volume) of secondary mineral estimated from scanline surveys in
the ESF (m3/m3)

h = the thickness of the unsaturated zone (m)

xca = the mass fraction of Ca in the secondary calcite (0.40 kg/kg)
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CCa = the assumed initial concentration of Ca in the water (0.025 kg m3 )

fpp, = the fraction of Ca precipitated in the volume defined by the thickness (h) times an
arbitrary area at the land surface (1.0 kg/kg)

t = time (10 m.y.).

The quantities fmin and h varied with position in the ESF, but the values of other quantities were
assumed to be constant. The distribution of secondary minerals (fmin), as well as fault and shear
frequency, for ESF stations 11+00 through 69+00 was calculated based on sampling the first
30 m of each 100-m interval. The volume percent of secondary minerals contained in both
fractures and lithophysal cavities varies from near 0 at multiple stations in the ESF to
0.43 percent measured at ESF Station 30+00 (Paces, Marshall et al. 1997, Figure F2).
Considering only the mineral accumulation in fractures, the highest volume percent of secondary
minerals is 0.37 percent, measured at ESF Station 13+00. The volume percent of secondary
minerals contained in fractures appears to correspond to the fault and shear frequency, which
suggest that mineralization is associated with percolation along pathways having extensive
vertical continuity resulting from structural features. A similar plot of secondary mineral
volumes with fracture frequency data did not show any correspondence, perhaps because
fractures that lacked displacement were often related to cooling and lacked connections to the
large-scale network.

The percolation fluxes estimated on the basis of the secondary mineral volumes are shown in
Figure 8.7-6, along with infiltration estimates from the infiltration model of Flint, A.L. et al.
(1996) (Section 8.2.6.1). The percolation fluxes calculated on the basis of secondary mineral
volumes range from 0 to about 9 mm/yr. and generally are much lower than the infiltration rates
predicted by the infiltration model. Exceptions are ESF Stations 13+00 and 16+00 underlying
Azreal Ridge, ESF Station 22+00 underlying Drill Hole Wash, ESF Station 27+00 underlying
Diabolus Ridge, and ESF Station 30+00 under Dead Yucca Ridge. At these locations,
percolation fluxes estimated from secondary mineral abundances are comparable or slightly
greater than the infiltration rates estimated from the model of Flint, A.L. et al. (1996).
In general, however, there appears to be no obvious correlation between the percolation rates
calculated from secondary mineral abundances and the infiltration rates calculated from the soil
water budget model. Estimates of percolation flux using secondary mineral volumes equaled or
exceeded 5 mm/yr. at only 5 of 54 ESF Stations (13+00, 16+00, 22+00, 27+00, and 30+00) for
which estimates were made. In contrast, estimates of infiltration using the model of Flint, A.L.
et al. (1996) exceeded 5 mm/yr. at 25 of 78 ESF stations.

Further comparison of percolation flux values from secondary mineral abundance and from the
Flint, A.L. et al. (1996) infiltration model was accomplished by separately comparing estimates
at ESF stations stratigraphically above and below the PTn (Marshall et al. 1998, p. 129). This
statistical comparison indicated that percolation flux values for the two methods correlate quite
well for ESF stations in the TCw above the PTn (Marshall et al. 1998, p. 129, Figure 1). For
ESF stations within the TCw, secondary calcite abundances correspond to fluxes of 0.8 to
4.0 mm/yr., whereas the values estimated by the infiltration model for the same stations were
0.2 to 3.7 mm/yr. However, there was no correlation between the two methods for ESF stations
in the TSw below the PTn. These results suggest that percolation is diverted laterally or
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substantially redistributed by the PTn. Further, the secondary mineral abundances below the
PTn suggest percolation fluxes as much as 10 times lower than shallow net infiltration values
from the Flint, A.L. et al. (1996) model.

In addition to estimating percolation at specific locations in the ESF, the volume of secondary
minerals also was used to estimate an overall average percolation for the entire volume of the
unsaturated zone in the potential repository area. For this calculation, it was assumed that the
secondary mineral coatings were 90 percent calcite and 10 percent opal (Marshall et al. 1998,
p. 129). To estimate percolation flux, the concentration of Ca and silica in infiltrating water was
assumed to be 20 mg/L, which is typical of surface water. * This analysis yielded percolation
values of 1.8 and 3.4 mm/yr. for calcite and opal, respectively.

8.7.6 Estimation of Percolation Flux Based on Perched-Water Volumes and Residence
Times

The areal extent and volume of the perched-water reservoir intersected by borehole USW UZ- 14
were estimated from the elevation of the perched-water surface and a structural contour map of
the densely welded, crystal-poor vitrophyre of the Topopah Spring Tuff (Rousseau et al. 1999,
pp. 208 to 217). The vitrophyre may be the layer responsible for perching in the vicinity of
Drill Hole Wash. Alternatively, the perching horizon may be at some depth in the underlying
Calico Hills Formation where both fracture frequency and permeability may be very low
(Section 8.5.2.2). Residence time of water within the erched water body was calculated using
uncorrected 14C ages and a mass-balance equation for l C that assumed steady flow to and from a
well-mixed reservoir in which chemical reactions involving C (if occurring) also were at
steady-state:

Q "4Ao (HC0 3-)o - Q '4Ap, (HC03-)pw - VA' 4Apw (HC03-)pw= 0 (Eq. 8.7-6)

where

Q the steady-state flow rate to and from the reservoir (m3/yr.)

14A the 1 4C activity expressed in percent modem carbon (pmc)

(HC03 ) = the total C concentration, expressed as bicarbonate (mol/m3)

0 and pw = subscripts that indicate the terms for the inflow and for the perched water

V = the volume of the perched water reservoir (in3 )

A the radioactive decay constant for 14C (1.21 x I04/yr.).

The term VX14APW accounts for the change with time in the activity of 1 4C due to radioactive
decay of 14C within the perched-water reservoir. If there are no C reactions within the reservoir
itself, the dissolved C concentrations of the inflowing and outflowing water are equal, and the
equation can be rearranged to solve for the residence time, tres, as follows:

tres = V/Q = (14Ao - '4Apw)/ 714 ppw (Eq. 8.7-7)
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Residence times that resulted from this equation and estimated perched-water volumes were used
to calculate percolation flux from the relationship:

t,,, = V/Q = Ab+JqA (Eq. 8.7-8)

where

A = the area of the perched-water reservoir (mi2 )

b = the thickness of the perched-water reservoir (in)
(e = the effective porosity within the perched-water reservoir
q = the apparent vertical percolation flux into and out of the reservoir (m/yr.).

Based on these equations, it was estimated that water fluxes to and from the perched-water
reservoir intersected by USW UZ-14 ranged from 0.001 to 0.29 mm/yr. The range in flux values
resulted from variability in the 14 C values in multiple water samples, from uncertainty in the
effective porosity of the rock within the perched water, and from uncertainty in the area actually
contributing to the perched water. Additional uncertainties not incorporated in this range of flux
values are related to the assumptions that the perched water is well mixed, the initial 14C activity
(14Ao) of water entering the perched water reservoir is 100 pmc, and the lack of C reactions
within the perched-water reservoir itself. It also should be noted that the vertical water flux into
the perched-water reservoir is directly dependent on the assumed thickness of the reservoir.
Therefore, if the perching layer is somewhere down in the Calico Hills Formation instead of in
the basal vitrophyre of the Topopah Spring Tuff, then this analysis of perched water and
residence time would underestimate the percolation rate.

8.7.7 Comparison of Percolation Flux Estimates with Net Infiltration

Net infiltration at selected boreholes from the numerical infiltration model (Section 8.2.6.1) were
compared to estimates of percolation flux calculated by the various methods described
(Table 8.7-4). The net infiltration values are for the 90- by 90-m areas centered around these
boreholes. A comparison between net infiltration rates and estimates of percolation flux based
on secondary mineral abundances was shown previously for stations along the ESF
(Figure 8.7-6). This comparison showed that percolation flux rates estimated from secondary
mineral abundances were generally much lower than those calculated with the infiltration model
and that the percolation rates in the TCw above the PTn correlated with infiltration rates,
whereas percolation rates in the TSw below the PTn did not.

Table 8.7-4 indicates that there is only a weak correlation, at best, between net infiltration rates
from the infiltration model and percolation fluxes estimated from the borehole temperature
profiles. At 9 of the 20 locations, net infiltration and temperature-derived percolation flux differ
by more than 5 mm/yr. At two locations, the difference is more than 10 mm/yr. (USW SD-12
and UE-25 UZ#4). The greatest differences between net infiltration and temperature-derived
percolation flux seem to be at boreholes in the washes or on alluvial fans where the alluvium is
relatively thick. These boreholes include UE-25 UZ#4 in lower Pagany Wash, USW SD-12 in
upper Antler Wash, USW WT-1 in upper Dune Wash, UE-25 WT#4 on an alluvial fan in
Midway Valley, and USW H-1 and UE-25 a#7 in Drill Hole Wash. Conversely, significant
differences between net infiltration and temperature-derived percolation flux also are evident at
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boreholes on ridges, such as UE-25 WT#18 on Bleach Bone Ridge, USW G-2 on Mile High
Mesa, and USW H-5 on Yucca Crest. Both the infiltration model and temperature data indicate
relatively small flux rates at borehole USW WT-2 in USW WT-2 Wash and at UE-25 WT#17 in
an alluvial terrace in lower Dune Wash. The wide range of percolation fluxes estimated from the
temperature data for boreholes located in alluvium (USW WT-1, USW WT-2, UE-25 WT#12,
UE-25 WT#17, USW G-1, USW G-4, UE-25 a#l, UE-25 a#7, USW SD-12, USW UZ-1, and
UE-25 UZ#4) suggests the variable effectiveness of alluvium for inhibiting net infiltration. The
temperature data also indicate that areas in shallow alluvium immediately adjacent to sideslopes
(borehole USW H-1 in Drill Hole Wash and borehole UE-25 WT#4 in Midway Valley) may be
locations where deep percolation is higher than presently predicted by the infiltration model.

Figure 8.7-7 shows a comparison between apparent percolation fluxes estimated from the
chloride concentrations in perched- and pore-water samples (Table 8.7-3) and net infiltration
estimated by the infiltration model. Also shown are the site-averaged fluxes (horizontal lines)
estimated for the PTn matrix, the Calico Hills Formation matrix, and PTn and Topopah Spring
Tuff fractures based on the averages of the chloride concentrations listed for these units and
perched water in Table 8.7-2 (Section 8.7.3). The apparent percolation fluxes estimated from the
pore-water chloride concentrations appear to be uncorrelated with infiltration estimates, and are
generally lower than the infiltration rates where these rates are estimated to be values other
than 0 (UE-25 UZ#4, UE-25 UZ#5, USW UZ-14, USW SD-7, and USW SD-9). Where
infiltration rates are estimated to be 0 (UE-25 UZ#16, USW SD-12, USW NRG-7a, and USW
NRG-6), the pore water chloride data indicate fluxes of between I and 4 mm/yr. In contrast, the
apparent percolation rates estimated on the basis of the perched-water chloride data are much
higher than the estii-nated infiltration rates, but appear to be positively correlated. The much
higher apparent percolation rates estimated from the perched-water chloride concentrations may
be, in part, an artifact of incomplete mixing of matrix and fracture water in the PTn and the
Calico Hills Formation, and the assumption that the water is well-mixed. The total average flux
(9.8 mm/yr.) for the site (uppermost horizontal line), calculated on the assumption that fracture
and matrix waters are incompletely mixed, is much lower than the apparent fluxes calculated on
the basis of the chloride concentrations of the perched water, but higher than the average
percolation rates calculated for the PTn or Calico Hills Formation matrix (0.7 and 1.7 mm/yr.).
Based on this analysis, faults and fractures in the PTn are predicted to carry over 90 percent
(9.1 mm/yr.) of the total average flux through the unit. However, as discussed in Section 8.7.3,
there are other possible explanations for the relatively dilute perched water underlying more
concentrated PTn pore water. These include the possibility that water is moving through the PTn
updip from the perched water in high-flux areas for which no chloride data are yet available and
that perched water in the lower unsaturated zone is influenced by lateral flow from the outcrop
area in Solitario Canyon.

Table 8.7-4 indicates that there is little or no correspondence between net infiltration rates from
the infiltration model and percolation fluxes estimated using the hydraulic conductivity/potential
gradient method. In fact, values of net infiltration generally exceed the percolation estimates by
10 to 100 times. The discrepancy between the estimated percolation rates and the infiltration
rates suggests the following:

The results of two investigations that produced estimates of percolation flux from model
calibration against existing borehole saturations, water potential, and rock-matrix
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effective hydraulic conductivity may have been unduly weighted toward low values by
including boreholes in the inversion for which percolation rates may be genuinely low,
and/or

. Matrix saturations and water potentials reflect only the matrix component of the flux,
not the total flux through the unsaturated zone (which includes substantial fracture flow).

In summary, Table 8.74 shows that there is only marginal agreement between net infiltration
from the infiltration model of A.L. Flint et al. (1996) and estimates of percolation rates from
various methods that rely on subsurface data. Both the net infiltration model and the subsurface
methods indicate that net infiltration (or percolation) is a small percentage of the average annual
precipitation at Yucca Mountain (about 170 mm/yr.). However, the methods differ significantly
regarding the spatial distribution of percolation. Overall, percolation fluxes estimated from
borehole temperature data and chloride mass balance compare favorably with net infiltration
rates, differing by less than a factor of 10. However, the temperature and chloride mass-balance
percolation fluxes do not correlate with net infiltration rates on a point-to-point basis. These
discrepancies may exist because the infiltration model, in its 1996 version , did not account for
lateral flow in the shallow subsurface. Some of the discrepancies also may be due to
insensitivity of certain types of data to the fracture component of the percolation flux. The
percolation flux estimates based on matrix saturations, water potentials, and matrix hydraulic
conductivity probably are much lower than other estimates because significant fracture flow is
not accounted for. The percolation flux rate estimated on the basis of the perched-water volume
and residence time at borehole USW UZ-14 (Section 8.7.6) is considerably lower than the rates
estimated from other methods, including chloride mass balance. One possible explanation for
this may be that the perched-water reservoirs remain near capacity, and recent influxes of water
simply overflow the reservoir without mixing with more stagnant water already present.
Alternatively, it is possible that perched water residence times were overestimated and
percolation fluxes underestimated because travel times from the ground surface to the
perched-water were assumed to be negligibly short. Further, the volume of the perched-water
reservoirs may have been significantly underestimated.
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8.8 MOISTURE AND FLUID-FLOW CONDITIONS IN THE EXPLORATORY
STUDIES FACILITY

Exploratory Studies Facility (ESF) testing encompasses a wide range of investigations that
include collecting and analyzing geologic, hydrologic, geochemical, and geomechanical data to
understand the natural processes of rock mechanics and fluid migration under ambient and
elevated-temperature conditions. A critical aspect of these studies involves the determination of
the distribution of percolation flux at the repository horizon under natural conditions and under
the conditions that will be present once repository drifts are constructed. Percolation flux at the
repository horizon and seepage into emplacement drifts are important factors that must be
understood to support the key attribute of the repository safety strategy regarding limited water
contact with waste packages (DOE 1998b, pp. 16 to 18). The studies described in this section
were designed to collect and analyze pertinent geologic, hydrologic, and chemical data needed to
accurately estimate percolation flux and gaseous-phase circulation at the repository horizon and
seepage into emplacement drifts.

8.8.1 Data Sources

Because of the diversity of technical investigations related to the ESF, described in Section 8.8,
the sources of data and interpretations are described individually in the following sections.

8.8.2 Effects of Ventilation on Moisture Conditions in the Exploratory Studies Facility

Ventilation of the ESF has affected the surrounding rocks by creating a dryout zone around
tunnels and drifts that extends several meters into the rocks (CRWMS M&O 2000a,
Section 6.10). Ventilation effects are important, because they could potentially affect the
advancement of future water plumes into the ESF Main Drift, thereby influencing the amount of
seepage that might occur at the repository horizon. In this section, the moisture-monitoring
study in the ESF is described, along with observations from both the ESF Main Drift and the
Enhanced Characterization of the-Repository Block (ECRB) Cross Drift. Descriptions of dryout
in ESF niche boreholes also are included. The locations of the ECRB Cross Drift and the Main
Drift niches are shown in Figure 8.8-1.

Moisture conditions in the ESF tunnels and drifts were monitored at 17 stations in the ESF main
tunnel, from Station 7+40 to Station 73+50, and 10 stations in the ECRB Cross Drift, from
Station 0+25 to Station 25+55 (CRWMS M&O 2000a, Section 6.10.1.1). Relative humidity,
temperature, barometric pressure, and air velocity were measured at various stations.-+ The
moisture-monitoring stations were supplemented by measurements from sensors mounted on the
tunnel boring machine during excavation and by periodic surveys conducted along the tunnels
with sensors on a mobile cart. An infrared camera was used in mobile surveys to measure the
temperature changes on the tunnel walls. Additionally, water potentials and moisture content
were measured at various locations close to the walls of the tunnels.

Moisture data from the tunnels and drifts, together with data on ventilation and water usage
during construction, are needed to evaluate the amounts of moisture removed from the ESF and
the net quantities of construction water drained into the surrounding rock (CRWMS
M&O 2000a, Section 6.10.1.1). While moisture data from the tunnels and drifts are included in
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the Yucca Mountain Site Characterization Project (YMP) Technical Data Management System,
the bulk of data for construction water usage and ventilation airflow rates are not yet readily
available for evaluation. This remains the single largest issue to be addressed in the moisture-
monitoring project. Without data on construction water and ventilation, it will be difficult to
sufficiently assess the impact of the ESF construction on water balance. A concerted effort to
address this issue is now under way in the YMP. Data collection and analysis of moisture
evaluation contribute not only to resolution of scientific issues but also to enhancement of
engineering designs. The data collected in the ESF construction phases can be used to help
design tunnels and drifts for waste emplacement and to facilitate long-term monitoring.

The removal of moisture from the walls of ESF tunnels and drifts by ventilation induces drying
in the surrounding rocks. Conversely, construction water migrates downward through the drift
inverts and can contribute to deep percolation beneath the potential repository (CRWMS
M&O 2000a, Section 6.10.1.2). Several field testing activities were conducted to collect water-
potential and saturation data for the rocks in the ESF. Both wetting and drying fronts were
monitored to determine in situ conditions. Heat-dissipation probes were used extensively to
monitor water potential of the wall rock in the ESF Main Drift and the ECRB Cross Drift.
Psychrometers also were used to evaluate drying processes. Analysis of drill core, time-domain
reflectometry, and neutron logging along boreholes also was conducted to monitor moisture in
the ESF.

8.8.2.1 Exploratory Studies Facility Main Drift Observations

During the excavation of the ESF main loop, moisture-monitoring stations were installed to
follow the tunnel boring machine. Figure 8.8-2 illustrates moisture data collected from the base
of the Paintbrush nonwelded (PTn) unit along the ESF North Ramp between the Upper
Paintbrush Tuff Contact Alcove (Alcove 3) and the Lower Paintbrush Tuff Contact Alcove
(Alcove 4) in 1996. (See Figures 8.3-33 and 8.8-1 for locations of alcoves). Figure 8.8-3
illustrates moisture data collected from three stations in the Topopah Spring welded tuff close to
the Thermal Test Facility (Alcove 5) in the ESF Main Drift. Preliminary evaluation of the
moisture data during ESF excavation showed that the moisture conditions were sensitive to
construction activities (CRWMS M&O 2000a, Section 6.10.2.1). The daily usage of water for
excavation, muck transport, dust control, and other operations introduced rapid changes in
moisture conditions throughout the tunnel atmosphere and in the wall rock. During weekends in
1996 when there were no construction activities, the tunnel atmosphere generally stabilized to
either high-humidity conditions if the ventilation was turned off, or low-humidity conditions if
the ventilation was left on (Figures 8.8-2 and 8.8-3). After completion of the ESF main tunnel,
with two portals for entrance and exit, high-humidity conditions were suppressed by natural
ventilation through the portals.

For conditions in the ESF in 1996, the amount of moisture that could be removed by the
ventilation system can be estimated as follows. For a 6,250-m-long (20,500-ft-long) tunnel with
a cross-sectional area of 40 in2 (430 ft2), the humid tunnel air can contain 2,500 kg of excess
water mass if it is assumed that the tunnel air is 50 percent more saturated than the outside air,
and the corresponding difference in vapor densities is 0.01 kg/M3 (CRWMS M&O 2000a,
Section 6.10.2.1). If the tunnel air is ventilated with flow rate of 47 m3/s, or 100,000 ft3/min, it
will take 5,300 s to remove and replace the tunnel air. The water-removal rate of 2,500 kg over
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5,300 s corresponds to 285 m3/wk. (285 kL/wk. or 75,400 gal./wk.). Assuming that all the
moisture in the tunnel air is from evaporation, the equivalent evaporation rate from the tunnel
walls and inverts (with an area of 6,250 by 23.7 m [20,500 by 77.8 ft]) is 100 mm/yr.

The differences in vapor densities between different locations, together with a simple
approximation of airflow in the tunnel also were used to estimate the moisture-removal rate and
the equivalent evaporation rate (CRWMS M&O 2000a, Section 6.10.2.1). The weekly rate of
water removed by ventilation was a substantial fraction of the water used in the tunnel for
construction. The estimated, equivalent evaporation rate was on the order of 200 mm/yr., with
standard deviation over 90 mm/yr., for both the Topopah Spring welded tuff units in a 1,400-m
(4,600-ft) section centered at the Thermal Test Facility (Alcove 5) (see Figure 8.3-33) and the
PTn unit in a 380-m (1,250-ft) section between Alcove 3 and Alcove 4. The uncertainties were
related to fluctuations in the moisture conditions introduced by construction activities, including
air ventilation and water usage.

The large evaporation rates estimated above could suppress the observations of active seeps and
contribute to the apparently dry tunnel conditions (CRWMS M&O 2000a, Section 6.10.2.1).
Rock temperatures near the tunnel boring machine were observed to change spatially and
temporally and could be related to evaporation from rock surfaces. Water potentials near the
rock surfaces were measured with heat-dissipation probes, and potential profiles along boreholes
were measured by psychrometers in niches and alcoves along the ESF Main Drift and along the
ECRB Cross Drift. Field measurements in boreholes and laboratory measurements of physical
and hydrologic properties of cores were conducted to determine saturation distributions. The
dryout zones could extend nominally, 1 to 3 m (3 to 10 ft) into the walls, with fractures and
faults likely extending the depths of drying influence farther into the rock.

