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1.0 INTRODUCTION

Nuclear Waste Consultants, Inc., (NWC) was awarded NRC project RS-MNS-85-
009 entitled "Technical Assistance in Hydrogeology - Project B- Analysis" on
September 28, 1985. Water, Waste and Land, Inc., (WWL) is subcontracted to NWC
as the group responsible for review of hydrogeologic investigations of the
Nevada Nuclear Waste Storage Investigation (NNWSI) Project. As part of the
contract, Subtask 1.4 requires a conceptual model update every six months