The advances of the ESF tunnel excavations were detected pneumatically by sensors in
10 surface-based boreholes near the ESF (see Section 8.4.2.3). When compared with the
damping of barometric signals from the mountain surface, less attenuation and phase lag were
detected from probes in the ESF (CRWMS M&O 2000a, Section 6.10.2.1). For borehole
USW NRG-7a, within 30 m (98 ft) horizontally from the ESF tunnel, observed changes in water
potential could be related to the ESF dryout (see Section 8.5.1.3).

The main effects of ESF ventilation are the drying of rocks around the tunnel, the suppression of
potential seepage into tunnels, and the perturbation of the gas-flow field around the tunnel
(CRWMS M&O 2000a, Section 6.10.2.1). As of late 1999, Niche 3566, Alcove 7, and the last
section of the Cross Drift have been isolated from the rest of the ESF with bulkheads so that
additional information on rewetting processes and potential seepage events can be obtained. The
data collected during both active ventilation phases and passive nonventilation phases would
contribute to the assessment of unsaturated zone responses to large-scale perturbations at Yucca
Mountain.

8.8.2.2 Cross Drift Observations

Moisture conditions in the ECRB Cross Drift in 1998 were similar to the conditions in the ESF
Main Drift in 1996 (CRWMS M&O 2000a, Section 6.10.2.2). High-humidity conditions existed
in the new sections just excavated. Relative humidity data from three moisture stations in the
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Cross Drift are illustrated in Figure 8.8-4 for the month of November 1998, immediately after the
completion of the excavation by the tunnel boring machine. The moisture sensor at Cross Drift
Construction Station 25+55 (2,555 m [8,382 ft] from the Cross Drift entrance) is located near the
Solitario Canyon fault on the western boundary of the potential repository block. The other two
stations, at Cross Drift Construction Stations 14+43 and 21+40, measured the moisture
conditions in the middle part of the Cross Drift within the repository block. This figure
illustrates the temporal fluctuations and the spatial distributions of moisture conditions along the
Cross Drift. Cross Drift Construction Station 25+55 was much more humid than the other two
stations under the control of the same ventilation system. Periodic upward spikes in humidity
tend to correspond to times when the ventilation system was shut down. For example, during the
week of the Thanksgiving holiday (November 26, 1998), the humidity rose steadily at all three
stations from November 27 to 29 and then began to fall again on November 29. The monthly
averaged relative humidity values are 15 + 3 percent for Cross Drift Construction Station 14+43,
18 i 4 percent for Cross Drift Construction Station 21+40, and 28 ± 5 percent for Cross Drift
Construction Station 25+55.

The temporal and spatial distributions are presented to illustrate the characteristics of the
moisture evolution in a newly excavated tunnel (CRWMS M&O 2000a, Section 6.10.2.2).
Moisture gradients, together with the ventilation rates, are needed to calculate the moisture
removal rates. The Cross Drift is a simple tunnel system in comparison with the ESF Main Drift.
There is only one ventilation line operating along the Cross Drift, with no secondary branches
separating the air flows into side alcoves and niches. Thus, moisture variation depends on
ventilation operations, drift working conditions, and the moisture condition at the entrance.

8.8.2.3 Observations of Dryout in Niche Boreholes

Drying processes in the rocks of the ESF Main Drift were monitored with psychrometers
installed in boreholes in three niches to measure water potential (CRWMS M&O 2000a,
Section 6.8). The niches (3566, 3650, and 3107) are located on the west side of the ESF Main
Drift in the vicinity of two faults, the Ghost Dance fault and the Sundance fault (Figure 8.8-1).

At Niche 3566, water potentials measured prior to excavation at a depth of 10 m (33 ft) from the
ESF were close to saturation values (-13 to -7 m) but ranged down to -71 m closer to the ESF
(CRWMS M&O 2000a, Table 19). In the excavated niche cavity, water potentials were
monitored in five boreholes and varied significantly, ranging from -2 to -132 m, depending on
the distance from the borehole collar. According to both pre-excavation and post-excavation
data, the rocks tended to get wetter with increasing distance from the ESF Main Drift (CRWMS
M&O 2000a, Section 6.8.2.2). Measurements suggest that there was significant dryout in the
rock surrounding the niches to a depth of at least 0.15 m, extending possibly to 2.6 m.

At Niche 3650, water potentials prior to air-injection testing ranged from -1 to -39 m at a depth
of 10 m (33 ft) and were as dry as -165 m at a depth of 0.6 m (2 ft) (CRWMS M&O 2000a,
Table 20). After air-injection testing, water potentials at the 10-m (33-ft) depth in Niche 3650
were more uniform and lower (-15 to -58 mn), indicating some drying during the testing.

Water potential measurements in Niche 3107, prior to excavation, show significant variability
among the boreholes (CRWMS M&O 2000a, Section 6.8.2.3, Table 21). Water potentials
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ranged from -15 to -84 m at a depth of 10 m (33 ft), even though the psychrometers were less
than 1 m (3.3 ft) apart. Water potentials were as dry as -273 m at a distance of 0.45 m (1.5 ft)
from the ESF Main Drift.

Overall, psychrometer measurements in the ESF indicate significant variability in water potential
among the three niches and within each niche (CRWMS M&O 2000a, Section 7.8). The main
observations are the following:

* Ventilation effects may have penetrated the rock, possibly greater than 3 m (9.8 ft).

. Two zones of significantly higher water potential in Niche 3566 appear to be associated
with the Sundance fault.

* There was large variability (-15 and -84 m) within the 0.9 m (3 ft) between two
boreholes at Niche 3107.

. In the zone beyond where ventilation effects of the ESF were observed (i.e., at 10-m
depths), the rocks in Niche 3566 appeared to be wetter than those in Niche 3650.

8.8.3 Distribution and Movement of Water Used in Construction

The use and release of construction water affects the moisture distribution in the rocks
surrounding ESF drifts (Finsterle et al. 1996, Section 1.1). Monitoring and predicting the
migration of a construction water plume may provide information on water flow in the fractured,
unsaturated tuffs at Yucca Mountain. Amount of water released, permeability of the fractured
formation, continuity of the fracture network, and fracture-matrix interaction are all expected to
be sensitive parameters, affecting penetration depths, migration velocity, and flow patterns of a
construction water plume.

8.8.3.1 Detection of Construction Water Tracers in Cores below the Exploratory
Studies Facility Loop

Water used for tunnel construction has been traced by adding a lithium-bromide tracer to it at a
concentration of 20 ppm Br (Finsterle et al. 1996, Section 3. 1). The bromide-to-chloride ratio in
this water is 2.9, which is significantly higher than the ratio (about 0.01) in natural, infiltrating
water at Yucca Mountain. Hence, construction water is assumed to be present in a pore-water
sample extracted from an ESF drill core if its bromide-to-chloride ratio is greater than 0.01. This
threshold is supported by statistical analysis performed on the data.

Three slanted boreholes (CWAT#1 at Construction Station 37+37, CWAT#2 at Construction
Station 50+64, and CWAT#3 at Construction Station 63+92) were drilled downwards from the
ESF (Figure 8.8-1), and pore-water salts were extracted from the drill cores for analysis
(Finsterle et al. 1996, Sections 1.1, 2.2). The apparent penetration depth of the construction
water varies considerably with location and shows an irregular profile, with multiple
concentration peaks. Based on bromide-to-chloride ratios, the shallowest depth of penetration
was in borehole CWAT#3, in which construction water was detected only in the top 2 m (6.6 ft)
(Finsterle et al. 1996, Section 3.1). The deepest penetration was in CWAT#2, in which
construction water had reached the bottom of the borehole (30 m [98 ft]). In CWAT#1,
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construction water was detected in all samples to a depth of 2.4 m (7.9 ft) and in two isolated
peaks at depths of 6.7 m (22 ft) and 8.5 m (28 ft), indicating fracture flow.

Differences in migration distances are most likely related to differences in water-application
rates and in hydraulic characteristics of the geologic units at each location (Finsterle et al. 1996,
Section 3.1). For example, before CWAT#2 was drilled, local flooding occurred at the Southern
Ghost Dance Fault Alcove (Alcove 7) when more than 38,000 L (10,000 gal.) of water were
released accidentally because of a broken hose. Typical daily water use in Alcove 7 was about
400 to 800 L (100 to 200 gal.). Presumably, some of the spilled water entered the upper part of
the fractured flow system intercepted by borehole CWAT#2. The more limited migration
observed in borehole CWAT#3 probably was due to the location of the top 5 m of this hole in the
upper lithophysal zone (Tptpul) of the Topopah Spring Tuff. This zone has a much higher
porosity, larger matrix conductivity, and lower degree of fracturing than the underlying middle
nonlithophysal zone (Tptpmn). Boreholes CWAT#1 and CWAT#2 are both located in the highly
fractured Tptpmn zone. Bromide-to-chloride ratios for the upper part of borehole CWAT#3
were significantly larger than those for the same interval in borehole CWAT#1. This suggests
that a larger proportion of construction water may have been retained in the Tptpul matrix in
borehole CWAT#3 than in the Tptpmn matrix in borehole CWAT#1.

These observations provide a minimum estimate for the depth of construction-water penetration
during construction of the primary ESF loop (Finsterle et al. 1996, Section 3.1). The water may
have migrated considerably farther through the fracture network than indicated by these data,
particularly where the water was applied directly onto the Tptpmn (in the cases of CWAT#1 and
CWAT#2).

8.8.3.2 Wetting-Front Detection in the Enhanced Characterization of the Repository
Block Cross Drift Starter Tunnel

During excavation of the ECRB cross-block drift, sensors were placed in a borehole drilled
below the starter tunnel, and sensors and water-collection trays were placed along the ESF Main
Drift at the point where the Cross Drift crosses over the Main Drift (CRWMS M&O 2000a,
Section 6.9). The migration of water plumes (or wetting fronts) from tunneling activities
associated with the ECRB were monitored. A 30-m (98-ft)-long borehole (0.10 m [0.33 ft]
[inside diameter]) was drilled at an angle of 300 from the horizontal along the proposed path of
the Cross Drift tunnel in the Tptpul unit. Changes in water potential and wetting-front position
were monitored along the entire length of the wetting-front monitoring borehole using
psychrometers and electrical resistance probes, respectively, as the tunnel boring machine
advanced through the rocks above.

The data from the psychrometers (Figure 8.8-5) show that, along the entire length of the
borehole, the walls were at water potentials of approximately -500 m (-1,640 ft) when the
sensors were installed in late February 1998 (CRWMS M&O 2000a, Section 6.9.2.1.1). A steep,
uniform increase in water potential values over the first 2 wk. in March suggests the recovery of
the borehole wall from drying that occurred during the dry drilling of this borehole. The
following 4 mo. of data show all psychrometers approaching equilibrium values, with water
potentials ranging from -70 to 0 m (-230 to 0 ft).
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Superimposed on this asymptotic trend in water potential values are periodic deviations, with
psychrometers nearer the borehole collar showing a larger number of such events (CRWMS
M&O 2000a, Section 6.9.2.1.1). These events were restricted to the first 2 mo. of monitoring,
and by the third week of April 1998, the last of these events had occurred. In three of the
psychrometers (located at distances of 1.6, 6.2, and 9.4 m [5.2, 20, and 31 ft] from the borehole
collar), evidence of wetting events was found in water potential that increased to near 0. The
psychrometer at 1.6 m (5.2 ft) measured water potential close to zero for three distinct periods.
The first extended from the start of monitoring until March 3, with the second extending for
4 days, beginning on March 8. A final period, significantly shorter, lasted for just less than 1 day
on March 22, 1998. The psychrometer located at 6.2 m (20 ft) measured water potential close to
0 for a 3-day period starting on March 8. The psychrometer located at 9.4 m (31 ft) detected
water potential values close to 0 for a single event on March 13 that lasted for nearly 11 hr.

In the remaining eight psychrometers, located between 9.4 and 17.3 m (31 and 57 ft) from the
borehole collar, evidence of small increases in water potential were found that extended beyond
the projected recovery rates (CRWMS M&O 2000a, Section 6.9.2.1.1). Some of these increases
coincided with periods when the psychrometers at distances of 1.6, 6.2, and 9.4 m (5.2, 20, and
31 ft) along the borehole showed potentials near zero; the rest of the psychrometer data remained
uncorrelated until the end of April 1998. The psychrometers up to a distance of 10.4 m (34.1 ft)
maintained a sinusoidal response that fluctuated around a trend of slow water potential increase.

By early May 1998, the rates at which water potential had been increasing had decreased
significantly, and by mid-June, all psychrometer readings appeared to have stabilized (CRWMS
M&O 2000a, Section 6.9.2.1.1). At two deep psychrometers (at 18.3 and 22.3 m [60.0 and
73.2 ft]), there appear to have been individual events during which, for brief periods, the rate of
water potential increase accelerated. The deep psychrometers maintained nearly constant
readings once they approached equilibrium, without the oscillations observed for shallow
psychrometers.

The psychrometer data collected between late March and June 1998 (Figure 8.8-6) show the
following key characteristics and events of interest (CRWMS M&O 2000a, Section 6.9.2.1.3):

* Sinusoidal responses in the shallower psychrometers (e.g., psychrometers at a distance
of 5.2 m [17 ft])

. The wetting and drying cycles observed in the shallower zones as the borehole walls
approached equilibrium (e.g., psychrometers at a distance of 9.4 m [31 ft])

* Steady approaches to equilibrium as seen in the deeper psychrometers (e.g., at depths
greater than 10.4 m [34.1 ft]).

Figures 8.8-6a to 8.8-6c summarize examples of responses of both psychrometers and electrical
resistance probes for the three response patterns observed in the psychrometer data. (The
vertical scales for resistance on the graphs are presented with resistance decreasing upward so
that the degree of wetness is increasing upward.) In two of the three cases, the electrical
resistance probes responded in a pattern similar to that of psychrometers located adjacent to the
probes (CRWMS M&O 2000a, Section 6.9.2.1.3). With the exception of the sensor at 5.2 m
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(17 ft), the sinusoidal response observed by the psychrometer was well tracked by the electrical
resistance probes, with points of changing trends fairly well synchronized. However, the
direction of the trends between small time intervals is not consistent, suggesting that the response
times of the probes are significantly different. The electrical resistance probes at shallow depths
might be sensitive to airflow through fractures in addition to moisture conditions in the rock
immediately surrounding the probes. The psychrometers measure the moisture conditions in the
vicinity of the probes. At a distance of 9.4 m (31 ft), the water potential increased steadily from
about -400 m (-1,300 ft) to about -70 m (-230 ft) between late March 1998 and June 1998, and
the corresponding electrical resistance probe measurements followed a similar pattern. Here,
large fluctuations in water potentials in relatively short periods of time (about 200 m [660 ft] in
4 days) were detected by both types of probes. The slower, more gradual recovery measured by
psychrometers deeper in the formation (at 21.3 m [69.9 ft]) generally was well tracked by the
electrical resistance probe measurements.

Overall analysis of data collected to detect wetting-front migration from the ECRB Cross Drift
starter tunnel resulted in the following conclusions (CRWMS M&O 2000a, Section 7.9.1):

. Three events were observed along the borehole below the starter tunnel at depths close
to 10 m (33 ft). The ponding event that occurred on March 8, 1998, increased water
potential values up to a depth of 8.65 m (28.4 ft) (17.3 m [56.8 ft] along the borehole).
During this event, the magnitude of the disturbance decreased farther into the borehole,
with an anomaly observed at a depth of 9.4 m (31 ft) where the change in water
potentials was significantly larger than the expected trend.

. At different times during the monitoring period, the impact on changes in water potential
values occurred at different locations along the borehole. Early in March 1998, the large
impacts were restricted to locations close to the borehole collar, whereas by early April,
large impacts were evident at depths between 9.4 and 11.4 m (31 and 37.4 ft).

. The slanting borehole does appear to have short-circuited flow paths during monitoring
of wetting-front migration, as indicated by the analysis of recovery responses observed
at the depth of 5.2 m (17 ft). At this depth, the response to a wetting event was
negligible when compared with other psychrometers close to this location (above and
below), suggesting that this zone was well isolated (hydraulically) from the adjacent
zones and did not detect the wetting front.

. The response of the electrical resistivity probes compared to that of the psychrometers
suggests that these probes (with their current design) can be used effectively as a
qualitative tool to detect the arrival (or departure) of wetting fronts.

8.8.3.3 Wetting-Front Monitoring at the Main Drift-Cross Drift Crossover Location

Figure 8.8-7 illustrates the seepage detection system at the Main Drift-Cross Drift crossover
location showing the location, of fluid collection trays that hang below the ceiling of the ESF
Main Drift. The seepage monitoring system was used to detect the wetting front in the ESF
Main Drift as the result of releases of traced water in the Cross Drift above (CRWMS
M&O 2000a, Section 6.9.1.3).
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At the crossover monitoring station, 132 collection trays were installed, each 0.3 m (0.98 ft) wide
and 1.23 m long, from Stations 30+40 to 30+80 (CRWMS M&O 2000a, Section 6.9.1.3). The
trays were hung below the tunnel ceiling and next to the ventilation duct along the ESF Main
Drift. On the drift walls above the spring line (3.18 m [10.4 ft] above the floor), psychrometers
and time-domain reflectometry probes were installed. A horizontal sensor array, with
40 psychrometer-time-domain reflectometry pairs at 1-m (3.3-ft) spacing, was installed along the
west wall (right rib). At the crossover location, three psychrometers were installed vertically
along the west wall, between the spring line and the ventilation duct. On the east wall (left rib),
three time-domain reflectometry probes were installed along the trace of a major fracture. In
addition to the sensor on the walls, an infrared camera and a video camera periodically
monitored the area around one time-domain reflectometry probe on the fracture trace. The
infrared images are sensitive to temperature changes associated with evaporation processes.

The excavation of the ECRB Cross Drift crossed over the ESF Main Drift on July 1, 1998, but no
seepage of construction water into the ESF Main Drift was observed (CRWMS M&O 2000a,
Section 6.9.2.2). The observers in the ESF Main Drift could hear rumbling noises from the
tunnel boring machine and feel vibrations on the railroad tracks and tunnel wall. However, no
falling of loose rock was observed. Figure 8.8-8 illustrates an example of the data collected by
the time-domain reflectometry probes. There is no evidence of the arrival of a wetting-front in
these data. A wetting-front signal would be apparent as an increase in the measured dielectric
measurements. These results from the sensors substantiated the field observations of no seepage
into the ESF Main Drift associated with the tunnel boring machine passing overhead.
Confirmation of no seepage at the crossover location establishes the lower limit for drift-to-drift
flow and drift seepage processes associated with construction-water usage. These results also
provide information for the design of controlled drift-to-drift water seepage experiments planned
at this unique location, where one drift is situated directly above another.

Overall analysis of data collected to monitor wetting-front migration at the Main Drift-Cross
Drift crossover location resulted in two major conclusions (CRWMS M&O 2000a,
Section 7.9.2):

. First, no seepage was observed, nor did any wetting front reach the ESF Main Drift
when the tunnel-boring machine crossed over the ESF Main Drift during excavation of
the Cross Drift. The tunnel boring machine apparently released insufficient water to
induce seepage into the Main Drift, 17.5 m (57.4 ft) below. Confirmation of no seepage
at the crossover location establishes the lower limit for drift-to-drift flow and drift
seepage processes associated with construction water usage.

* Second, because performance-confirmation drifts are planned in the potential repository
above or below waste-emplacement drifts to monitor the waste-induced impacts, it is
important to evaluate the drift-to-drift water migration and drift seepage to assess
potential impacts. The experience gained via the integrated monitoring station at the
crossover location (with seepage collection trays, water potential and wetting-front
sensors, and thermal and visual imaging devices) can be applied to future testing and
monitoring tasks.
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8.8.4 Fluid-Flow Properties of the Ghost Dance Fault

Geothermal logging, air and core-water chemistry sampling, air-injection testing, and tracer
testing were conducted in the Northern Ghost Dance Fault Alcove that was constructed off the
ESF (LeCain et al. 2000, p. 2 ). The location of the Northern Ghost Dance Fault Alcove in the
ESF is shown in Figure 8.3-33. The Northern Ghost Dance Fault Alcove is sometimes referred
to as Alcove 6. The goals of the fault testing were to determine air permeability, porosity,
gaseous tracer-transport characteristics (transport porosity and longitudinal dispersivity), and
ages of water in the volcanic rocks (tuff) that comprise the fault zone, footwall, and hanging wall
of the Ghost Dance fault. The permeability, porosity, and tracer-transport characteristics of these
tuffs control the movement of fluids in Yucca Mountain, and quantified values of these
parameters are needed for numerical modeling of fluid flow in the unsaturated zone. Potential
fluid movement in Yucca Mountain includes the transmission of water from the surface to the
potential repository horizon and below the horizon, and the transmission of gases from the
potential repository horizon to the ground surface. This section presents the results of testing,
sampling, and analysis conducted in the Northern Ghost Dance Fault Alcove from
November 1996 through August 1998.

The Northern Ghost Dance Fault Alcove was constructed in the ESF during the second half of
1996 and the first half of 1997 (LeCain et al. 2000, pp. 5 to 6 ). The Northern Ghost Dance Fault
Alcove consists of two sections: the Northern Ghost Dance Fault Access Drift, which provided
access to the Northern Ghost Dance Fault Drill Room, from which test boreholes were drilled
into the fault (Figure 8.8-9). The northern Ghost Dance fault is located 3,737 m (12,260 ft) into
the ESF (measured from the North Portal) and is approximately 230 m (754 ft) below the ground
surface. From the face of the Northern Ghost Dance Fault Access Drift, borehole NAD-GTB#la
was drilled horizontally and due east to a depth of 60 m (200 ft). The borehole penetrated the
Ghost Dance fault at a depth of approximately 49 m (160 ft). Matrix hydrologic property
measurements were made on core samples from borehole NAD-GTB#la, including porosity and
saturation (see Section 8.3.2.2.6 and Figure 8.3-17). After video and geothermal logs were run
in the hole, the Northern Ghost Dance Fault Access Drift was excavated to a depth of 134.4 m
(440.9 ft), eliminating the upper 29.4 m (96.4 ft) of borehole NAD-GTB#la. Geothermal
logging, hydrochemistry sampling, and air-injection testing were conducted in the remaining
section of the borehole. After the testing was completed, construction of the Northern Ghost
Dance Fault Access Drift continued to a depth of 174 m (571 ft). The Northern Ghost Dance
Fault Access Drift intersected the Ghost Dance fault at a depth of about 152 m (499 ft).
Following construction of the Northern Ghost Dance Fault Access Drift and the Northern Ghost
Dance Fault Drill Room, three horizontal boreholes, designated as major faults boreholes, were
drilled from the Northern Ghost Dance Fault Drill Room into the Ghost Dance fault. The
boreholes were dry-drilled in a triangular configuration and parallel to one another
(Figure 8.8-9). A tracer gas of 1.0 ppm sulfur hexafluoride (SF6) was added to the drilling air.

The Northern Ghost Dance Fault Alcove and the major fault boreholes are located in the
Topopah Spring Tuff crystal-poor, middle nonlithophysal zone (Tptpmn) (LeCain et al. 2000,
p. 6). Geologic mapping of the Northern Ghost Dance Fault Access Drift identified the Ghost
Dance fault at 152.1 and 152.7 m (499 and 501 ft) from the ESF with a matrix-supported,
uncemented, brecciated zone 0.6 to 1 m (2 to 3 ft) thick and derived from the wall rock. The
footwall is intensely fractured from 152.7 to 153.7 m (501 to 504 ft) and is slightly fractured
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from 153.7 to 157.7 m (504 to 517 ft). The hanging wall is moderately to intensely fractured
from approximately 142.1 m (466 ft) to the fault at 152.1 m (499 ft). The Ghost Dance fault is a
normal fault with a strike/dip of 1800/800 on the footwall and 175°/82° on the hanging wall. The
fault offset is approximately 3 m (9.8 ft).

8.8.4.1 Data Sources

The principal source of data, analyses, and interpretations for the investigation of fluid-flow
properties of the Ghost Dance fault is a report by LeCain et al. (2000). Data include borehole
video and caliper logs, detailed line surveys of geology and structure, temperature logs,
pneumatic pressure, gaseous-phase chemistry, tritium content of pore water, results of single-
hole air-permeability tests, and results of two-dimensional and three-dimensional air-injection
and tracer tests.

8.8.4.2 Geothermal Logging, Pneumatic-Pressure Monitoring, and Chemical Sampling
in Borehole NAD-GTB#la

Geothermal logging, pneumatic-pressure monitoring, and chemical sampling were conducted in
borehole NAD-GTB#la using methods and procedures described in LeCain et al. (2000,
pp. 7 to 8). Geothermal logs of borehole NAD-GTB#la indicated the effects of ESF ventilation
to depths of 3 to 5 m (9.8 to 16 ft) (LeCain et al. 2000, p. 17). The geothermal log from
November 7, 1996, identified a 0.1 C temperature decrease throughout the broken zone of the
Ghost Dance fault. The temperature decrease was identified during a period when the
barometric pressure was rising, suggesting that cool air was moving downward through the
broken zone. The geothermal log from December 3, 1996, identified a 0.05'C temperature
increase at (or near) the main trace of the fault. During this period, the barometric pressure was
falling, indicating that warm air was moving up the main trace of the Ghost Dance fault.
Stabilization of the temperature in the broken zone between November and December indicated
that the November temperature drop may have been due to drilling-induced evaporative cooling
or gas-expansion cooling.

In situ pneumatic pressures were monitored in borehole NAD-GTB#1 a from December 19, 1996,
to January 10, 1997, using a 30-in (98-ft)-long borehole liner and an uphole pressure transducer.
The liner was installed to maximize the number of monitor intervals within the 12-m (39-ft)-long
broken zone. Downhole pressures showed minimal barometric pressure attenuation (0.5 kPa or
less) and small time lags (LeCain et al. 2000, p. 18, Figures 8 to 9). Comparison of the
downhole pressure fluctuations to the barometric pressure fluctuation indicated that the
permeability of the rock is relatively high.

Gas-phase chemistry samples were collected from borehole NAD-GTB#la from December 4,
1996, to January 14, 1997, using the borehole liner. Gas-phase carbon dioxide concentrations
ranged from 660 to 1,175 ppm (LeCain et al. 2000, pp. 18 to 20, Table 2). Carbon dioxide
concentrations increased with distance from the Northern Ghost Dance Fault Access Drift and
indicate that air from the Northern Ghost Dance Fault Access Drift had moved a minimum of
13.9 m (45.6 ft) into the tuff. Uncorrected 14C ages of gas samples ranged from 2.4 to 4.5 k.y.,
with the ages correlating directly with the amount of pressure attenuation measured during
pneumatic monitoring. The 14 C age and attenuation correlation corroborates the conclusion that
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air from the Northern Ghost Dance Fault Access Drift had penetrated the tuff through the
fracture system.

Nine out of 34 water samples distilled from rock core from various depths of borehole
NAD-GTB#la contained tritium at significant levels (LeCain et al. 2000, pp. 20 to 22, Table 3).
Assuming that the tritium levels are not due to contamination, the presence of measurable tritium
indicates that water has been transported from the ground surface to the depth of the Northern
Ghost Dance Fault Alcove during the last approximately 100 yr. (8 half-lives). Four core-water
samples at three depths contained tritium levels greater than 2.0 tritium units, indicating that
water has traveled from the ground surface to the depth of the borehole in the last 45 yr. The
proximity of the elevated tritium samples to the main trace of the Ghost Dance fault and to the
12-m (39-ft)-wide broken zone indicate that the fault is a conduit for water percolating through
the PTn unit.

8.8.4.3 Chemical Sampling of the Northern Ghost Dance Fault Drill Room Boreholes

Gaseous-phase chemistry samples were collected from boreholes NDRMF#1 and NDRMF#2
from August 4 to August 20, 1998, using the borehole liner. Gaseous-phase carbon dioxide
concentrations in boreholes NDRMF#1 and NDRMF#2 ranged from 711 to 913 ppm, and
uncorrected 14C ages ranged from 2.5 to 3.6 k.y. (LeCain et al. 2000, p. 22, Tables 4 to 5). There
was no correlation between gaseous-phase chemistry and depth. Overall, the data indicate that
the gas samples from the boreholes are a mixture of Northern Ghost Dance Fault Alcove air and
rock gas. The mixing was probably due to the high permeability of the fault zone; penetration of
the fault by the Northern Ghost Dance Fault Access Drift, providing a short flow path; and the
relatively long time (17 mo.) between fault penetration and gas sampling.

Both core-water samples from the footwall and the intensely fractured fault zone in borehole
NDRMF#1 contained tritium at significant levels (LeCain et al. 2000, pp. 22 to 23, Table 6),
indicating that water had percolated from the ground surface to the borehole in the last
approximately 100 yr. (8 half-lives). Overall, the results of tritium analysis indicate that the fault
is a conduit for the rapid percolation of water from the ground surface through the PTn unit.

8.8.4.4 Single-Hole Air-Injection Testing in Borehole NAD-GTB#la

Single-hole air-injection testing was conducted in borehole NAD-GTB#la from January 15 to
February 23, 1997 (LeCain et al. 2000, pp. 8 to 10). Field equipment consisted of the downhole-
packer system, the air-injection system, and the data acquisition system. Test intervals were
selected from a review of the borehole video logs. Following the selection of a test interval, two
pneumatic packers were inserted into the borehole and straddled the selected test interval. The
packers then were inflated, using compressed air, isolating the test interval. After the packers
were inflated and the pressure in the test interval had stabilized, compressed air was injected into
the isolated test interval through a nylon tube that connected the test interval to an uphole air
compressor. Sulfur hexafluoride was added to the injection air as a tracer (10.0 ppm), and the
air-injection rate was controlled and monitored by mass-flow controllers. The absolute pressure
and temperature in the test interval were monitored using a pressure transducer and a thermistor
mounted between the downhole packers.
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The pressure responses measured in the test intervals usually showed an initial pressure increase
followed by a period of decreasing pressure due to water redistribution. Air injection was
continued until the test-interval pressure neared steady state, which generally occurred after
approximately 10 min. Twelve of the 13 tests intervals had lengths of 1 m (3.3 ft); one test
interval had a length of 12 m (39 ft). Initial permeability values were calculated for each test
using a modified version of the Hvorslev steady-state solution. The solution is for elliptical flow
where the length of the injection interval is substantially greater than the radius of the injection
interval. Application of the method to fractured tuff assumes that the fracture-flow system is
sufficiently connected and extensive so that the fractured tuff could be treated as an equivalent
porous medium. To evaluate turbulence, which produces non-Darcian flow, multiple tests at
variable flow rates were performed on each test interval. Air-injection testing in fractured rock
generally involves a combination of laminar and turbulent fracture flow. Non-Darcian flow was
identified as a decrease in the calculated permeability values with increasing flow rates. A
complete explanation of the mathematics used to account for turbulence and calculate air
permeability is contained in LeCain et al. (2000, pp. 8 to 10).

Permeability values from the hanging wall (west side) of the Ghost Dance fault generally ranged
1013 101 2XI - 2from 1.0 x 10 to 2.5 x 1012 m2 with an arithmetic mean of 1.1 x 1012 m (LeCain et al. 2000,

p. 23, Table 7). Air-injection testing indicated a zone of greater permeability encompassing the
brecciated zone associated with the main trace of the fault and about 2 m (6.6 ft) of the adjacent,
intensely fractured hanging wall. This zone was interpreted as the "fault zone" and had
permeability values that ranged from 8.5 x 10-12 to 1.1 x 10-11 m 2 with an arithmetic mean of
1.0 x 10ol m2. Permeability of the footwall (east side) of the Ghost Dance fault was very similar
to that of the hanging wall, ranging from 2.0 x I0-' to 2.1 x l0- 2 m2 with an arithmetic mean of
1.0 x 10-12 m2. Overall, the permeability of the unaffected rock surrounding the fault is very
similar to the permeability of the Tptpmn derived from air-injection testing of surface-based
boreholes (3.7 x 10-13 to 2.7 x 10-12 M2 ), while the fault-zone permeability is several times larger.
This is clear evidence that more intense fracturing and brecciation associated with the Ghost
Dance fault have resulted in significantly larger permeability of the fault zone.

8.8.4.5 Cross-Hole Air-Injection Testing in the Northern Ghost Dance Fault Drill Room
Boreholes

Cross-hole air-injection tests were conducted between the three Northern Ghost Dance Fault
Drill Room boreholes (Figure 8.8-9) in three phases, from August 1997 to June 1998 (LeCain
et al. 2000, pp. 10 to 11). Cross-hole testing consisted of injecting air into an isolated interval of
a borehole (injection borehole) and monitoring the pressure response in isolated monitor
intervals in other boreholes (monitor boreholes). The first phase of testing was conducted
following the drilling of boreholes NDRMF#1 and NDRMF#2 and consisted of 11 tests using
borehole NDRMF#1 as the monitor borehole and borehole NDRMF#2 as the injection borehole.
Following the construction of borehole NDRMF#3, the second phase of testing was conducted.
Testing consisted of 13 tests using boreholes NDRMF#I and NDRMF#2 as monitor boreholes
and borehole NDRMF#3 as the injection borehole. The third phase of testing consisted of
13 tests using boreholes NDRMF#2 and NDRMF#3 as monitor boreholes and borehole
NDRMF#1 as the injection borehole. The injection borehole was instrumented with the same
dual-packer gas-injection system used in the single-hole air-injection testing. The monitor
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boreholes were each fitted with 10 packers that separated each monitor borehole into
10 pressure-monitoring intervals. Packer lengths for the monitor boreholes ranged from 1.0 to
8.0 m (3.3 to 26 ft), and the monitor-interval lengths ranged from 0.6 to 4.0 m (2 to 13 ft). Each
monitor interval was equipped with an access tube and a dedicated, uphole pressure transducer
that measured the absolute pressure in the monitor intervals. The air-injection rate for the cross-
hole testing was 500 standard liters per minute (sLpm) and was monitored and controlled by
mass-flow controllers. Air was injected until the pressure in the injection interval and in the
monitor intervals neared steady state, which generally required approximately 3 hr.

The air-injection tests and the test environment were analyzed with an analytical model using
type curves, a numerical model using the computer code AIR3D, and with a discrete-feature
model using the computer code FRACMAN (LeCain et al. 2000, pp. 11 to 14). Type-curve
analysis included an initial examination of the shape and the steady-state values of the pressure
responses in the injection and the monitor intervals. Pressure responses were examined to
identify any patterns that would indicate any effects of direction or location on the permeability
and porosity of the fractured tuff. Following the initial examination, type-curve matching was
used to analyze the pressure responses of the monitor intervals. Analysis of tests conducted in
the hanging wall and the footwall assumed a spherical flow geometry and used the
complementary error function to estimate permeability and porosity values. Analysis was
developed to evaluate flow in an equivalent porous medium; therefore, application of the method
to fractured tuff assumes that the fracture-flow system is sufficiently connected and extensive so
that the fractured tuff could be treated as an equivalent porous medium. The analysis assumed
that the injection and the monitor intervals could be represented as points in a large
homogeneous and isotropic system. Analysis of the tests conducted in the intensely fractured
fault zone assumed a radial flow geometry and used a modified version of the Theis exponential
integral function to estimate the permeability and porosity values. A more detailed discussion of
the analytical method is given in LeCain et al. (2000, pp. 11 to 13).

Following the type-curve analysis, a numerical model of the northern Ghost Dance fault flow
system was developed using the U.S. Geological Survey finite-difference computer code AIR3D
Version 22.6.98 (LeCain et al. 2000, p. 13). Computer code AIR3D adapts the groundwater flow
simulator MODFLOW for use with-three-dimensional airflow in unsaturated flow systems. The
model assumed a heterogeneous flow system that had three homogeneous-isotropic zones. The
three zones corresponded to the footwall, hanging wall, and a 4-m (13-ft)-wide zone of dense
fracturing referred to as the fault zone. The model was scaled, and the grid nodes that matched
the air-injection and monitor intervals were identified in order to replicate the three-dimensional
cross-hole air-injection testing. The model was run using air-injection grid nodes and mass-flow
rates that replicated selected field tests. At the completion of the model run, plots of the grid-
node pressure responses, which represented monitor intervals, were visually compared to the
field-test pressure responses. Using these comparisons, the model permeability and porosity
values were adjusted, and the model was rerun. The rerun pressure responses again were
compared to the field pressure responses. This iterative process was repeated using different
permeability and porosity values, different air-injection grid nodes, and different monitor-
interval grid nodes, until a satisfactory match between the model pressure responses and the field
pressure responses was obtained.
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Following the analytical and the numerical analysis, a discrete-feature network model was
developed using the FRACMAN Version 2.511 family of computer codes, including the MAFIC
module for flow simulations (LeCain et al. 2000, pp. 13 to 14). The objective of the discrete-
feature network modeling was to develop a fracture-flow model that represented the Ghost
Dance fault fracture system more accurately than the equivalent porous-medium models. A
better understanding of the fracture-flow process may be valuable for predicting flow and
transport at other locations and at different scales. The forward-modeling approach of
FRACMAN was used to develop a three-dimensional discrete-feature network model. The
geometry and spatial distributions for the fracture systems in the model were based on the
detailed line survey fracture data from the Northern Ghost Dance Fault Access Drift and
Northern Ghost Dance Fault Drill Room. The detailed line survey fracture data were analyzed
using CLUSTRAN Version 1.1 fracture analysis software and visual inspections of equal-area
Schmidt plots. Fracture distribution types and fracture amounts were defined for orientation,
size, intensity, and dispersion. Fracture intensity was based on the scale-independent ratio of
fracture area to rock volume. The fractures were classified into fracture sets based on their dip
and strike. The fracture set lengths were analyzed to determine a mean, standard deviation and
distribution type. The fracture data were used to estimate an effective fracture radius (or size)
from the trace length distribution using the FRACMAN-FRACSYS module.

The FRACSYS algorithm allows an initial estimate of the fracture size distribution and simulates
a length distribution. The initial estimate was changed by optimization algorithms until the
simulated length distribution matched the mapped length distribution from the detailed line
survey. The optimized estimate then was used as the fracture size distribution for the
discrete-feature network model. This process was used to analyze each fracture subunit of the
network. The process eliminates censoring and truncation bias. To minimize
fracture-orientation bias, more than one orientation of tunnel segments was used. The
orientations were normalized to the number of fractures and included in one orientation
distribution pool. Mapped fault data were included exactly as mapped in the Northern Ghost
Dance Fault Access Drift and the Northern Ghost Dance Fault Drill Room. Physical features,
such as boreholes and tunnels, were replicated to the scale and location of the measured field
boundaries. The discrete-feature network model was calibrated by the generation of 10 discrete-
feature network simulated fracture systems based on the CLUSTRAN fracture database. The
fracture characteristics of the 10 simulated fracture systems then were compared to the detailed
line survey field data. When the simulated detailed line survey number of fractures per meter
was within one standard deviation of the field detailed line survey, the fracture component of the
discrete-feature network model was considered calibrated. Following the model calibration,
transmissivity values for fractures were assigned to the fracture systems. The discrete-feature
network transmissivity values were based on the results of the single-hole and the cross-hole
air-injection testing. The single-hole and cross-hole tests were performed under pneumatic
conditions. However, the MAFIC module of the FRACMAN modeling system simulated
hydraulic conditions. As a result, pneumatic parameters of pressure and flow rates were
converted to hydraulic parameters in the discrete-feature network model. The discrete-feature
network model then simulated the cross-hole air-injection field tests. The simulated pressure
responses then were compared to the field-measured pressure responses. This iterative process
was repeated until the model results matched the field results, indicating that the geometric,
hydraulic, and spatial properties were acceptable.
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8.8.4.5.1 Analysis of Cross-Hole Air-Injection Tests in the Northern Ghost Dance Fault
Drill Room Boreholes Using Type Curves

The initial examination of the pressure responses in the monitor intervals identified three zones
that had different pressure responses and corresponded to the structural units: footwall, fault
zone, and hanging wall (LeCain et al. 2000, p. 24). The fault zone was previously defined as an
intensely fractured zone that extended from the main trace of the Ghost Dance fault 1 m (3.3 ft)
into the footwall and 3 m (9.8 ft) into the hanging wall. The normalized pressure responses
indicated no correlation between pressure response and direction. The identification of three
zones with different pneumatic characteristics and the absence of directional effects indicated
that the northern Ghost Dance fault test area was heterogeneous, with three zones of different
permeability, and that the three zones were isotropic.

Following the initial examinations, the pressure responses of the monitor intervals were analyzed
using spherical-flow and radial-flow type curves (LeCain et al. 2000, p. 24). The analysis
assumed that the matrix was water filled, which is reasonable, because no delayed storage
components were identified in the pressure responses. Tests conducted in the footwall and
hanging wall best matched the spherical-flow model, whereas tests conducted in the fault zone
best matched a radial-flow model. The data also indicated some leakage from the boundaries.
The radial-flow model best matched the fault zone, because the higher permeability fault zone
was bounded by the lower permeability footwall and hanging wall that restricted the gas flow to
a leaky radial-flow geometry. The type-curve analysis indicated that the permeability and
porosity values of the three individual structural units were independent of direction. The
analysis identified boundary effects when the monitor interval and the air-injection interval were
located in different structural units and when a monitor interval was located immediately
adjacent to an adjoining structural unit. The type-curve analysis identified a heterogeneous flow
system that had three different homogeneous, isotropic structural units corresponding to the
footwall, fault zone, and hanging wall.

Statistical summaries of the permeability and porosity values by structural unit for all the tests
conducted are presented in Tables 8.8-1 and 8.8-2, respectively.

Comparison of the arithmetic mean values of permeability in Table 8.8-1 with values obtained
from the single-hole tests in borehole NAD-GTB#l a (see Section 8.8.4.4) indicates that mean
values from the cross-hole tests are consistently larger than those from the single-hole tests
(LeCain et al. 2000, pp. 24 to 26). In the hanging wall, the arithmetic mean permeability from
the cross-hole tests (5.0 x 10-12 M2 ) is about five times the mean obtained from the single-hole
tests (1.1 x 10-12 M2 ). In the fault zone, the arithmetic mean permeability from the cross-hole
tests (1.8 x 10-1 IM 2 ) is about two times the mean obtained from the single-hole tests (1.0 x 10-

1In 2). In the footwall, the difference is even greater, with the arithmetic mean permeability
from the cross-hole tests (8.7 x 10-12 m2) being nearly 10 times the mean obtained from the
single-hole tests (1.0 x 10-2 m2). The larger permeability values from the cross-hole tests are not
unexpected because of the larger scale of the cross-hole tests as compared to the single-hole
tests. Overall, the Northern Ghost Dance Fault Alcove cross-hole permeability values for the
Tptpmn are larger than the range of the surface-based permeability values for the Tptpmn (3.7 x
10-13 to 2.7 x 10-12 M2). The larger mean permeability from the cross-hole tests probably reflects
the intense fracturing associated with the Ghost Dance fault.
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The mean porosity values in Table 8.8-2 indicate that the porosity of the fault zone is about three
times that of both the hanging wall and the footwall (LeCain et al. 2000, p. 26). Although the
monitor interval pressure responses did not indicate a dual porosity system, and the analysis
assumed that the matrix was water filled, the porosity values were greater than expected and
indicate a porosity com onent in addition to the fracture porosity. Fracture porosity generally
ranges from 10-2 to 10- . Visual examinations in the Northern Ghost Dance Fault Access Drift
indicated that the fault zone fracture porosity may be larger than 10-2. Possible explanations of
the additional porosity include air-filled lithophysal cavities, as well as air-filled matrix pores in
direct contact with the fractures.

In general, the fault-zone porosity values determined from the cross-hole air-injection tests are
about one-tenth the values of matrix porosity determined from core samples (see Figure 8.3-17).

8.8.4.5.2 Numerical Analysis of Cross-Hole Air-Injection Tests in the Northern Ghost
Dance Fault Drill Room Boreholes Using AIR3D

Using geologic information from the detailed line survey, geologic mapping, visual inspection of
the Northern Ghost Dance Fault Access Drift and Northern Ghost Dance Fault Drill Room, and
borehole video logs, a numerical model of the northern Ghost Dance fault flow system was
developed using the U.S. Geological Survey finite-difference model AIR3D (LeCain et al. 2000,
pp. 26 to 29). The numerical-model grid was 40 layers, 25 columns, and 25 rows. Model layers
were uniformly 2 m (6.6 ft) thick, while column and row widths ranged from 0.1 m (0.3 ft) at the
central nodes, up to 10.0 m (32.8 ft) at the outer boundaries. The dimensions of the model
domain were 76.1 m (250 ft) (x-direction) by 76.1 m (250 ft) (y-direction) by 80.0 m (262 ft)
(z-direction). The lower boundary was designated as a no-flow boundary (representing the water
table) and the other five boundaries were assigned as constant-head. To minimize boundary
effects, the model scale was large compared to the field testing scale. The footwall was assigned
layers 1 through 20, the fault zone layers 21 and 22, and the hanging wall layers 23 through 40.
The relative locations of the model air-injection and monitor intervals were selected to match the
field tests. The initial model run used the arithmetic mean values of permeability and porosity
from the type-curve analysis for the footwall, fault zone, and hanging wall. Pressure responses
from the numerical model were visually compared to the pressure responses from field testing.
Using these comparisons, the permeability and porosity values of the model were adjusted and
the model was rerun. The model pressure responses again were compared to the pressure
responses from the field. This iterative process was repeated until a qualitative best match
between the pressure responses from the model and the pressure responses observed in the field
tests was obtained.

The AIR3D numerical model permeability and porosity values that best matched the observed
field test pressure responses are indicated in Figure 8.8-10. The numerical model estimates of
permeability and porosity, respectively, were as follows: footwall 1.0 x 10-' m2 and 0.07; fault
zone 2.0 x 10-11 m2 and 0.20; and hanging wall 5.0 x 10-12 m2 and 0.05 (LeCain et al. 2000,
p. 29). Although these values are very similar to the type-curve values and indicate good
agreement between the two methods, there are additional considerations. The pressure responses
from the numerical model replicated the field data from the fault zone more accurately than the
data from the footwall and the hanging wall. The early-time field data from the footwall are a
closer match when the modeled-footwall permeability and porosity values are 5.0 x 10-12 m2 and
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0.05. The same is true for the hanging wall, where permeability and porosity values of
3.0 x 10-12 m2 and 0.03 provide a better fit to the early-time field data. However, the late-time
field data for both the footwall and the hanging wall indicated higher permeability and porosity
values. Therefore, the values indicated in Figure 8.8-10 are a compromise between the best-fit
values for the early-time and late-time data. An alternative model might use the lower
permeability values for the hanging wall and the footwall and would assume a constant-head
boundary, such as a large fracture, to account for the late-time rapid stabilization of the pressure
responses. Because the field work (geologic mapping, fracture mapping, borehole logging, and
air-injection testing) did not indicate any physical feature that could act as a constant-head
boundary, a compromise was made, and, therefore, the permeability and porosity values
presented in Figure 8.8-10 are a reasonable match to the field data. Other possible
interpretations might include a high permeability connection of the fracture system to the
Northern Ghost Dance Fault Drill Room and representation of the Northern Ghost Dance Fault
Drill Room as a constant-head boundary. Another alternative might be representation of the
footwall and hanging wall using a dual-porosity model. Although the pressure responses did not
indicate a dual-porosity system (no delayed storage), the relatively large porosity values indicate
that the assumption of a water-saturated matrix may be questionable.

8.8.4.5.3 Discrete-Feature Analysis Using FRACMAN

The CLUSTRAN analysis identified six statistically significant fracture groups in the Northern
Ghost Dance Fault Alcove in which fractures are moderately to steeply inclined, trend in a
northerly and northwesterly direction, and have nonuniform spacing (LeCain et al. 2000,
pp. 29 to 30). There was no apparent correlation between length and orientation, even though
fractures that parallel the Northern Ghost Dance Fault Alcove had a greater probability of having
long lengths. The analysis indicated that the fracture lengths follow log-normal, power law, and
exponential distributions. The six fracture sets and their statistical parameters were used as input
to the FRACSYS algorithm of the FRACMAN code to generate a statistical fracture system that
represented the Northern Ghost Dance Fault Alcove. Three additional fracture sets, based on a
visual inspection of the fault zone, were applied to the intensely fractured, 4-m (13-ft)-wide fault
zone to compensate for the high density of fractures with trace lengths less than 0.3 m (1 ft) that
were not included in the detailed line survey. Ten stochastic discrete-feature network
realizations were generated, and the fracture characteristics of the simulated fracture systems
then were compared to the detailed line survey field data from the Northern Ghost Dance Fault
Alcove. When the stochastically generated discrete-feature network fracture data were within
one standard deviation of the detailed line survey field data, the discrete-feature network model
was considered calibrated.

Following the development of the fracture system, initial transmissivity values were assigned to
the fractures, based on the permeability values from the type-curve analysis of the cross-hole
air-injection tests (LeCain et al. 2000, pp. 30-34). Successive, iterative model simulations then
were run using the MAFIC module until the optimal transmissivity distributions and the
equivalent permeability values for the FRACMAN-discrete-feature network model for the
footwall, fault zone, and hanging wall were found that best matched the cross-hole pneumatic
test data. The transmissivity values were based on an interval length of 2 m (6.6 ft). The
resulting permeability values from the discrete-feature network model (Table 8.8-3) are larger
but, generally, in good agreement with the permeability values from the type-curve analysis
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(Table 8.8-1) and the AIR3D analysis (Figure 8.8-10 ). The simulated pressure responses from
the discrete-feature network model of the hanging wall and the footwall were quite similar to the
field test pressure responses, indicating that the discrete-feature network model had replicated
the fracture network and fracture permeability of these two zones. The simulated pressure
responses from the discrete-feature network model for the fault zone generally were higher than
the field pressure responses by a factor of three. To correct this discrepancy, the fracture
intensity and transmissivity values for the discrete-feature network fault zone were increased by
as much as 10 times. However, the changes did not have a substantial effect on the simulated
pressure responses. A dual-porosity model was run to determine if matrix porosity, associated
with the breccia located in the fault zone, had any effect on the simulated pressure responses.
The simulated pressure responses decreased slightly but did not change substantially. Only
matrix porosity values of 50 percent decreased the FRACMAN-discrete-feature network model
simulated pressure responses to field test values. Although core analysis from borehole
NDRMF#3 indicated rubble zones and dense fracturing in the fault zone, a 50 percent air-filled
porosity was considered too large to be realistic.

The discrete-feature network model indicated that cross-hole air-injection tests conducted in the
Ghost Dance fault hanging wall and footwall can be fairly accurately modeled using the detailed
line survey fracture mapping data (LeCain et al. 2000, p. 34). Also, because the model is based
on real fracture data, the discrete-feature network will produce a more realistic fracture flow
model. The discrete-feature network model of the fault zone was not as successful, because the
intense fracturing of the fault zone was not adequately represented in the detailed line survey
fracture data. The detailed line survey fracture mapping was limited to fractures with trace
lengths greater than 0.3 m (1 ft). Most of the numerous fractures in the fault zone had trace
lengths less than 0.3 m (1 ft) and were not mapped in the detailed line survey, nor were they
adequately represented by the three additional fracture sets. The AIR3D numerical modeling
indicated that because of the high fracture density, the fracture zone probably is more accurately
modeled as an equivalent porous medium. Because the discrete-feature network provides a
model of the footwall and hanging wall that is closer to reality, it may be possible to increase the
scale of the discrete-feature network simulations to predict pressure responses at larger
dimensions for areas with fracture systems that are similar to the Ghost Dance fault hanging wall
and footwall.

8.8.4.6 Cross-Hole Tracer Testing in the Northern Ghost Dance Fault Drill Room
Boreholes

Cross-hole convergent-tracer tests were conducted between intervals that had cross-hole
pneumatic connections using the same equipment as the cross-hole air-injection testing except
that the air compressor was replaced with a vacuum pump (LeCain et al. 2000, pp. 14 to 15).
The interval isolated by the dual-packer assembly was pumped at approximately 30 sLpm,
creating a pneumatic gradient toward the pumped interval. When the flow system reached
steady state, a slug of SF6 (0.3 to 0.6 L of 10 percent SF6) and a slug of He (0.3 to 0.6 L of
10 percent He) were released in monitor intervals in a different borehole. The tracers flowed
along the pneumatic gradient to the pumped interval where the tracer concentrations were
measured using a gas chromatograph for the SF6 and a mass spectrometer for the He. The
pumping rate was regulated by mass-flow controllers, and the pneumatic gradient was monitored
by pressure transducers. Because the zone of decreased pressure around the pumped interval

TDR-CRW-GS-OOOOO1 REV 01 ICN 01 8.8-1 9 September 2000



was small, the linear distances between the tracer release interval and the pumped interval
generally were less than 7 m. A total of 21 cross-hole tracer tests were conducted in three phases
from November 1997 to June 1998. The three phases of convergent-tracer testing followed the
three phases of the cross-hole air-injection testing described in Section 8.8.4.5. Details of tracer-
test configuration are described in LeCain et al. (2000, pp. 14 to 15).

8.8.4.6.1 Analysis of Cross-Hole Tracer Tests in the Northern Ghost Dance Fault Drill
Room Boreholes Using Moench Type Curves

The cross-hole tracer tests were analyzed using the Moench type-curve method, which assumes
that the fracture system can be treated as an equivalent porous medium and is based on mass
conservation and Fick's law (LeCain et al. 2000, p. 15). Solute transport is described by the
advection-dispersion equation. The solution was used with air and gas tracers and assumes that
gas-compression effects are minimal. This is a reasonable assumption, because the tracer-test
pressure gradients were less than 15.0 kPa (16.7 percent of atmosphere). The Moench dual-
porosity radial-flow analytical solution was used to solve the porous-medium, advection-
dispersion equation. The rising portion of the data curves was matched to the type curves.
Matching only the rising portion of the curves ignored the diffusion process, because it was
assumed that the effect of diffusion is minimal on the rising limb of the breakthrough curve. The
normalized tracer curves and curve matching provided estimates of the advective travel time
(time to the center of mass) and the Peclet numbers.

A limitation of the type-curve analysis was that the solution assumed an idealized radial-flow
geometry, while the field-flow geometry was a combination of spherical and leaky radial flow
(LeCain et al. 2000, p. 16). To compensate for the non-ideal flow geometry, the analysis
assumed that the tracer release interval component was a constant 8.0-m (26-ft) effective length.
The effective length was based on an estimated 8.0-m (26-ft) maximum zone of influence
(measurable pressure drawdown) that extended out from the pumped interval during tracer
testing. Use of an effective length provided some compensation for the greater advective travel
times caused by the nonradial flow components. The calculated transport porosity (sometimes
called effective porosity) is a composite of the physical factors that influence the movement of
the tracer from the release point to the pumped interval. These parameters include, but are not
limited to, the fracture-flow path length, the number of fractures, the fracture-aperture
distribution, the rugosity of the fracture walls, the tortuosity of the flow path, fracture-matrix
interaction, and sorption. No attempts were made to estimate the diffusion coefficients because
of the difficulty of defining an equivalent radius in a fracture-flow system that is nonuniform.

Results of the tracer-test Moench type-curve analysis indicated that advective travel times ranged
from 0.011 to 1. 10 days (LeCain et al. 2000, p. 34, Table 18). Peclet numbers ranged from 3 to
22, except for one test of the hanging wall that resulted in Peclet numbers of 80. Longitudinal
dispersivity values ranged from 0.06 to 2.63 m, and transport porosity values ranged from 0.001
to 0.070. In the first phase of tracer tests, the He and SF6 gaseous tracers were released in the
same isolated interval. The fact that the He and SF6 had similar tracer arrival characteristics
indicates that the small He molecules diffused no more readily into the small matrix pores than
did the SF6 molecules. In addition, the larger SF6 molecules apparently were not adsorbed onto
tuff materials, at least at the scale of these tests.
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A statistical summary of the northern Ghost Dance fault transport porosity and longitudinal
dispersivity values by geologic structure is provided in Table 8.84. The wide range of transport
porosity and longitudinal dispersivity values may indicate that the test scale was smaller than the
representative elementary volume (LeCain et al. 2000, p. 34). An analysis was performed of the
three-dimensional orientation (bearing and plunge) of the straight lines connecting the source and
sink for all of the tracer tests and the associated calculated transport porosity values
(Figure 8.8-11). These data indicate no directional control, because slow and fast tracer transport
pathways (i.e., high and low porosities) occur in the same orientation. Comparison of the
longitudinal dispersivity values from the cross-hole tracer tests, with the values and scales for
tests conducted at the Yucca Mountain C-wells and Amargosa Tracer Sites, indicates that
longitudinal dispersivity values increase with test scale.

8.8.4.6.2 Discrete-Feature Analysis of Cross-Hole Tracer Tests in the Northern Ghost
Dance Fault Drill Room Boreholes Using the MAFIC Code

The MAFIC Version 1.5 module of FRACMAN, in combination with the discrete-feature
network model developed in FRACMAN, was used to analyze the gas-tracer transport tests
through application of a one-dimensional solute-transport equation (LeCain et al. 2000, p. 16).
Solute transport was simulated with MAFIC using a particle-tracking method, which represents
the concentration of solutes in the solvent using a finite number of discrete particles of equal
mass. The MAFIC code uses a three-dimensional network of triangular finite elements to
represent discrete fractures generated by FRACMAN.

Each particle represents a fraction of the total solute (LeCain et al. 2000, p. 16). Initial
conditions represent concentrations of the solute that are initially located in the fractures. At
each time step, particles are moved according to a deterministic advective component and a
stochastic dispersive component. The advective component was proportional and parallel to the
velocity vector at the current particle location. The dispersive component was proportional to
the square root of the advective component. Particles were introduced at a source (tracer-release
interval) in the first 200 s of the simulation and were removed at a specified sink (pumped
interval). Average concentrations and total particle mass were calculated at the end of each time
step. Mass transfer between the matrix and fractures was ignored. The discrete-feature network
model simulation that best matched selected cross-hole air-injection tests was used to model
three of the tracer-transport field tests. For all tests, the sink (pumped intervals) was located in
borehole NDRMF#3, and the source (tracer-release intervals) was located in boreholes
NDRMF#1 and NDRMF#2.

Solute dispersion was simulated stochastically with MAFIC, using orthogonal, normally
distributed, longitudinal, and transverse dispersion vectors (LeCain et al. 2000, pp. 34 to 36).
Because of the small scale (less than 10 m) and the short transport times (less than 200 min.)
diffusion was assumed to be negligible. The discrete-feature network-MAFIC model was set up
to model several of the SF6 convergent-tracer tests. The simulations used the same pumping
rates used in the field testing. Because the MAFIC code limits the number of tracer particles to
fewer than 1,000, the number of tracer particles in the simulations ranged from 927 to 995. The
simulations used a longitudinal dispersivity value of 1.0 m, derived from the Moench type-curve
analysis, and assumed that the transverse dispersivity was 10 percent of the longitudinal value
(0.1 Im).
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For the tracer test in which both the SF6 tracer-release interval and the pumped interval were in
the hanging wall, the peak arrival time was approximately 200 min. (LeCain et al. 2000,
pp. 36 to 37). The early-time simulated values were a good match to the field data, except for
the simulated values near 60 to 80 min., where some irregular spikes occurred in the simulation
record. The spikes may have been caused by the limited number of tracer particles or by an
insufficient number of time steps to smooth the record. In general, the simulated tracer arrival
matched to the field data well, and, therefore, the discrete-feature network model replicated
fracture flow and transport in the Ghost Dance fault hanging wall. For the tracer test in which
both the release and pumped intervals were in the footwall, the simulated peak arrival time was
approximately 55 min., even though arrival time during the field test was approximately 95 min.
The 40-min. difference between peak arrival times may indicate that the simulated fractures have
better connections from source (tracer-release interval) to sink (pumped interval) than the true
fracture network. Although the peak arrival times are different, the discrete-feature network
model provides a more realistic numerical understanding of fracture flow and transport in the
footwall than the equivalent continuum approach (LeCain et al. 2000, pp. 37 to 38).

For the tracer test in which both the release and pumped intervals were in the fault zone, the
simulated tracer test was not a good match to the field data (LeCain et al. 2000, p. 38). The peak
arrival time for the simulated test was approximately 50 min., even though arrival time for the
field test was approximately 190 min. Interestingly, the travel times measured during the fault-
zone tracer test did not indicate that the fault-zone transport porosity was higher than either the
footwall or the hanging wall, despite the increased fracturing in the fault zone. A dual-porosity
model was run to determine if an increase in the total porosity would produce a peak arrival time
that was more consistent with the field data. Simulated tracer arrival times that approached the
field arrival times were accomplished only when the matrix porosity was increased to 50 percent.
Although core analysis from borehole NDRMF#3 indicated rubble zones and dense fracturing in
the fault zone, an air-filled matrix porosity of 50 percent was considered too large to be realistic.
Representative fracture geometry is difficult to extract from these broken zones, and the intense
fracturing of the fault zone was not captured in the detailed line survey. As was concluded from
the cross-hole air-injection testing analysis, the discrete-feature network model did not
adequately represent the fault-zone fracture system.

The flow paths of six particles during the discrete-feature network simulation of the
hanging-wall tracer test are depicted in Figure 8.8-12. The particle tracker used to visualize the
flow path from the source (tracer-release interval) to the sink (pumped interval) indicated that the
particles followed a tortuous and indirect route (LeCain et al. 2000, p. 38). The flow paths
indicated that the travel distances of the tracked particles were up to six times longer than the
straight-line distance. The long tortuous flow paths are a partial explanation for the high
transport porosity values (up to 0.070) compared to the true fracture porosity values that usually
range from 10-2 to 10-5 . The variability in the length of the flow paths also indicated that a

drawn-out arrival-time tail may not result from matrix diffusion but could result from a complex,
variable, nonlinear tracer-transport pathway.

Overall, the discrete-feature network model indicated that tracer tests conducted in the Ghost
Dance fault hanging wall can be accurately modeled and those in the footwall can be adequately
modeled using data from detailed line survey fracture mapping. Furthermore, because the
FRACMAN discrete-feature network model is based on real fracture data, the discrete-feature
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network approach results in a realistic transport model (LeCain et al. 2000, p. 39).
Consequently, it may be possible to increase the scale of the discrete-feature-network
simulations to predict transport at larger dimensions for areas that have fracture systems similar
to the fracture systems of the Ghost Dance fault footwall and hanging wall. The discrete-feature
network model of the fault zone was not as successful, because the intense fracturing was not
adequately represented by the detailed line survey fracture data and, therefore, was not
adequately represented in the model. The detailed line survey fracture mapping was limited to
fractures with trace lengths greater than 0.3 m 1 ft). Most of the numerous fractures in the fault
zone had trace lengths less than 0.3 m (I ft). The discrete-feature network modeling indicated
that because of the high fracture density, the fracture zone probably is more accurately modeled
as an equivalent porous medium.

8.8.5 Estimation of Seepage into Drifts of the Potential Repository

Evaluation of seepage into mined underground openings or drifts is part of a larger ambient field
testing program under way in the ESF. This program is designed to investigate in situ flow and
transport processes believed to be critically important to the performance of the potential
repository (CRWMS M&O 2000a, Section 1). The general objective of the ambient field testing
program is to assess and evaluate the potential waste-emplacement environment and the
unsaturated zone natural barriers to radionuclide transport at Yucca Mountain. The evaluations
provide the necessary framework to accomplish the following:

. Refine and confirm the conceptual understanding of how water moves through the
natural system of fractured and nonfractured tuffs making up the unsaturated zone.

* Analyze the impact that the repository (e.g., waste emplacement drifts) and construction
activities (e.g., ventilation, water usage) have on natural unsaturated zone flow and
transport processes.

. Provide a database for calibrating and validating numerical models based on a
conceptual understanding of the processes. The numerical models are an essential
component used to interpret the results of the field test, improve the conceptual
understanding of the processes, and ultimately predict how the behavior of the natural
and perturbed flow system will respond to changes in climate.

. Document findings and their implications for drift seepage, fracture flow, matrix
imbibition, and moisture movement that can be used to reduce uncertainties associated
with the design and performance assessment of the potential repository (CRWMS M&O
2000a, Section 1.1).

A key issue related to repository performance is whether infiltration water entering Yucca
Mountain, now and under various wetter climate scenarios in the future, will percolate through
the deep unsaturated zone to the repository horizon, where the water may seep directly into a
waste-emplacement drift or move around the opening (CRWMS M&O 2000a, Section 6,
Figure 4).

The physical process that promotes lateral movement of water around a mined drift is the same
mechanism that promotes lateral movement in unsaturated, layered, porous media known as a
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Richard's barrier or capillary barrier. (See Flint, L.E. [1998, pp. 9 to 10] for a general discussion
of capillary barriers.) A capillary barrier forms when an unsaturated hydrogeologic unit
containing relatively fine pores or fractures overlies a unit consisting of relatively coarse pores.
Coarse-pore rocks typically drain at relatively large water potentials and, like any porous
material, will not conduct appreciable amounts of water at or below their residual saturation. In
contrast, relatively fine-pore rocks may still be able to conduct water at or below the same water
potential. Since the fine-pore rocks can still conduct water and the underlying coarse-pore rock
cannot, a capillary barrier is created at the contact between the two layers under unsaturated
conditions. If the contact is tilted, then water may move laterally down dip in the upper
fine-grained unit.

By analogy, the potential exists for a capillary barrier to form when a fine-grained unit, such as
the highly fractured Topopah Spring middle nonlithophysal (Tptpmn) zone, overlies a large open
space, such as an underground waste-emplacement drift. (See Philip et al. [1989] for discussion
of capillary barriers surrounding underground cylindrical cavities.) It is important to determine
whether a capillary barrier will form above a waste-emplacement drift because such a barrier can
have a direct impact on waste isolation and repository performance. Water percolating down
from the land surface may be prevented from seeping into the drift and instead may be diverted
laterally around the drift if a capillary barrier forms. In contrast, if a capillary barrier does not
form or is short lived, then water may drip into the drift and come in contact with the waste
package, hastening canister corrosion and failure, thus allowing the downgradient migration of
dissolved radionuclides from the repository toward potential human and environmentally
sensitive receptors. In the viability assessment for total system performance, the fraction of
waste packages contacted by water seeping into the underground repository is the most important
parameter in determining the potential exposure of downgradient receptors to peak dose rates
(DOE 1998a, Volume 3, Section 4.3.2, Figure 4-34, pp. 4-73 to 4-74).

This section summarizes the progress and status of drift seepage tests conducted during 1997 to
1999 in various alcoves and niches in the ESF (see Figures 8.3-33 and 8.8-1). In addition, this
section summarizes the current understanding of processes controlling seepage into a drift and
predictions of seepage derived through the use of numerical models.

The locations of four niches (Niches 3566, 3650, 3107, and 4788) along the Main Drift of the
ESF and the ECRB Cross Drift are shown in Figure 8.8-1. The numerical identification for each
niche denotes the distance in meters from the ESF North Portal. The Cross Drift branches out
from the ESF North Ramp, crosses over the Main Drift near Niche 3107, and reaches the western
boundary of the potential repository block. Two niches with fracture-matrix test beds and three
alcoves are planned for excavation in the Cross Drift. Figure 8.8-13 illustrates the stratigraphic
units penetrated by the Cross Drift: the Topopah Spring crystal-poor upper lithophysal (Tptpul),
middle nonlithophysal (Tptpmn), lower lithophysal (Tptpll), and lower nonlithophysal (Tptpln)
units. Most of the emplacement drifts for the potential repository will be excavated in the two
lower tuff units. The lower units could have characteristics distinctly different from those of the
middle nonlithophysal (Tptpmn) unit, which was tested in the ESF Main Drift niches. These
differences may have unknown effects on seepage fraction and fracture-matrix flow partition in
the lower tuff units. Therefore, a systematic study with transient air-injection and pulse-liquid
release along boreholes into the crown of the Cross Drift is planned to supplement the Main Drift
niche seepage studies.
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Section 8.8.5.1 provides an overview of the field testing program conducted in the ESF Main
Drift niches. Testing included pre-excavation and post-excavation air-injection tests to measure
air permeability of the rock and liquid-release tests to quantify seepage into a drift.
Section 8.8.5.2 introduces the concept of the seepage threshold, how the threshold was measured,
and how it is used to estimate hydrologic parameters, including capillary strength of the fractures
and fracture-water characteristic curves. Section 8.8.5.3 provides a description of the seepage
calibration model used to predict the seepage threshold.

8.8.5.1 Air-Injection and Liquid-Release Tests Conducted in Main Drift Niches

Air-injection tests and liquid-release tests were conducted prior to excavation of the Main Drift
niches to characterize the flow of air and water through relatively undisturbed fractures. Similar
tests were conducted after excavation to quantify the effect of excavation on air permeability and
water seepage into an underground opening from a small-scale percolation event of known
duration and intensity (Wang et al. 1999, pp. 325 to 338).

The niche locations used in the tests (see Figure 8.8-1) were selected on the basis of fracture and
hydrologic data collected in the ESF (CRWMS M&O 2000a, Section 6.1.1.1). Four niches were
excavated along the ESF Main Drift. The first niche is located at Construction Station 35+66
(hereafter referred to as Niche 3566) in a brecciated zone between the Sundance fault and a
cooling joint where a preferential flow path was believed to be present based on elevated 36CI/Cl
ratios. The second niche is located at Construction Station 36+50 (Niche 3650) in a competent
rock mass with lower fracture density than Niche 3566. The third niche is located at
Construction Station 31+07 (Niche 3107) in close proximity to the Cross Drift-Main Drift
crossover point at Construction Station 30+62. Future plans include constructing a test alcove
(Alcove 8) from the Cross Drift to a position immediately above Niche 3107 so that a large-scale
seepage test can be conducted at this location. The fourth niche is located at Construction
Station 47+88 (Niche 4788) in a 950-m (3,100-ft)-long exposure of the middle nonlithophysal
unit referred to as the "intensely fractured zone." Each of the niches consists of a short drift, or
mined opening, constructed on the west side of the ESF Main Drift within the middle
nonlithophysal zone of the Topopah Spring welded unit.

Before excavation, several boreholes were drilled at each niche site to gain access to the rock for
testing and monitoring purposes, three at Niche 3566 and seven at each of Niches 3650, 3107,
and 4788 (CRWMS M&O 2000a, Section 6.1.1.2). Boreholes were drilled parallel to the
planned niche axis into both the rock to be excavated and the surrounding rock. Figure 8.8-14
shows the schematics of borehole clusters drilled and tested at the niche sites. Both types of
boreholes were tested before niche excavation, and the surrounding boreholes were tested again
after excavation, allowing a study of excavation effects on the permeability of the surrounding
rock. Figure 8.8-14a shows that three boreholes were drilled originally at Niche 3566 along a
vertical plane through the center of the niche. The three boreholes were assigned the
designations U, M, and B, corresponding to the upper, middle, and bottom boreholes,
respectively. Boreholes M and B were subsequently removed when the rock was mined out to
create the niche, and borehole U was left intact following excavation. Figure 8.8-14b shows the
seven boreholes installed at Niche 3650, three of which, designated UL, UM, and UR (upper left,
upper middle, and upper right), were installed approximately 1 m (3.3 ft) apart and 0.65 m
(2.1 ft) above the crown of the niche in the same horizontal plane. The remaining boreholes
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(ML, MR, BL, and BR) were drilled within the limits of the proposed niche and were
subsequently mined out when the niche was constructed, as planned. Figures 8.8-14c and
8.8-14d show the final configuration of the seven boreholes installed at Niches 3107 and 4788,
respectively. The original intent was to install the middle boreholes ML and MR beyond the
limits of the proposed excavations to monitor the movement of moisture around the niche during
subsequent testing. However, the middle boreholes were damaged during construction,
precluding their use. After excavation, horizontal boreholes were drilled from within the niches
into the walls and from the end of the niches in a radial pattern.

8.8.5.1.1 Pre-Excavation and Post-Excavation Air-Injection Tests

Extensive cross-hole air-injection tests were performed in borehole clusters at the four niches to
characterize the air permeability distribution and to select locations for subsequent liquid-release
tests (see CRWMS M&O 2000a, Section 6.1.2). Air-injection tests provide an efficient method
of measuring fracture permeability and heterogeneity enabling a site-to-site comparison of air
permeability statistics and related scale effects, characterizing the potential fluid-flow pathways
in the rock, and evaluating the effects of niche excavation on the surrounding rock mass.
Numerous automated air-injection tests can be performed in a relatively short period of time with
little (if any) impact on the ambient saturation and water potential of the rock adjacent to the test
area.

Air-injection tests consist of injecting compressed air at a constant mass rate into an isolated
section of borehole while monitoring the pressure responses in the injection interval and near the
observation intervals. Two basic types of measurements are readily available from air-injection
tests: (1) single-hole air permeability profiles, which are used for hole-to-hole and site-to-site
comparisons of air permeability values, and (2) cross-hole pressure-response data, which enable
a determination of fracture or flow-path connectivity between boreholes at a given site. This
section focuses on the permeability profiles obtained from the four niche sites. Permeability
profiles obtained before niche excavation were compared with profiles obtained after niche
excavation. To date, approximately 3,500 individual air-injection tests have been performed, and
nearly 250,000 pressure-response curves have been logged (CRWMS M&O 2000a,
Section 6.1.2). The number of tests lends itself to statistical comparison of rock mass
permeability values and the visualization of flow connections.

Table 8.8-5 provides a statistical summary of the permeability values measured for each niche
and includes data from the boreholes removed during excavation (CRWMS M&O 2000a,
Table 6). The combination of data from boreholes removed during excavation and data from the
upper boreholes provides a three-dimensional characterization of the permeability distribution at
each site prior to excavation. After excavation, with only the upper boreholes in a horizontal
plane remaining, the air-injection tests characterize only the permeability above the niche ceiling.
Comparison of the pre-excavation and post-excavation mean air permeability values for a given
niche indicates that the post-excavation air permeability values are 10 to 40 times larger than
pre-excavation values (CRWMS M&O 2000a, Section 7.1).

Figure 8.8-15 illustrates both pre-excavation and post-excavation air permeability values along
the three boreholes drilled above Niche 3650. The data indicate that in all cases post-excavation
permeabilities are greater than or equal to those measured prior to excavation (CRWMS
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M&O 2000a, Section 6.1.2.2). In general, the pre-excavation and post-excavation air
permeability values from tests performed on borehole intervals beyond the end of the niche
excavation appear to exhibit smaller changes than those measured directly above the opening.
The permeability increases could be interpreted as the opening of existing fractures induced by
stress releases associated with niche excavation (Wang and Elsworth 1999, pp. 752 to 756).
Intervals with high pre-excavation permeability exhibited the smallest post-excavation
permeability changes consistent with the stress-release model. Some of the permeability
increases could be due to the intersection of previously dead-end or long fractures with the
constant-pressure boundary condition created by the drift. Alternatively, permeability increases
could be due to the creation of new fractures or extension of existing fractures because of
physical damage (i.e., induced fracturing) to the rock caused by mechanical mining.

8.8.5.1.2 Data Obtained From the Liquid-Release and Seepage Tests Conducted at the
Niches

The air permeability data were used to select test intervals for subsequent liquid-release tests
(CRWMS M&O 2000a, Section 6.2.1.1). In the same borehole used for air-injection tests, a
series of low flow rate, liquid-release tests was conducted prior to niche excavation. A small
quantity of water containing colored or fluorescent dyes was pumped into an isolated section of
the borehole (test interval) at a constant rate, with little or no pressure buildup. Various dyes
were used during the study to document the flow path traveled by the wetting front.

Subsequently, each niche was excavated dry using an Alpine Miner to observe and photograph
the distribution of fractures and dye within the welded tuff (CRWMS M&O 2000a,
Section 6.2.1.2). Dye was observed along individual fractures as well as along intersecting
fractures to depths ranging from 0 to 2.6 m (0 to 8.5 ft) below the liquid-release points. The flow
path taken by the water through a relatively undisturbed fracture-matrix system was mapped and
documented in this manner. Two primary types of flow paths were observed in the field during
the mining operation: (1) flow through individual or small groups of high-angle fractures, and
(2) flow through several interconnected low-angle and high-angle fractures, creating a fracture
network.

The mass of water released into each interval was compared to the maximum depth/distance of
infiltration, lateral distance traveled by the wetting front, and ratio of depth to lateral distance
(CRWMS M&O 2000a, Section 6.2.1.2). As expected, there was a general trend for the wetting
front to move deeper into the rock and farther from the release location as the mass of water
released increased. The type of flow (i.e., flow through individual high-angle fractures versus
fracture networks) did not appear to influence how far the wetting front traveled. In contrast, the
data showed that water spread laterally over larger distances in the interconnected network of
fractures than in high-angle fractures. For the same amount of water injected, the ratio of depth
to lateral distance traveled shows that the aspect ratio is consistently higher for the high-angle
fracture-flow data than for the fracture-network data (Figure 8.8-16).

An extensive series of seepage tests was performed after Niche 3650 was constructed to quantify
the amount of water seeping into the drift from a localized source of water of known duration
and intensity (CRWMS M&O 2000a, Section 6.2.1.3). Seepage tests are ongoing at other niches
but the results have not yet been reported. A seepage test was typically conducted by pumping a
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small quantity of water at a constant rate into a select test interval in borehole UL, UM, or UR,
located 0.65 m (2.1 ft) above the niche (Figure 8.8-17). Water that migrated from the release
point to the ceiling of the niche and dripped into the opening was collected and weighed. The
seepage percentage, defined as the mass of water that dripped into the opening divided by the
mass of water released, ranged from 0 to 56.2 percent. In the early stages of testing at Niche
3650, the seepage percentage resulting from two tests were significantly different, even though
the tests were conducted at nearly the same liquid-release rate (CRWMS M&O 2000a,
Section 6.2.1.3.2). The large difference in seepage percentage was attributed to the effect of
wetting history. Consequently, an objective of ongoing seepage testing in Niche 3107 is to study
the effects of wetting history on seepage characteristics.

8.8.5.2 Seepage Threshold Evaluation

The seepage threshold flux, defined as the liquid-release flux at and below which water will no
longer seep into the drift, was determined for a given test interval by performing multiple
seepage tests at different liquid-release fluxes (CRWMS M&O 2000a, Section 6.2.2.1). The
liquid-release flux is defined as the volumetric rate at which water was released into the borehole
divided by the approximate cross-sectional area of the test interval. Initial tests were conducted
at high liquid-release fluxes, with subsequent tests performed at lower fluxes until water no
longer seeped into the opening. Individual tests were separated by a 2- to 4-week inactive period
to allow the water within the fracture network to reequilibrate with the surrounding rock matrix.
Forty liquid-release tests were performed on 16 test intervals positioned above Niche 3650. As
an example, Figure 8.8-18 shows the results of one of those tests (test interval UM 5.49
to 5.79 m [18.0 to 19.0 ft]), including the seepage threshold flux. Seepage threshold fluxes
ranging from 6.35 x 10-9 to 4.31 x 10- m/s (200 to 136,000 mm/yr.) were determined for 10 test
zones that seeped as illustrated in Figure 8.8-19. The seepage threshold values are plotted
against the corresponding saturated hydraulic conductivity values, which were derived using the
air permeability values obtained from the post-excavation air-injection tests performed on each
interval.

8.8.5.2.1 Capillary Strength of Fractures

Philip et al. (1989) recognized that buried cavities are obstacles to flow, preventing water from
entering the cavity (CRWMS M&O 2000a, Section 6.2.2.2). They developed an analytical
solution based on steady downward flow of water through a porous, unsaturated medium around
a buried cylindrical cavity (analogous to a drift). The solution describes the relationship between
the seepage threshold flux (K0*), saturated hydraulic conductivity (K1), capillary strength of the
porous medium (a-'), and the radius of the cavity (r). It was recognized that a-l is a
"K-weighted" mean soil-water potential related to the macroscopic capillary length. Further, it
was recognized that the macroscopic capillary length, and hence ct , could be thought of as a
"mean" height of capillary rise above a water table. Applied to drifts in the fractured tuffs of
Yucca Mountain, cc' is the mean height of capillary rise in the fractures above the drift.

The analytical solution of Philip et al. (1989) was used to generate the two lines plotted on
Figure 8.8-19 (CRWMS M&O 2000a, Section 6.2.2.2). The a-C values were selected so the lines
produced the best fit possible to the data set, assuming a constant equivalent radius r equal to the
radius of Niche 3650. (Actually, the dimensionless cavity length s is plotted in Figure 8.8-19,
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which is equal to 0.5 a r.) Two lines were plotted instead of one because the data appear to be
grouped into two distinct sets. The data appear to fit two lines with different a-C values because
the seepage tests were performed on, and thus the data are derived from, two distinct fracture
populations. As noted earlier, fracture-flow paths appear to be grouped into two general
populations, including flow through individual or small groups of high-angle fractures, and flow
through interconnected fracture networks. Highly conductive individual or small groups of high-
angle fractures that are free draining because of gravity-dominated flow exhibit a smaller
capillarity (i.e., smaller a-l) than a network of interconnected fractures, influenced to a greater
extent by lateral spreading of the wetting front and capillary-driven flow. Based on this
information and the observations discussed previously, it is hypothesized that the data trending
along the s = 1,000 line (Figure 8.8-19) are characteristic of high-angle fractures. For these high-
angle fractures, the capillary height acC equals 0.001 m, which is equivalent to a pressure of
9.8 x 10 3 kPa. The data trending along the s = 20 line are characteristic of interconnected
fracture networks. For the interconnected fracture networks, the capillary height acC equals 0.05
m, which is equivalent to a pressure of 4.9 x 105 kPa.

Individual cr-] values were computed for each test interval that exhibited seepage, using Philip's
analytical solution (CRWMS M&O 2000a, Section 6.2.2.2, Table 8). Table 8.8-6 summarizes
the values of a-' and the geometric mean value of cC' for the fracture networks and the
high-angle fractures obtained from seepage tests at Niche 3650. The geometric mean values for
cC' are nearly equal to the cc- values obtained using the graphical technique described above.
This correspondence is to be expected, however, since the a-C values obtained from the graphical
technique also represent an average fit of the data to the Philip et al. (1989, Section 3.4, p. 19)
model, but with lower precision, given that the best fit was performed visually.

8.8.5.2.2 Fracture-Water Characteristic Curves

Fracture-water characteristic curves provide a functional relationship between water content of
fractures (9) and water potential (yt/), the latter of which is the driving force behind the movement
of water through the unsaturated zone. Characteristic curves for unconsolidated porous media
are typically measured in the laboratory, but even for intact fractures in consolidated rocks,
laboratory measurement of characteristic curves can be difficult (CRWMS M&O 2000a,
Section 6.2.2.4). Therefore, the fracture-water characteristic curves were defined via an indirect
approach using the test data from the niche seepage tests. Similarly, direct measurement of
fracture a in the field is difficult using conventional hydrologic techniques, such as neutron-
moisture logging (CRWMS M&O 2000a, Section 6.2.2.3). Therefore, an alternative method of
measuring average volumetric water contents indirectly using wetting-front arrival times
observed at the niche ceiling during the seepage tests is described below.

Braester (1973) derived a time-dependent analytical solution for the volumetric water content
distribution that results from a surface source of constant flux (CRWMS M&O 2000a,
Section 6.2.2.3). He then compared the volumetric water content profile at a given time,
predicted using his analytical solution, to the output produced from a numerical model with the
same soil type and properties. Although Braester (1973) determined that his analytical solution
produced a relatively poor estimate of the actual 9 profile at a given time, he found that the depth
of the wetting front could be accurately determined using the time of arrival of the wetting front,
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the constant flux of water supplied at the source, the average water content of the wetted region,
and the antecedent (or residual) water content. Following this strategy, the change in volumetric
water content was estimated for each seepage experiment using the arrival time for the wetting
front observed at the niche ceiling, the distance from the borehole to the niche ceiling, and the
liquid-release data from each test. Assuming that the antecedent or residual moisture content is
negligible when compared to the average water content, the change in water content is equivalent
to the average volumetric water content of the fractures.

The values for water content computed using this approach ranged from 0.09 to 2.4 percent
(CRWMS M&O 2000a, Section 6.2.2.3). Surprisingly, this indicates that the saturated water
contents or porosities of the fractures could be as high as 2.4 percent, which is greater than
expected. In turn, these values could influence calculations of travel time computed for the
unsaturated zone, since travel time is inversely proportional to water content. Using larger water
contents for the fractures would result in slower travel times.

Direct measurement of water potentials is also difficult in unsaturated fractures because
hydrologic instruments are not readily adaptable to measuring such small features (CRWMS
M&O 2000a, Section 6.2.2.4). Therefore, an indirect measure of the water potential (iV) was
formulated using the a-1 values computed earlier, the liquid-release fluxes, and the air-derived
saturated hydraulic conductivities. The estimated water potential values derived in this manner
ranged from -1 to -0.008 m for fracture networks and from -0.001 to -0.0009 m for high-angle
(vertical) fractures (see CRWMS M&O 2000a, Table 10).

The volumetric water content values and their corresponding water potential values described
above are plotted in Figure 8.8-20 to create a water characteristic curve for high-angle fractures
and fracture networks (CRWMS M&O 2000a, Section 6.2.2.5). Only those test intervals in
which three or more tests were conducted are included in the figure. In addition, data points that
were influenced by hysteresis (wetting history) and those from tests conducted below the
seepage threshold flux were excluded, unless noted. Although a number of assumptions were
used to derive these curves, it is significant that the high-angle (near-vertical) fractures are
grouped together, exhibiting similar water retention characteristics. They also appear to drain
very quickly, approaching a residual water content of perhaps 0.1 to 0.2 percent at water
potentials as high as -0.01 m.

8.8.5.3 Seepage Calibration Model

This section describes the development, calibration, and validation of the seepage calibration
model. The purpose of the seepage calibration model is to present a methodology for the
subsequent development of process models that calculate drift seepage for a variety of geologic
units, hydrologic property sets, and waste-emplacement configurations. The seepage calibration
model is a template fracture-continuum model that was developed based on air permeability and
liquid-release test data from the experiments performed in Niche 3650 (CRWMS M&O 2000s,
Section 1). The seepage calibration model provides a methodological and conceptual basis for
the subsequent development of drift-scale seepage models. This section describes the data (air
permeabilities and seepage data from liquid-release tests) used for the development, calibration,
and validation of the seepage calibration model. The conceptual model and details of the
seepage calibration model are described, followed by a discussion of its calibration by inverse
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modeling. Validation of the seepage calibration model also is described, along with predictions
of seepage thresholds via the calibrated seepage calibration model. Conclusions resulting from
the overall analyses are summarized at the end of the section.

The development, calibration, and validation of the seepage calibration model was accomplished
through the use of several software programs including ITOUGH2 Version 4.0, GSLIB Module
SISIM Version 1.203, GSLIB Module GAMV2 Version 1.201, and EXT Version 1.0. In
addition to these software programs, several software routines were used to preprocess and
postprocess model input and output data, respectively. More detailed descriptions of the
software are provided in CRWMS M&O (2000s, Section 3).

8.8.5.3.1 Review of Data Used in the Seepage Calibration Model

A geostatistical analysis of air permeability data collected from Niche 3650 was performed
(CRWMS M&O 2000s, Section 6.2.3). The log-transformed values of the post-excavation air
permeability data obtained from boreholes UL, UM, and UR at Niche 3650 (Figures 8.8-14b and
8.8-17) were used as input to GAMV2, a software module that is part of the Geostatistical
Software Library. GAMV2 calculates the semivariogram of irregularly spaced data in two
dimensions. Figure 8.8-21 shows the semivariograms calculated for two test cases using a lag
distance of 0.3 m (I ft). Case I includes all the air permeability data from the post-excavation
air-injection tests from Niche 3650. The semivariogram for Case 1 is nearly linear and has a
positive slope, implying unlimited variance and a possible systematic bias in the data set. The
semivariogram for Case 2 was created by excluding nine data points collected from test intervals
located beyond the limits of the excavation. Removal of these data, which typically have air
permeabilities that are lower than those from intervals located immediately above the opening,
results in a semivariogram with a finite sill variance. Analyzing only those air-injection tests that
were performed on test intervals located immediately above the opening and whose resulting air
permeability values were thus more or less uniformly influenced by the excavation resulted in a
reasonable semivariogram devoid of a systematic trend. Data that are located beyond the limits
of the excavation and were removed from Case 2 may represent a separate population of air
permeabilities for an area of relatively undisturbed, lower-permeability rock. The cumulative
distribution function, sample statistics, and the semivariogram for the post-excavation air
permeability values were used to generate a conditioned heterogeneous permeability field for the
seepage calibration model.

Seepage test data collected from 2 of the 10 intervals that seeped in Niche 3650 (i.e., UM 4.27 to
4.57 m [14.0 to 15.0 ft] and UM 5.49 to 5.79 m [18.0 to 19.0 ft]) were used to calibrate and test
("validate") the seepage calibration model (CRWMS M&O 2000s, Section 6.2.4). Five separate
liquid-release tests conducted at different liquid-release rates in borehole UM at a depth of 4.27
to 4.57 m (14.0 to 15.0 ft) from the borehole collar were used to calibrate the seepage calibration
model, as described in subsequent sections. Likewise, data from four seepage tests conducted at
different liquid-release rates in borehole UM at a depth of 5.49 to 5.79 m (18.0 to 19.0 ft) were
used to validate the seepage calibration model.

Interval UM 4.27 to 4.57 m (14.0 to 15.0 ft) was selected because five individual seepage tests
were performed at this location (CRWMS M&O 2000s, Section 6.2.4). Typically, only three or
fewer individual tests were conducted per test interval. The liquid-release rate was lowered
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step-wise to identify a potential seepage threshold. In addition, the seepage percentage for two
of the tests (Tests #1 and #2 on December 3, 1997) were significantly different even though the
tests were conducted at nearly the same liquid-release rate. The large difference in seepage
percentage was attributed to the effect of wetting history. Thus, the seepage data are believed to
exhibit a strong memory effect because the tests were performed only 2 hr. apart. Consequently,
residual water remaining in the fractures from the first test (Test #1 on December 3, 1997)
influenced the amount of seepage that occurred during the second test (Test #2 on December 3,
1997).

Interval UM 5.49 to 5.79 m (18.0 to 19.0 ft) was selected for validation of the seepage
calibration model because four seepage tests were conducted at different rates (CRWMS M&O
2000s, Section 6.2.4). Therefore, the calibrated seepage calibration model was validated against
data from a different location and under variable flow conditions. Data from both the calibration
and validation cases are summarized in CRWMS M&O (2000s, Tables 6, 7).

8.8.5.3.2 Development of the Seepage Calibration Model

The seepage calibration model is intended to be a three-dimensional, heterogeneous, drift-scale,
fracture-continuum model (CRWMS M&O 2000s, Section 6.3.1). The appropriateness of using
a fracture-continuum approach for seepage calculations is addressed in CRWMS M&O (2000s,
Section 5.3). Furthermore, choosing the continuum approach is conceptually consistent with the
unsaturated zone site-scale model and submodels thereof, such as the various drift-scale models.
This makes it straightforward to embed the seepage calibration model into the current modeling
framework.

Generation of Heterogeneous Permeability Field-The geostatistical analysis described in
Section 8.8.5.3.1 provided an empirical semivariogram of post-excavation air permeabilities at
Niche 3650 (CRWMS M&O 2000s, Section 6.3.2). Although different theoretical models were
fitted to the empirical semivariogram, a spherical semivariogram model with a nugget effect of
0.40, a correlation length of 3.87 m (12.7 ft), and a sill value of 0.53 was the best match to the
empirical log-permeability semivariogram for the Case 2 data shown in Figure 8.8-21. The
correlation length is simply a fitting parameter and its relatively large value should not be
misinterpreted as suggesting that the permeability field is strongly correlated. In fact, the
permeability is essentially random without a noticeable spatial correlation. Therefore, random,
uncorrelated permeability fields are expected to yield results similar to those of the weakly
correlated field used in this study.

The spherical semivariogram of log-permeability and the cumulative distribution function were
used as input to the program SISIM, which generates a three-dimensional, spatially correlated
permeability field using sequential indicator simulation (CRWMS M&O 2000s, Section 6.3.2).
The random permeability field is conditioned on the post-excavation air permeability data
measured in various intervals of boreholes UL, UM, and UR. The resulting permeability field is
mapped onto the numerical grid of the seepage calibration model. Van Genuchten's capillary
pressure cc and relative permeability functions are used in the seepage calibration model, where
the capillary strength parameter l/ct, is correlated to the permeability in each grid block
according to Leverett's scaling rule. (Note that Philip's a used in Section 8.8.5.2 and
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summarized in Table 8.8-6 is not the same as van Genuchten's a , used in the seepage calibration
model.)

Mesh Generation-Because the seepage calibration model -was to be calibrated against

liquid-release test data, it was discretized to include the approximate geometry of Niche 3650

and its boreholes (CRWMS M&O 2000s, Section 6.3.3). The mesh was created in several steps

and the final grid and log-permeability field of the three-dimensional, heterogeneous seepage

calibration model is shown in Figure 8.8-22. Submodels of the seepage calibration model

include a two-dimensional X-Z cross-sectional model at Y = 0.75 m (2.5 fit) and homogeneous

versions of the model in two and three dimensions.

Initial and Boundary Conditions-The present-day percolation flux at Niche 3650 is unknown

or highly uncertain (CRWMS M&O 2000s, Section 6.3.4). This uncertainty stems from

uncertainties in the infiltration rates and channeling effects caused by larger scale flow

diversions and localized heterogeneities. Nevertheless, percolation flux at the scale of the niche

is expected to be a few millimeters per year. Thus, it was reasonable to apply a constant rate of

3 mm/yr. at the top of the seepage calibration model domain, given that this flux is significantly

lower than the fluxes induced by the liquid-release tests to be modeled with the seepage

calibration model. Consequently, it is expected that the simulation results would not be strongly

affected by the uncertainty in the percolation flux. Moreover, the 3 mm/yr. flux was believed to

be less than the seepage threshold, an assumption that subsequently was tested and confirmed

after calibration of the seepage calibration model. A free-drainage boundary condition was

applied at the bottom of the model. The niche itself was held at a reference pressure of 75 kPa

(I bar) and no capillary' suction was applied in the niche. Thus, it was assumed that the air

directly in contact with the niche wall was at 100 percent relative humidity. Water was allowed

to enter, but was prevented from exiting the niche. Thus, the temporal change of water in the

niche element represented the cumulative seepage collected in the capture system installed

during the liquid-release tests in Niche 3650. No-flow boundary conditions were specified at the

left, right, back, and front sides of the model.

The initial saturation distribution was specified based on the steady-state flow field under natural

percolation (CRWMS M&O 2000s, Section 6.3.4). Because the steady-state flow field is likely

to change if some of the input parameters are updated during inversion simulations, a

steady-state simulation was made prior to each transient simulation of homogeneous cases of the

liquid-release test. For the heterogeneous cases, however, the computations required to reach

steady state were very time consuming. Because the initial saturation in the fracture continuum

is generally low, it is likely to have only a small impact on the simulation results. Moreover, the

need for an accurate reproduction of a steady-state saturation distribution could not be justified,
given that initial conditions were under a transient regime as a result of ESF and niche

excavation and dryout from ventilation. Consequently, steady-state calculations were performed

only once for the heterogeneous cases, assuming initial parameter values, and each transient run

was preceded by a 2-yr. natural-state simulation to allow some redistribution of water as

parameters were updated.

Initial Parameter Set-Table 8.8-7 summarizes the initial parameter set for the seepage
calibration model (CRWMS M&O 2000s, Section 6.3.5). 'Reference permeability is taken from

the post-excavation air-injection tests. The permeability used in the site-scale unsaturated zone
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flow and transport model is given for comparison and was used to test the predictability of an
uncalibrated, unconditioned seepage calibration model. Porosity and the reference van
Genuchten parameter a, were varied during the inversion simulation. All the other parameters
were taken from the calibrated property set of the site-scale unsaturated zone model for the
middle nonlithophysal unit of the Topopah Spring Tuff (hydrogeologic model layer TSw34),
under base-case infiltration conditions. Because the seepage calibration model is a
fracture-continuum model, no matrix properties were needed as input. This is because the
heterogeneous models included a spatially correlated permeability field wherein each grid block
had its own permeability value. The capillary strength parameter 1/acc also was considered
heterogeneous and correlated to the permeabilities according to the Leverett scaling rule.

8.8.5.3.3 Calibration of the Seepage Calibration Model

The seepage calibration model uses data from the niche liquid-release tests, which provided
model-related, effective parameters relevant to the processes involved in drift seepage (CRWMS
M&O 2000s, Section 6.4). The fact that seepage-relevant parameters were determined using
flow data from a seepage experiment was a key aspect of the modeling approach. Determining
parameters from flow experiments rather than from geometric information such as fracture
density and aperture has significant advantages. For example, fracture mappings are strongly
biased because of the selection of an arbitrary cutoff length, which filters out the smaller
fractures and microfractures. The latter are believed to be of great importance for seepage.
Small fractures and microfractures, if interconnected, are critical for seepage because they have
sufficient capillary strength to hold the water, preventing it from seeping into the opening.
Further, unlike the matrix, microfractures generally have sufficient permeability to facilitate flow
diversion around the drift. Furthermore, deriving flow properties from geometric fracture
information must rely on simplified models, such as the parallel plate assumption, leading to
highly uncertain and systematically biased estimates. In general, it is believed that there is only a
weak correlation between fracture-mapping information and seepage-relevant hydrogeologic
parameters.

From the above discussion, it follows that if parameters are estimated by inverse modeling using
flow data from seepage experiments, seepage-relevant processes are automatically reflected in
the estimated parameters (CRWMS M&O 2000s, Section 6.4). Moreover, the estimates are able
to partly compensate for processes and features not explicitly accounted for in the model. For
example, an estimate of matrix permeability that is determined by inverse modeling is
automatically increased if microfractures are present. More relevant for the current study, the
tendency for increased seepage from poorly connected, discrete fractures intersecting a drift can
be accounted for by an appropriately reduced l/a, value. Estimating effective parameters can
partly compensate for the simplification made by the model (discrete fractures are not explicitly
included). It should be acknowledged that the estimated parameters are not hydrologic
properties, but are related to the conceptual model. Determining model-related parameters from
data that reveal seepage-relevant processes results in a model suitable for seepage predictions.

The seepage calibration model was calibrated automatically using inverse-modeling techniques
implemented with the computer code ITOUGH2 (CRWMS M&O 2000s, Section 6.4). As
described in Section 8.8.5.3.1, a sequence of five liquid-release tests conducted in Niche 3650
was selected for calibration. The five tests from interval UM 4.27 to 4.57 m (14.0 to 15.0 ft)
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were conducted at various injection rates with different lengths of inactivity between individual
test events. Thus, the seepage data were expected to reveal a number of seepage-relevant
processes, including storage, memory effects, and the approach of a seepage threshold.

In these transient seepage experiments with only a small volume of water released, the amount of
seepage into the niche depends primarily on three factors (CRWMS M&O 2000s, Section 6.4):

. The potential of the formation to hold the water by capillary forces, here expressed
through an effective van Genuchten parameter 1 l/a

. The potential of the formation to store the finite amount of water released, here
expressed through an effective porosity 4, which may include effects of matrix
imbibition

. The potential of the formation to divert water around the opening, here expressed
through an effective permeability k, which may include contributions from
microfractures and the matrix.

The simulated seepage percentage can be increased by decreasing capillary strength l/av,
porosity 4, or permeability k (CRWMS M&O 2000s, Section 6.4). Consequently, all parameter
pairs are negatively correlated when inversely determined from seepage data. Because only
seepage percentages were available for calibration, the parameter correlations were expected to
be strong; therefore, it was unlikely that they could be determined independently from one
another with a reasonably low estimation uncertainty. Unfortunately, each liquid-release test
provided only one data point for calibration, which was the total amount of water collected in the
capture system at the end of each test event because no time-dependent seepage rates were
available from Niche 3650. As a result of this limited database and the expected strong
correlations, the number of parameters to be estimated had to be kept as small as possible.
Consequently, the inverse -calibration approach was to determine porosity 4 and the van
Genuchten parameter 1/ccv while fixing permeability k at the value estimated from the
post-excavation air-injection tests (see Section 8.8.5.3.1). The rationale for this selection was as
follows:

* The capillary strength l/a, is both sensitive and uncertain in that the reliability of
subsequent seepage predictions depends to a large extent on the value of l/av, which
cannot be deduced from independent information (such as fracture mapping). The
estimated value will be an effective parameter describing the capillary barrier in a drift-
scale fracture-continuum model.

* Because only a relatively small amount of water (approximately 1 kg) was released in
each test event, fracture and matrix storage effects are expected to be significant. It
should be noted that porosity is not important for seepage predictions under near-steady-
state conditions. The fact that porosity had to be estimated here was a result of the
particular liquid-release test design. Liquid-release tests were restricted to small
amounts of water, which made the tests highly transient and increased the importance of
storage effects. Unfortunately, estimating porosity increases the uncertainty in the
estimate of 1/a, to which it is strongly correlated.
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. Permeability was excluded from the estimation process because there was independent
information available from the air-injection tests. Furthermore, flow diversion was
expected to play a minor role during these tests because of the small amount of water
released.

A joint inversion of all five tests was performed using homogeneous and heterogeneous,
two-dimensional and three-dimensional representations of the seepage calibration model
(CRWMS M&O 2000s, Section 6.4). The resulting matches are depicted in Figure 8.8-23.

All model simulations exhibited the following general behavior:

. Even though the total amount of water released during each test event was
approximately the same, less seepage was observed if the water was released at a lower
rate, suggesting the existence of a seepage threshold, which is defined as a rate below
which no seepage occurs. This fundamental behavior was seen in both the data and the
simulation results.

. If a liquid-release test was followed by another test at a similar rate but with little
inactive time between them, such as Tests #1 and #2 conducted on December 3, 1997
(Figure 8.8-23), the second test resulted in significantly more seepage. This resulted
from a certain amount of water being stored in the formation before seepage was
initiated, a storage volume that was reduced or unavailable for the second test event.
The resulting memory effect can be seen in both the data and the simulation.

. The two effects described above overlap, making it sometimes difficult to clearly
separate and identify them. For example, Test #1 on December 3, 1997, yielded a
seepage mass comparable to that measured in Test #5 of Niche 3650, despite its lower
rate and despite a long inactive time between tests (Figure 8.8-23). A potential
explanation for this behavior is that storage effects were much stronger and lasted longer
for the first in a sequence of liquid-release tests. Water from the first test may have
primarily filled dead-end fractures and partially saturated the matrix, resulting in a
correspondingly low seepage rate. For all subsequent tests, storage may have been
restricted to saturation increases in the flowing fractures, resulting in a much weaker
memory effect. A second explanation could be that, considering the seepage rate and
measured air permeability, the test was performed at a rate close to or exceeding the
saturated hydraulic conductivity in the vicinity of the tested interval, conditions for
which seepage was almost constant regardless of injection rate.

The matches obtained with the seepage calibration model were considered acceptable, given the
uncertainties in the data and the relative simplicity of the models (CRWMS M&O 2000s,
Section 6.4). In general, the three-dimensional models performed slightly better than the
two-dimensional alternatives and the differences in the results obtained with homogeneous and
heterogeneous models were insignificant. A notable exception was Test #1 on January 7, 1998,
in which a higher seepage mass was predicted with the heterogeneous models compared to the
homogeneous models. For this simulation, the heterogeneous models were in better agreement
with the measured data point. In addition, the two-dimensional models failed to reproduce the
relatively high seepage mass in Test #1 on December 3, 1997, which indicates that the strong
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memory effect from the initial injection (Test #5, Niche 3650) was not appropriately represented
in the model. This was because features such as dead-end fractures and processes such as matrix
imbibition were not represented explicitly. As a result, seepage from the first test was
overpredicted, whereas the calculated seepage mass for the second test, performed at a lower
rate, was underpredicted. This inability of the two-dimensional model to reproduce the initial
memory effect may slightly bias the estimates. However, because initial memory effects are
insignificant near steady state, they are of little importance for seepage predictions under natural
percolation conditions and should be eliminated by matching data of long-term liquid-release
tests.

The three-dimensional models simulate the temporal and spatial spreading of the liquid plume
more accurately than the two-dimensional models (CRWMS M&O 2000s, Section 6.4). In the
three-dimensional models, the initial storage of water and its distribution were better represented;
as a result, the three-dimensional models were capable of matching all test events very
accurately. It should be noted that the three-dimensional heterogeneous model was the only one
that predicted seepage for the last test, which was conducted at a very low rate. It is therefore
expected that the three-dimensional heterogeneous model will predict a lower seepage threshold
than the other models.

The parameter estimates and their uncertainties resulting from the inverse calibration of the
seepage calibration model are summarized in Table 8.8-8. The standard deviation is the square
root of the diagonal element of the estimation covariance matrix, and the correlation coefficient
was calculated from the variances and the covariance between the two estimated parameters
(CRWMS M&O 2000s, Section 6.4, Table 10). The differences and similarities in the estimated
parameter sets can be explained and related to the structure of the respective conceptual models,
illustrating the need to determine and to use process-specific and model-related parameters. As a
result of effective parameter estimation, all models were able to reproduce the same effective
behavior of seepage for Niche 3650.

8.8.5.3.4 Validation of the Seepage Calibration Model

Validation usually involves blind predictions of the calibrated model and comparison with
independent data (CRWMS M&O 2000s, Section 6.5). The ultimate purpose of drift-scale
seepage models is to predict seepage under natural flow conditions. Because no seepage data
under natural percolation are available at present, the seepage calibration model could not be
validated in the context of natural percolation. However, the seepage calibration model could be
partly validated using seepage data from liquid-release tests different from those used in the
calibration of the model. Further, the accurate prediction of transient seepage from a local
liquid-release test may be considered a more rigorous validation exercise than prediction of
average seepage under steady-state conditions because it included greater uncertainty due to the
highly sensitive porosity estimate. On the other hand, predictions of natural seepage must be
based on an extrapolation to significantly lower percolation rates.

The calibrated seepage calibration model was used to predict seepage from four liquid-release
tests, which was then compared to the corresponding test data, taking into account the prediction
uncertainty (CRWMS M&O 2000s, Section 6.5). The four tests selected for validation were
conducted in interval UM 5.49 to 5.79 m and were believed to be the most difficult ones to be
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simultaneously reproduced by the calibrated seepage calibration model. They were performed
using a wide range of injection rates and they indicate a seepage threshold and potential storage
effects. The majority of liquid-release tests performed showed zero seepage, a result believed to
be reproducible with the calibrated seepage calibration model. Model validation was considered
successful if the 95 percent error band calculated by the calibrated seepage calibration model
bracketed the value measured in the test. Although both two-dimensional and three-dimensional
validation simulations were performed, only the three-dimensional simulations are discussed
here because they were more successful. A linear uncertainty-propagation analysis was applied
to the evaluation of the three-dimensional validation simulations.

The seepage predictions with the three-dimensional heterogeneous model were very accurate
(CRWMS M&O 2000s, Section 6.5). Figure 8.8-24 indicates that the simulation results for each
test generally were very close to the measured values, and for three out of four tests the 95
percent error band bracketed the measured value. The exception was the first event (Test #4,
Niche 3650) where seepage was underpredicted by the seepage calibration model. The
uncertainties of the model predictions were calculated on the basis of a linearity and normality
assumption with a very small parameter standard deviation of 0.05 for log(l/a.) and log(+),
which corresponds to as little as 12 percent variation in these estimates.

8.8.5.3.5 Seepage Threshold Predictions Using the Seepage Calibration Model

Steady-state simulations were performed with the seepage calibration model to calculate seepage
for a large range of percolation fluxes (CRWMS M&O 2000s, Section 6.6). The percolation flux
below which no seepage occurs is termed the "seepage threshold." Note that the percolation
fluxes examined here are significantly higher than the average or range of infiltration rates
considered reasonable within the potential repository area at Yucca Mountain. (Net infiltration
for mean modem climate conditions within the 4.7-km2 (1.8-mi.2 ) area of the potential repository
is estimated to average 4.7 mm/yr. and range from 0.0 to 120 mm/yr. See Table 8.2-9 in
Section 8.2.10.1.) These fluxes can be interpreted as being localized and relevant to drift-scale
studies. They are assumed to be significantly larger than average infiltration or percolation
fluxes as a result of flow channeling effects. The development and characteristics of such seeps
are not investigated here. Instead, the seepage predictions simply have been extended to very
high percolation fluxes to encompass fluxes possible as a result of potential channeling effects.
Also note that the seepage threshold and seepage percentages determined here are for a niche
with a circular, smooth ceiling (see Figure 8.8-14), located in the middle nonlithophysal zone of
the Topopah Spring welded tuffs, in an area of relatively competent rock mass and low fracture
density. Extrapolations to other drift geometries and hydrogeologic units are not valid.

Results from three-dimensional heterogeneous simulations of a range of percolation fluxes using
the seepage calibration model (Figure 8.8-25) yielded a seepage threshold of approximately
250 mm/yr. (CRWMS M&O 2000s, Section 6.6). No Monte Carlo simulations have been
performed to assess prediction uncertainty. Future seepage studies should include Monte Carlo
simulations in which not only parameters are sampled from a distribution, but also a large
number of random permeability fields are generated. The implied variability and uncertainty in
the three-dimensional model indicates significant uncertainty in seepage percentage predictions.
Nevertheless, there seems to be a low seepage probability for percolation fluxes below
100 mm/yr.

TDR-CRW-GS-OOOOOI REV 01 ICN 01 8.8-38 September 2000



8.8.5.3.6 Seepage Calibration Model Conclusions

The seepage calibration model was tested in a validation exercise against liquid-release test data
that were not used for the calibration of the model. A probabilistic acceptance criterion was
adopted to ensure that prediction uncertainty was included in the validation process as well as in
future model predictions. Simulations of four liquid-release tests were performed, and the
uncertainties of the predicted seepage values were determined. The model predictions were
consistent with the measured seepage mass in most cases.

The seepage threshold was estimated in prediction runs and sensitivity studies were performed.
The calibrated seepage calibration model predicts a low seepage probability for a wide range of
percolation fluxes. A consistently high seepage threshold on the order of 200 mm/yr. or more
was predicted. These estimates remain uncertain and are only valid for seepage under ambient
temperature conditions into an uncollapsed opening with a circular, smooth ceiling, located in
the middle nonlithophysal zone of the Topopah Spring welded tuffs, in an area of relatively
competent rock mass and low fracture density. Extrapolations to other drift geometries and
hydrogeologic units are not valid.
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8.9 CONCEPTUAL MODEL OF FLUID FLOW IN THE UNSATURATED ZONE

A conceptual model is a set of hypotheses consisting of assumptions, simplifications, and
idealizations that describe the essential aspects of a system, process, or phenomenon. The
unsaturated zone of Yucca Mountain is a complex hydrogeologic system involving a variety of
processes important to the study of a radioactive waste repository site (CRWMS M&O 2000m,
Section 5, p. 17). The conceptual model of flow and transport in the Yucca Mountain
unsaturated zone is a framework for explaining these processes (CRWMS M&O 2000m,
Section 6, p. 19). The current conceptual model, based to a great extent on the ideas originally
presented by Montazer and Wilson (1984, pp. 36 to 49), has been developed through the
evaluation of collected data and the results of modeling studies (Section 8.5).

No technical data were used directly in the formulation of the conceptual model. Rather, the
interpretive results of data analysis and modeling studies were used as the basis for identifying
various aspects of the conceptual model. These studies are referenced as appropriate as they are
discussed below. Similarly, no modeling studies or computer simulations were performed for
the development of the conceptual model, and therefore no software codes, macros, or routines
were used.

Both fluid flow and transport processes in the Yucca Mountain unsaturated zone are described
here. These processes are closely related to the hydrogeologic features of the unsaturated zone,
which consists of heterogeneous volcanic rocks (CRWMS M&O 2000m, Section 6, p. 19).
These rocks have been welded and fractured to varying degrees and have been divided into
hydrogeologic units based roughly on the degree of welding (Montazer and Wilson 1984,
pp. 9 to 20) (Table 8.3-2). From the land surface downward, these hydrogeologic units are the
Tiva Canyon welded (TCw), the Paintbrush nonwelded (PTn), the Topopah Spring welded
(TSw), the Calico Hills nonwelded (CHn), and the Crater Flat undifferentiated (CFu)
(Figure 8.9-1). The welded units typically have low matrix porosities and high fracture densities,
whereas the nonwelded units have relatively high matrix porosities and low fracture densities
(Bodvarsson et al. 1999, pp. 8 to 10).

8.9.1 Conceptual Model of Fluid Flow in the Unsaturated Zone

This section documents the conceptual model of flow used for modeling flow and transport
within the Yucca Mountain unsaturated zone (Section 8.10). The conceptual model of fluid flow
in the unsaturated zone deals with several important flow processes and issues, including
infiltration, percolation, fracture-matrix interaction, perched water, major faults, transient flow,
flow pathways, and gaseous flow, which are discussed below.

8.9.1.1 Shallow Infiltration

Infiltration is the ultimate source of percolation flux at the repository horizon and provides the
water for flow and transport mechanisms that may move radionuclides from the potential
repository to the water table (CRWMS M&O 2000m, Section6.1.1, p. 20). Infiltration is
spatially and temporally variable because of the nature of the storm events that supply
precipitation and the variation in soil cover and topography (Figure 8.9-1) (Section 8.2.3.1).
Infiltration is believed to be high on sideslopes and ridgetops where bedrock crops out, and
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fracture flow in the bedrock is able to move moisture away from zones of active
evapotranspiration (see Section 8.2.4.4) (Figure 8.2-12).

Near-surface infiltration data suggest that significant infiltration occurs only every few years; in
these years, the amount of infiltration varies greatly, depending on storm amplitudes, durations,
and frequencies. In very wet years, infiltration pulses may infiltrate into Yucca Mountain during
a relatively short time period (Bodvarsson et al. 1999, p. 10). More detailed information about
the conceptual model of net infiltration can be found in Section 8.2.3.

8.9.1.2 Downward Percolation through Hydrogeologic Units

As a result of the relatively high density of interconnected fractures and low matrix
permeabilities in the TCw (Figure 8.9-1), infiltration pulses are expected to move rapidly
through the fracture system with little attenuation relative to travel times in the matrix (CRWMS
M&O 2000m, Section 6.1.2, p. 21). This is partially supported by pneumatic data from sensors
in the TCw that show little attenuation of the barometric signal in monitoring boreholes
compared with the barometric signal observed at the land surface (Section 8.4.2.1.1). In this
case, the flow paths for liquid water should be similar to gas flow paths. The presence of
relatively high fractional abundance of 36CI measured in TCw borehole samples also supports
this conceptual model regarding liquid-water flow (Bodvarsson et al. 1999, p. 11). The source of
the elevated levels of (bomb-pulse) chlorine-36 has been attributed to nuclear testing conducted
in the 1950s (Fabryka-Martin et al. 1998, p. 93) (Section 5.3.7.3.1), and its occurrence in the
TCw indicates the presence of fast pathways for water flow into and through the unit.

Once liquid water leaves the TCw and percolates downward into the PTn, totally different flow
processes are evident (CRWMS M&O 2000m, Section 6.1.2, p. 21). Because of the relatively
high matrix permeability and porosity and the low fracture densities of the PTn, predominantly
fracture flow in the TCw becomes dominantly matrix flow in the PTn (Figure 8.9-1). Pneumatic
data are consistent with the notion that fracturing within the PTn is limited; the pneumatic signal
is propagated predominantly through the high-storage matrix, leading to significant attenuation
of the barometric signal (Section 8.4.2.1.2). Similarly, much of the moisture flow occurs in the
relatively high-porosity matrix in this unit. As a result, the PTn greatly attenuates infiltration
pulses, such that liquid-water flow below the PTn is approximately in steady state. This is
supported by the modeling study of Wang and Narasimhan (1993, pp. 354 to 361).

Lateral flow of liquid water seems to be insignificant within the PTn unit (CRWMS M&O
2000m, Section 6.1.2, p. 21). The early conceptual model of Yucca Mountain hypothesized that
significant lateral flow occurs within the PTn unit (Montazer and Wilson 1984, pp. 45 to 47).
Recent modeling studies indicate that lateral flow in the PTn is reduced with increasing
infiltration rate and that lateral flow is significant only when infiltration rates are far lower than
the current estimated values. Under the current estimated infiltration rates, saturation in the PTn
is high enough that the capillary barrier, which would otherwise cause lateral flow, is predicted
to break down and allow vertical percolation through the PTn. (Note that limited lateral flow in
the PTn due to the capillary-barrier effect is still predicted in areas where the infiltration is
estimated to be low.) Insignificance of PTn lateral flow supports the hypothesis that isolated fast
flow paths probably carry only a very small amount of water. If a large amount of water flows
through a small number of fast flow paths, significant lateral flow in the PTn would be needed to
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provide water for those geological features that cut through the PTn unit and act as fast flow
paths. A more detailed discussion of fast flow paths is given in Section 8.9.1.7.

Unsaturated flow of liquid water in the TSw (Figure 8.9-1) is primarily through fractures
(CRWMS M&O 2000m, Section 6.1.2, p. 22). Assuming a unit gradient, the matrix percolation
rate will be the same as the matrix hydraulic conductivity. Using matrix saturated hydraulic
conductivities determined from permeabilities measured in the TSw (Section 8.3.2.2)
(Table 8.3-3), the calculated matrix percolation rate is a small fraction of the average infiltration
rate currently estimated. Therefore, the remainder of the flow must be distributed in the fracture
network (Pruess et al. 1999, p. 283). Calcite-coating data show that most of the deposition is
within fractures in the welded units (Paces et al. 1998, p. 37) (Section 8.11.2), supporting the
hypothesis that fracture water flow is a major flow mechanism within the TSw. Calcite coatings
are a signature of liquid-water flow history. Carbon-14 ages of the perched water bodies below
the TSw unit range from 3.5 to 11 k.y. (Yang et al. 1996, p. 34) (Section 5.3.7.4.4), also
suggesting fracture-dominated flow in the TSw. The water travel times from the ground surface
to the perched water zones are much longer for the liquid water flowing in the matrix
(Bandurraga and Bodvarsson 1999, p. 40, Table 3). Because of the small matrix permeabilities,
the perched water bodies would have much older ages if they had resulted from matrix water
flow within the TSw unit.

The occurrence of perched water bodies at a number of boreholes in the lower part of the TSw
and the upper part of the CHn (Figure 8.9-1) (Section 8.5.2) indicates that the layers of the TSw
basal vitrophyre and the CHn serve as barriers to vertical flow and cause lateral flow (CRWMS
M&O 2000m, Section 6.1.2). The main tuff units below the potential repository are the CHn and
CFu units. Both of these units have vitric and zeolitic components that differ by the degree of
hydrothermal alteration (Flint 1998, pp. 29 to 33) (Section 8.3.2.2.2). Because the zeolitic rocks
of the CHn and the CFu have low matrix permeability and some fracture permeability, a
relatively small amount of water may flow through the zeolitic units. However, most of the
water that percolates to the zeolitic horizon is diverted laterally in the perched water bodies and
then vertically down faults (Figure 8.9-1). Conversely, but similar to the PTn unit, the vitric
rocks of the CHn and the CFu have relatively high matrix porosity and permeability, thus, mostly
porous-medium flow predominates in these rocks. Fracture flow is believed to be limited in
these units.

8.9.1.3 Fracture-Matrix Interaction

Fracture-matrix interaction is likely limited within welded units at Yucca Mountain (CRWMS
M&O 2000m, Section 6.1.3; Bodvarsson et al. 1999, p. 13). Chloride concentration data
indicated that perched water was derived mainly from fracture flow, with only a small degree of
interaction with matrix water (Yang et al. 1996, p. 55). The small degree of interaction between
fractures and matrix at locations associated with specific geologic features also is suggested by
the presence of bomb-pulse chlorine-36 at the repository level in the Exploratory Studies Facility
(Fabryka-Martin et al. 1998, pp. 93 to 94). Studies by Ho (1997, pp. 401 to 412) evaluated
methods of incorporating the conceptual model of fracture-matrix interaction into a dual-
permeability model. Results indicated that the calibration with observed matrix saturation and
water potential data was improved using techniques that reduce the fracture-matrix interaction
significantly.
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The limitation of fracture-matrix interaction at the Yucca Mountain site is consistent with many
other independent laboratory tests, as well as theoretical and numerical studies (CRWMS M&O
2000m, Section 6.1.3). Laboratory experiments have demonstrated that gravity-driven fingering
flow is a common flow mechanism in individual fractures and can reduce the wetted area in a
single fracture to fractions as low as 0.01 to 0.001 of the total fracture area. Other experiments
have shown that matrix imbibition can increase wetted areas of fingering flow patterns in
individual fractures and reduce the degree of fingering. Therefore, although fingering flow in
individual fractures is an important mechanism for reducing fracture-matrix interaction, its
effects may not be as significant as shown in individual fracture experiments that did not
incorporate matrix imbibition. Theoretical studies have indicated that the wetted area in a
fracture under unsaturated flow conditions is generally smaller than the geometric interface area
between fractures and matrix, even when fingering flow is not present (Wang and
Narasimhan 1993, pp. 329 to 335). This results from the consideration that liquid water in an
unsaturated fracture occurs as saturated segments that cover a portion of the fracture-matrix
interface area. Conversely, recent laboratory experiments by Tokunaga and Wan (1997,
pp. 1287 to 1295) demonstrated that water film flow could be important in unsaturated fractures
when the matrix is nearly saturated and water flow occurs from matrix to fractures. Therefore, it
can be hypothesized that liquid water generally exists as saturated segments around contact
points in unsaturated fractures. The distribution of liquid water in this form will reduce fracture-
matrix interaction as compared to the case in which the whole geometric interface area is
considered to contribute to flow and transport between fractures and matrix.

Other studies have suggested that in unsaturated, fractured rocks, fingering flow occurs at both a
single-fracture scale and at a connected-fracture network scale. Such a phenomenon has been
supported by numerical simulations of liquid-water flow in a simple, unsaturated fracture
network that found that a large portion of the connected fracture network played no role in
conducting the flow when the fractures do not have uniform apertures. Fingering flow at a
fracture-network scale has important effects on large-scale flow and transport, and it contributes
significantly to the reduction of fracture-matrix interaction (CRWMS M&O 2000m,
Section 6.1.3).

Studies also have shown that mineral coatings on fracture surfaces might have important effects
on fracture-matrix interaction. Experiments on coated and uncoated fractures in tuff have
indicated that the low-permeability coatings inhibited matrix imbibition considerably. In
contrast, other studies have shown that fracture coatings may, in some cases, increase the
fracture-matrix interaction when microfractures develop in the coatings (CRWMS M&O 2000m,
Section 6.1.3). Because fracture coatings may or may not result in fracture-matrix interaction
reduction, coating effects were ignored for modeling flow and transport in the Yucca Mountain
unsaturated zone (Section 8.10).

Although several mechanisms may limit fracture-matrix interaction in the Yucca Mountain
unsaturated zone, fingering flow at a fracture-network scale is considered to be the key
mechanism (CRWMS M&O 2000m, Section 6.1.3). A new active-fracture model based on this
mechanism has been developed and used for modeling fracture-matrix interaction (Section 8.10).
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8.9.1.4 Perched Water

Perched water is the groundwater in saturated zones that are above or not directly connected to
the static water table (CRWMS M&O 2000m, Section 6.1.4; Wu et al. 1999a, p. 158). Perched
water may occur when permeability differences between geologic units are large. Perched water
zones are present at Yucca Mountain in the lower portion of the TSw and the upper portion of
the CHn (Figure 8.9-1) (Section 8.5.2). Field tests indicate that Yucca Mountain perched water
zones have very different water volumes.

The presence of perched water at Yucca Mountain has important implications for the travel times
and flow paths of water through the unsaturated zone (CRWMS M&O 2000m, Section 6.1.4).
First, perched water carbon-14 data indicate that apparent age estimates of perched water bodies
range from approximately 3.5 to 11 ka (Yang et al. 1996, p. 34), suggesting dominant fracture
flow in the TSw unit. The dominance of fracture flow also is supported by chlorine-36 data from
the ESF that indicate infiltration has percolated to similar depths in the TSw within the last 50 yr.
(Section 5.3.7.3). Second, the occurrence of perched water bodies indicates that the layers of the
TSw basal vitrophyre and the CHn serve as barriers to vertical flow and cause downward
percolation to be diverted laterally. Although the vitrophyre is extensively fractured, many of
the fractures have been filled with zeolitic materials that impede flow. Portions of the Calico
Hills Formation have been extensively altered to zeolites, creating the perched water bodies.

8.9.1.5 Major Faults

Because strike-slip and normal faults with varying amounts of displacement are numerous at
Yucca Mountain, it is important to understand how major faults affect flow processes (CRWMS
M&O 2000m, Section 6.1.5). A fault can act as a transient fast-flow conduit for vertical liquid-
water flow, particularly as a result of temporally variable infiltration. Because the major faults
cut through the PTn, the damping effect of the PTn on transient infiltration is significantly
reduced. This phenomenon is supported by the correlation of observed bomb-pulse chlorine-36
data and localized geologic features at depth in Yucca Mountain (Fabryka-Martin et al. 1998,
pp. 93 to 94). However, if, this transient flow occurs along the major faults, it is expected to
carry only a small amount of water and may not be a major liquid-flow mechanism above the
potential repository horizon. This is because of the relatively small cross-sectional areas of the
fault zones in the horizontal plane and/or insignificant lateral flow to the fault in the unsaturated
zone. The current infiltration model does not support this focusing infiltration mechanism. As
discussed in Section 8.9.1.2, lateral flow above the potential repository horizon also is believed
to be insignificant. However, below the potential repository, where faults intercept perched
water bodies, significant lateral flow of liquid water can occur.

A fault zone also can act as a barrier to lateral liquid-water flow where it is highly fractured and
the resulting coarse openings create a capillary barrier. In addition, a fault can act as a barrier to
lateral flow when fault displacement results in a low-permeability unit being adjacent to a
relatively high-permeability unit within a fault zone. In this case, the fault will act as a
permeability barrier to the lateral flow within the unit with relatively high permeability
(CRWMS M&O 2000m, Section 6.1.5). Montazer and Wilson (1984, p. 20) conceptualized that
permeability would vary along faults, with higher bulk permeability in the brittle, welded units
and lower permeability in the nonwelded units where gouge or sealing fnaterial may be
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produced. Whereas a fault sealed with gouge or other fine-grained material will have much
higher capillary suctions, it will also have low permeability, retarding the movement of
liquid water.

In summary, because lateral flow is insignificant above the repository and focusing infiltration
near faults may not occur, faults do not act as flow paths to significantly alter the percolation
pattern from the surface to the repository level (CRWMS M&O 2000m, Section 6.1.5). Below
the potential repository, low-permeability layers in the CHn divert some flow to faults that act as
conduits to the water table (Figure 8.9-1). However, the effects of major faults on gas-flow
processes within the unsaturated zone are likely to be significant, as discussed in Section 8.9.1.8.

8.9.1.6 Transient versus Steady State Flow

In general, flow in the Yucca Mountain unsaturated zone is time dependent or transient, resulting
mainly from the temporal variations in infiltration flux at the land surface (CRWMS M&O
2000m, Section 6.1.6). The temporal variation in infiltration may be approximated as occurring
over short intervals characterized by changes in weather, resulting in episodic transient flows, or
over much longer time periods corresponding to climate change. As discussed in
Section 8.9.1.2, the PTn greatly attenuates short-term episodic infiltration pulses, such that
liquid-water flow below the PTn is approximately in steady state (Wang and Narasimhan 1993,
pp. 354 to 361). The attenuation is a result of matrix flow in the PTn and the relatively large
storage capacity of the PTn, which results primarily from the relatively low matrix saturation in
this unit. However, longer term climate change rather than short-term episodic infiltration, has a
more pronounced influence on the flow pattern within the mountain and ultimately impacts the
entire flow field in the unsaturated zone. In total system performance assessment simulations of
radionuclide transport, however, the actual transient period during which the unsaturated zone
flow system responds to a climate change has been found to be less significant (DOE 1998b,
Section 3.6.1.1, p. 3-116). The reason for this is that the change in flow in the fractures, which
dominates the flux in most hydrogeologic units, responds relatively quickly to a change in
infiltration. It is expected that flow through isolated fast flow paths that bypass the PTn unit
exhibits a strong transient character, because a significant attenuation mechanism is lacking
(CRWMS M&O 2000m, Section 6.1.6); however, these isolated flow paths are believed to carry
only a small amount of water (Section 8.9.1.7). Therefore, a quasi-steady flow model was used
to estimate the effects of climate change on radionuclide transport. In this model, infiltration rate
was assumed to change abruptly when climate changes from one steady flow field to another.
Transport calculations simply were restarted when climate changed, with the radionuclides that
were present in the unsaturated zone at the end of the previous climate included as an initial
condition for the next climate. Based on the results of transport modeling, it is reasonable to
assume flow to be in steady state for modeling liquid-water flow in the unsaturated zone.

8.9.1.7 Focusing Flow and Fast Flow Paths

Depending on geologic conditions and the magnitude of the flux, focusing flow leading to fast
pathways across the PTn may occur (CRWMS M&O 2000m, Section 6.1.7). Only rock samples
associated with localized fault structures that cut through the PTn show bomb-pulse signatures of
chlorine-36 in the lower PTn (Fabryka-Martin et al. 1998, p. 96, Figure 2) (Section 5.3.7.3).
These pathways are possibly responsible for the high levels of chlorine-36 within the TSw at the
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potential repository horizon. However, because bomb-pulse samples were taken only at a few
locations, no significant correlation between high matrix saturation and elevated chlorine-36
levels has been reported. Because these discrete fast paths are not associated with large
catchment areas involving large volumes of infiltrating water, it is expected that these fast flow
paths probably carry only a very small amount of water.

Fingering flow through the matrix may be an alternative fast flow mechanism through the PTn
(CRWMS M&O 2000m, Section 6.1.7). However, it is unlikely that fingering flow is an
important flow mechanism for the tuff matrix because fingering flow is a gravity-driven
phenomenon and cannot occur when capillary forces are dominant. One major difference
between Yucca Mountain soils and the tuff matrix is that the tuff matrix exhibits much stronger
capillary strength than soils (Wang and Narasimhan 1993, pp. 374 to 377), which could
significantly reduce the possibility for fingering flow in the tuff matrix.

A variety of observations indicate that the fracture water flow paths in the TSw are many and
widely dispersed (CRWMS M&O 2000m, Section 6.1.7). Average measured matrix saturations
suggest relatively uniform values within each lithostratigraphic unit for most of the units (Flint,
L.E. 1998, pp. 24 to 30, Figures 5 to 9) (Section 8.3.2.2.1), and in situ water potential
measurements also show little variability within the TSw for different boreholes (Rousseau et al.
1999, pp. 146 to 151) (Section 8.5.1.2). Additionally, the temperature within the TSw unit was
observed to be fairly uniform (Bodvarsson et al. 1999, p. 13; Rousseau et al. 1999, pp. 151 to
161) (Section 8.5.3.2). These observations are consistent with a conceptual model in which
fracture flow is dispersed, resulting in relatively uniform conditions within the geologic
formation.

8.9.1.8 Gas-Flow Processes

Gas flow in the Yucca Mountain unsaturated zone depends mainly on the characteristics of
fracture networks (CRWMS M&O 2000m, Section 6.1.8). In the nonwelded PTn, the
permeability of the fracture continuum is closer to the matrix continuum because of lower liquid
saturation and larger pore sizes in the PTn matrix. In the welded units (TCw and TSw), the
fractures generally are much more permeable than the matrix because of larger absolute
permeability and lower liquid saturation. Few data exist on gas flow below the bottom of the
TSw, although high liquid saturation and low permeability are likely to significantly reduce gas
flow (Section 8.4.2.1.4).

The ambient gas-flow processes occurring at Yucca Mountain include barometric pumping,
wind, and density-driven flow (CRWMS M&O 2000m, Section 6.1.8) (Section 8.4.2).
Barometric pumping is the response of subsurface pneumatic pressure to changes in atmospheric
pressure. Because this is a transient process, both the permeability and storage of the media
affect the subsurface response. In the welded units, this translates into little change in the
pneumatic pressure signal with depth (Rousseau et al. 1999, pp. 89 to 97) (Section 8.4.2.1). In
the PTn, however, the approximately equal fracture and matrix permeability and the high gas-
filled porosity serve to attenuate and lag the response to barometric pumping between the top and
the bottom of the unit. Using vertical, one-dimensional inversion models of hydrologic
properties, Ahlers et al. (1999, p. 58) showed a close correlation between the thickness of the
PTn and pneumatic response below the PTn. However, evaluation of borehole pneumatic-
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pressure data indicates that the attenuation characteristics of different subunits of the PTn vary
spatially and that the composite thickness of the PTn is insufficient to uniquely account for these i
variations (Rousseau et al. 1999, p. 96) (Section 8.4.2.1.2). Ahlers et al. (1999, pp. 47, 59 to 66)
also showed that faults are fast pathways for gas flow, particularly in the TSw, but affect
subsurface response only on a relatively local scale, confirming the results of pneumatic
monitoring (Rousseau et al. 1999, pp. 1 10 to 1 15) (Section 8.4.2.3).

Gas flow occurs under ambient conditions as a result of density-driven and wind-driven
processes (CRWMS M&O 2000m, Section 6.1.8). (The thermosyphon effect is discussed in
Section 8.4.2.) Density-driven flow occurs in the area of steep topography and is a consequence
of the differences between the density of dry air in the atmosphere and moist air in the mountain.
The moist air is lighter and rises in response to the pressure exerted by the heavier, dry air,
causing flow within the mountain from the lower elevations toward the crest. Wind-driven flow
occurs because of the higher pressure exerted on the windward side of the mountain and the
lower pressure in the lee of the crest. Thus, wind-driven flow will also promote flow toward the
crest of Yucca Mountain. Measurement of air flow in an open borehole near the crest of Yucca
Mountain shows that density-driven and wind-driven flow occurs primarily in the TCw.

8.9.1.9 Summary of Conceptual Model of Fluid Flow

The conceptual model of fluid flow in the Yucca Mountain unsaturated zone (Figure 8.9-1) is
based on an understanding and integration of the flow processes and issues discussed in
Sections 8.9.1.1 to 8.9.1.8 (CRWMS M&O 2000m, Section 6.1.9). Shallow infiltration is highly
variable, both spatially and temporally. Infiltration pulses move rapidly through the fractures in
the TCw unit with little attenuation by the matrix. Because of the attenuation effects of the PTn '
unit, the liquid-water flow processes below this unit are approximately in steady state under
ambient conditions. Lateral flow in the PTn is considered to be insignificant. Fracture liquid-
water flow is dominant in welded units (TCw and TSw), and matrix flow is dominant in
nonwelded units (PTn and CHn), except where the CHn is zeolitic. Widely dispersed fractures
are actively conducting liquid water in the welded units in the unsaturated zone of Yucca
Mountain. Isolated, transient, and fast flow paths exist, but they carry only a small portion of the
total liquid-water flux. Thus, fracture-matrix interaction in the welded units is a minor process.
The existence of perched water bodies below the potential repository horizon introduces three-
dimensional lateral flow within the unsaturated zone. Major faults do not act as flow paths to
significantly alter the percolation pattern from the surface to the repository level. However,
below the repository horizon, low-permeability layers in the zeolitic parts of the CHn divert
some flow to faults that act as conduits to the water table.

The similarities and differences between the current conceptual model of flow in the unsaturated
zone and other conceptual models published in the literature are significant (CRWMS M&O
2000m, Section 6.1.9). Since the mid-1980s, the prevailing view of the Yucca Mountain
unsaturated zone has been that under ambient conditions, water flow occurs mainly through the
rock matrix, even in the welded, densely welded, and fractured TSw unit. Based on capillary
theory, it was believed that under unsaturated conditions, liquid water would essentially be
excluded from fractures because of the capillary strength of the matrix. However, with much
more data available from site characterization, it has become evident that unsaturated flow in the
welded units is primarily through the fractures.
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Although the current conceptual model is based to a great extent on the model of Montazer and
Wilson (1984, pp. 36 to 49), the major differences between these two models are the roles of the
PTn unit and structural features, or faults, in conducting liquid water through the unsaturated
zone (CRWMS M&O 2000m, Section 6.1.9). Montazer and Wilson (1984, pp. 50 to 51)
hypothesized that the combination of dipping beds, permeability layering, and capillary-barrier
effects would result in significant lateral flow within the PTn toward the bounding structural
features. Most of the infiltrated water would be transmitted downward to the water table along
structural features (Montazer and Wilson 1984, p. 51). As discussed in Sections 8.9.1.2, 8.9.1.5,
and 8.9.1.7, more recent studies indicate that lateral flow in the PTn may not be as significant as
previously thought, and faults do not likely act as major flow paths to significantly alter the flow
pattern in the unsaturated zone.

In a recent study, Pruess (1999, pp. 1040 to 1042) proposed a conceptual model for flow through
thick unsaturated zones in fractured, low-permeability rocks that is applicable to Yucca
Mountain. Key elements of this conceptual model are as follows:

* Most of the water seepage in thick, unsaturated zones of fractured rock proceeds by way
of episodic, transient, and localized flow through fractures.

• Liquid-water flow can remain localized even in the presence of dispersive effects that
would tend to cause lateral spreading.

* Several mechanisms combine to severely reduce the effects of matrix imbibition.

Both the model of Pruess (1999, pp. 1040 to 1042) and the current conceptual model argue that
fracture-matrix interaction is limited in the unsaturated zone and that only a portion of fractures
are active in conducting liquid water (CRWMS M&O 2000m, Section 6.1.9). However, the
models differ in their description of the spatial distribution and time-dependent character of
fracture flow. The Pruess model hypothesizes that fracture flow paths in unsaturated, fractured
rocks are sparse and transient, whereas the current conceptual model argues that liquid-water
flow below the PTn unit is approximately in steady state and that fracture flow paths are many
and dispersed (Sections 8.9.1.2, 8.9.1.6, and 8.9.1.7). The assumption of steady state is valid for
a time span of thousands of years and provides an average of flow that is consistent with results
showing that the PTn dampens flow to the potential repository horizon. Over longer periods,
transient conditions associated with climate change will have a greater effect on flow. However,
for present-day conditions, transient flow at the repository horizon is not supported by the data
that currently exist.

8.9.2 Conceptual Model of Transport in the Unsaturated Zone

This section documents the conceptual model of transport used for modeling transport within the
Yucca Mountain unsaturated zone (Section 8.10). The conceptual model of transport is
presented by addressing important transport processes and issues. Transport is closely tied to
flow processes because flow is a major driving force for transport.
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8.9.2.1 Advective Transport

Advective transport (advection) refers to the movement of dissolved or colloidal materials
because of the bulk flow of fluid (CRWMS M&O 2000m, Section 6.2.1). Transport is strongly
related to liquid-water flow through the advection, and advective transport pathways are
consistent with flow pathways discussed in Section 8.9.1. In the welded units, advection through
fractures is expected to dominate transport behavior, mainly because liquid water largely flows
through fracture networks in these units. Advection is also an important mechanism for transport
between fractures and matrix, especially at interfaces between nonwelded and welded units. At
these interfaces, transitions occur between dominant fracture flow and dominant matrix flow.
Liquid-water flow paths below the potential repository horizon will be critical to the radionuclide
transport resulting from advection, particularly in perched water bodies where lateral transport of
radionuclides is likely to occur. Dominant fault and fracture flow in the zeolitic part of the CHn
(Figure 8.9-1) provides relatively short travel times for transport to the water table, whereas
dominant matrix flow in the vitric part of the CHn provides much longer travel times.

8.9.2.2 Matrix Diffusion

Matrix diffusion refers to solute transport from fracture networks to surrounding matrix blocks
resulting from molecular diffusion (CRWMS M&O 2000m, Section 6.2.2). Mass transfer
between fractures and tuff matrix may play an important role in transport within Yucca
Mountain. Because flow velocity in the matrix is much slower than in fractures, transfer of
radionuclides from fractures to the matrix can significantly retard the overall transport of
radionuclides to the water table. The transfer can result from advection, dispersion, and
diffusion processes. Where fracture flow is dominant, advection from fractures to the matrix
may not be important because only a relatively small amount of water flows into the matrix, with
the rest flowing through fractures. Thus, matrix diffusion is a major mechanism for mass
transfer between fractures and the matrix. Furthermore, the diffusion process in the matrix is
more important than dispersion because of the slow pore velocity. Therefore, matrix diffusion
probably is the most important physical process in the matrix that contributes to retardation of
radionuclide transport when fracture flow is dominant.

The significance of matrix diffusion depends primarily on such factors as effective contact area
between fracture and matrix, effective molecular diffusion coefficient, and characteristics of
fracture networks (CRWMS M&O 2000m, Section 6.2.2). Fracture-matrix interaction is
expected to be limited in the welded units mainly because of fingering flow in fractures, giving
rise to a much smaller fracture-matrix interfacial area being available for matrix diffusion than
the geometric contact area between fractures and matrix (Section 8.9.1.3). This can reduce the
retardation effect of matrix diffusion considerably. The effective molecular diffusion coefficient
is defined as a product of the free water diffusion coefficient, which is a strong function of solute
or radionuclide type, and a factor considering the effects of unsaturated matrix on diffusion. For

a given solute or radionuclide type, the effective molecular diffusion coefficient is dependent
mainly on the volumetric water content, which is a function of saturation. For rocks in the

Yucca Mountain unsaturated zone, saturation is relatively uniform spatially (Flint, L.E. 1998,

pp. 24 to 30, Figures 5 to 9) (Section 8.3.2.2.1). Hence, it is reasonable to assume that the
effective matrix diffusion coefficient depends primarily on the solute or radionuclide type for the

unsaturated zone. In general, matrix diffusion can be an important retardation mechanism for a
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radionuclide or solute with a relatively large molecular diffusion coefficient but becomes
insignificant when the diffusion coefficient is rather small. Matrix diffusion is also affected by
characteristics of fracture networks. Because only some of the fractures actively conduct liquid
water in the unsaturated zone, the inactive and relatively dry fractures could serve as barriers for
flow and transport, including matrix diffusion, between matrix blocks separated by
these fractures.

8.9.2.3 Fracture and Matrix Sorption

Sorption is an important process in reactive chemical and radionuclide transport (CRWMS M&O
2000m, Section 6.2.3). In the context of total system performance assessment and unsaturated
zone transport assessment for Yucca Mountain, sorption is used to describe a combination of
chemical interactions between dissolved solutes and the solid phases (immobile rock matrix or
colloids), including adsorption, ion exchange, surface complexation, and chemical precipitation.
The strength of the sorptive behavior is a function of the chemical element, the rock type
involved in the interaction, and the geochemical conditions of the water contacting the rock.
Sorption can act to retard the movement of radionuclides in the groundwater. Most
radionuclides and other chemical elements that are strongly sorbed to the rock matrix are
relatively immobile. However, sorptive interactions may enhance radionuclide transport if the
aqueous species sorbs to colloids. (Colloid-facilitated transport is discussed in Section 8.9.2.4.)

The importance of sorption in the different rock types is not only a function of the sorptive
strength, but also the degree of exposure that the radionuclides have with the rock matrix during
transport through the unsaturated zone (CRWMS M&O 2000m, Section 6.2.3). Zeolitic tuff
generally has a larger sorptive strength than vitric tuff, but the matrix flow component in zeolitic
tuff is relatively small because of low matrix permeability (DOE 1998b, p. 3-118). Thus,
sorption in the zeolitic tuff may not be able to effectively retard transport of radionuclides with
small molecular diffusion coefficients.

The surfaces of fractures, often lined with minerals that differ from the bulk of the rock matrix,
may be capable of sorbing many of the radionuclides (CRWMS M&O 2000m, Section 6.2.3).
However, characterization of the distributions of the fracture-lining minerals and sorptive
interactions with these minerals has been limited. Also, the fracture minerals have a relatively
small volume and surface area. For these reasons, a conservative assumption in modeling
radionuclide transport is that no sorptive interaction with fracture surfaces occurs and that
sorptive interactions are possible for radionuclides only in matrix blocks.

In the transport assessment for Yucca Mountain, sorption is characterized by a sorption or
distribution coefficient (Kd). In general, for a given radionuclide and rock type, this coefficient
is not a constant, but depends on the temporally and spatially varied chemical composition of
both the aqueous and solid phases. As a conservative approach to model radionuclide transport
through the Yucca Mountain unsaturated zone, a minimum bound for Kd can be used. The
minimum Kd represents the smallest reasonable ratio of radionuclides attached to the solid phase
versus the aqueous phase.
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8.9.2.4 Colloid-Facilitated Transport

Radionuclide transport in the unsaturated zone also involves a colloid-facilitated transport
process (CRWMS M&O 2000m, Section 6.2.4). Colloids are particles small enough to become
suspended (and thus transportable) in a liquid. They can interact with radionuclides through
sorption mechanisms. Unlike sorption of radionuclides to the rock matrix, however,
radionuclides sorbed on colloids are potentially mobile. Therefore, colloids can facilitate
radionuclide transport through the unsaturated zone at a faster rate than the aqueous phase alone.
Another form of colloidal movement occurs when the radionuclide is an integral component of
the colloid structure. In this case, the radionuclide is irreversibly bound to the colloid
(DOE 1998b, Section 3.5.2.4, Figure 3-53).

Colloid-facilitated transport is controlled by several processes, including advection of colloid,
matrix diffusion and dispersion of colloids, sorption of radionuclides on colloids, radioactive
decay of radionuclides, and filtration of colloid particles (CRWMS M&O 2000m, Section 6.2.4).
Advective radionuclide transport paths are consistent with liquid-water flow paths below the
potential repository. The advective transport through fractures is enhanced by reduced matrix
diffusion and matrix sorption. Colloid particles themselves are not expected to experience any
significant matrix diffusion because of the very low diffusion coefficients associated with
colloids. Colloids may not be able to move through some of the rock matrix, particularly the
welded and zeolitic rock types, because of their large size. However, movement through the
more permeable nonwelded vitric rock in the CHn unit may be possible. The restriction of
matrix particle size on movement of colloid particles is the filtration process. Obviously, the
colloid-facilitated transport becomes more important for strongly sorbing radionuclides.

8.9.2.5 Other Transport Processes and Issues

Radioactive decay is a transformation process that affects the concentration of radionuclides
during transport through the unsaturated zone (CRWMS M&O 2000m, Section 6.2.5). For
simple decay, radionuclide concentration decreases exponentially with time, creating stable
decay products. Chain decay adds additional complexity because of the ingrowth of new
radionuclides created from the decay of a parent radionuclide. One aspect of potential
significance with respect to chain decay is that daughter products may have significantly
different sorption behavior than the parent radionuclide, therefore exhibiting different
transport behavior.

Dispersion is a transport mechanism caused by localized variations in flow velocity (CRWMS
M&O 2000m, Section 6.2.5). However, it is not expected to play an important role in transport
in the Yucca Mountain unsaturated zone. For example, with respect to radionuclide transport
from the potential repository to the water table, the repository emplacement area is very broad
relative to the distance to the water table, which tends to suppress dispersion effects. A more
important reason for dispersion to become secondary is the explicitly modeled variations in
transport velocity caused by the fracture-matrix system (Section 8.10). In the rock matrix,
dispersion is also considered to be minor compared with diffusion because of low pore velocity
in the matrix, which affects dispersion.
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The presence of perched water below the potential repository horizon may serve as a mechanism
to dilute liquid-phase solute and radionuclide concentrations in the unsaturated zone. In the TSw
unit above the perched water, solutes and radionuclides will be carried primarily by many flow
channels (active fractures). Once they arrive at perched water bodies, the fracture water will mix
with the perched water, resulting in a decrease in chemical concentrations. The degree of
dilution depends on the residence time of chemicals in perched water. Longer residence time
corresponds to a larger degree of mixing within the perched water body and therefore a larger
degree of dilution. The relevant observations and modeling studies seem to indicate that a large
degree of mixing occurs in perched water bodies (Sonnenthal and Bodvarsson 1999, pp. 118,
151). Sonnenthal and Bodvarsson (1999, p. 118) observed that chloride concentrations in water
samples collected during pump tests in the perched water bodies are not particularly variable
because the water is probably well mixed. This modeling exercise also showed that perched
water compositions are best matched by a mixture of Pleistocene-age water and variable amounts
of modem water (Sonnenthal and Bodvarsson 1999, p. 151).

8.9.2.6 Summary of Conceptual Model of Transport

The conceptual model of transport in the Yucca Mountain unsaturated zone is based on an
understanding and integration of the transport processes and issues discussed in Sections 8.9.2.1
to 8.9.2.5 (CRWMS M&O 2000m, Section 6.2.6). Because flow is the major driving force for
transport, the conceptual model of transport is closely tied to the current conceptual model of
flow (Section 8.9.1). Advective transport pathways are consistent with flow pathways. Matrix
diffusion is a major mechanism for mass transfer between fractures and the matrix and
contributes to retardation of radionuclide transport when fracture flow is dominant. Sorption can
act to retard the movement of radionuclides in the unsaturated zone. However, sorptive
interactions may enhance radionuclide transport if the aqueous species sorbs to colloids.
Dispersion is not expected to be a major transport mechanism in the unsaturated zone at
Yucca Mountain.

8.9.3 Effects of Coupled Processes on Flow and Transport

If a geologic repository is constructed at Yucca Mountain, the emplaced radioactive wastes will
emit a significant amount of heat from the radioactive decay of the wastes (CRWMS M&O
2000m, Section 6.3). This heat will influence hydrologic, mechanical, and chemical conditions
in both the near field (drift scale) and far field (mountain scale). This section discusses the
potential effects of the corresponding coupled processes-thermohydrologic, thermomechanical,
and thermochemical-on flow and transport within the Yucca Mountain unsaturated zone.
Although these processes are coupled, they are discussed separately for reasons of simplicity.
Mountain-scale thermohydrologic effects are discussed in Section 8.10.8 and drift-scale
thermohydrologic-chemical effects are discussed in Section 8.10.9.

8.9.3.1 Thermohydrologic Processes

The potential thermohydrologic response of the unsaturated, fractured tuff to decay heat involves
a number of key processes (CRWMS M&O 2000m, Section 6.3.1; Tsang and Birkholzer 1999,
pp. 389 to 390). Conceptually, when formation temperatures increase sufficiently around the
waste packages, pore water will boil and vaporize. Most of the vapor generated will move into
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the fractures, where it will become highly mobile and will be driven with the gas-pressure
gradient and gas-density differences away from the repository drifts. When the vapor encounters
cooler rock away from the repository drifts, it will condense, and fracture saturation will increase
locally. Part of the condensate may then imbibe into the matrix. The amount of imbibition will
depend on the fracture-matrix interaction. Some portion of the condensate also will remain in
the fractures, become mobile, and may flow back toward the boiling zone. However, because
capillary forces are relatively weak in the fractures, a substantial amount of liquid may drain by
gravity. The gravity-driven reflux in fractures is characterized by fingering flow at different
scales. The stronger the vapor flux away from the drifts and the reflux toward the drifts, the
more obvious will be the heat-pipe signature in the temperature fields. Where heat-pipe
conditions exist, the temperature will remain at the nominal boiling point. Eventually, the heat
output will decrease and become small enough so as not to affect the liquid flow field, and the
flow field will return to steady state. However, steady-state flow will not be re-established until
the dry-out zones near the drifts are completely resaturated, and will not substantially lag behind
the heating phase.

Thermal hydrology drives processes at two physical scales (CRWMS M&O 2000m,
Section 6.3.1). At the drift scale, flow and transport is affected by decay-heat characteristics
from each of the individual waste packages in an emplacement drift. The thermodynamic
environment within the emplacement drift is related to the drift and waste package geometry,
waste package spacing and sequencing, drift-to-drift spacing, and individual waste package heat
outputs. Variability of heat output from waste packages could result in large variations in
dryout, rewetting, and liquid-phase flux along drifts. A cooler waste package may receive more
reflux and at an earlier rewetting time. Water may also flow (drain) preferentially downward
through connected fractures between emplacement drifts (Kneafsey and Pruess 1998, p. 263,
Figure 2). At the edges of the potential repository, the surrounding rocks receive a smaller
amount of heat than those farther from the edges within the repository horizon. Thus, the drifts
located near the edges could correspond to smaller dryout zones and have earlier rewetting times.

The emplacement of heat-generating wastes in the repository likely will alter large-scale flow
and transport processes associated with the mountain scale (CRWMS M&O 2000m,
Section 6.3.1). Heat-driven features at this scale potentially include the development of large-
scale, gas-phase, buoyant convection cells and thermally altered liquid-phase flow fields, both
above and below the repository. The latter may be especially important for radioactive transport
because such transport occurs primarily through the liquid phase (Haukwa et al. 1999, p. 227).
Heating generally can increase liquid flow into the repository (Haukwa et al. 1999, pp. 247
to 248). The significance of thermohydrologic effects on radionuclide transport is also largely
determined by the duration of thermal perturbation compared with the lives of waste packages.
If the perturbation becomes insignificant before packages fail and release significant amounts of
radionuclide, the thermohydrologic processes are expected to have a minor effect on
radionuclide transport (Robinson et al. 1998, p. 157).

8.9.3.2 Thermomechanical Processes

Heat transfer from emplaced wastes will increase temperatures of the host rock surrounding the
potential repository, resulting in mechanical changes to physical properties of the rock within the
unsaturated zone (CRWMS M&O 2000m, Section 6.3.2). Expansion of the rock matrix caused
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by heating will create stress in the rock and induce changes in the fracture apertures. The field
tests that have been conducted did not identify any thermohydrologic-mechanical effects on gas
movement. A large reduction in permeability (aperture) would be required to significantly
influence gas and liquid flow.

For example, if there is significant thermal expansion of the matrix surrounding the drifts, this
tends to close fractures and reduce fracture aperture and permeability while increasing capillary
forces (CRWMS M&O 2000m, Section 6.3.2). However, nonuniform deformation of
heterogeneous matrix rock blocks will promote sliding or relative movement along two adjacent
matrix block surfaces, which may lead to an increase in fracture permeability. The reduction of
fracture apertures could limit the development of gas-phase transport, including vapor transport,
near the drift. This effect could limit the growth and extent of the dryout zone surrounding the
drift. Compared with the situation without thermomechanical effects, liquid fracture flow may
or may not be reduced. On the one hand, reduction of fracture permeability can reduce fracture
liquid-water flow. On the other hand, a smaller fracture air-entry pressure causes more liquid to
be retained in fractures because of higher capillary suction, giving rise to an increase in relative
permeability for the fracture network. However, reduction of the dryout zone is expected to
result in relatively early rewetting times for waste packages. During the cooling phase, the
fracture apertures near the drifts generally would increase. For rock relatively far away from the
repository, the thermomechanical processes are expected to have a minor effect on the
hydrologic properties.

8.9.3.3 Thermochemical Processes

Chemical effects in response to a high thermal load in the potential repository may alter material
hydrologic properties (CRWMS M&O 2000m, Section 6.3.3). Above the repository level, the
temperature is projected to be sufficiently high to vaporize the water, resulting in precipitation of
minerals in fractures. The condensate, being out of equilibrium with the rock, may dissolve
mineral phases from the walls of fractures and then flow back into zones where chemical
precipitation occurs. Below the potential repository, the processes are not completely the same
because the liquid within the fractures, under the influence of gravity, can migrate away from the
heat source and leave the two-phase flow system. This dissolution of minerals at one point in the
fracture network and their redeposition at another could lead to the formation of a precipitate cap
over the repository. In the precipitate cap, the porosity and permeability of fractures and
portions of the matrix near the fractures may be reduced. The significance of this reduction
depends on the abundance of readily dissolved fracture-lining minerals relative to fracture
porosity, as well as the dissolution and precipitation rates for the relevant minerals. This is
further described in Section 8.10.9.4.2. When thermal perturbation is considerably decreased,
the cap may start to be dissolved by water from ambient, downward percolation. Because the
process of chemical dissolution is much slower than the process of chemical precipitation, the
cap may become virtually permanent after the thermal perturbation. Therefore, these changes
will influence the flow field not only while the thermal process is active, but afterwards as well.
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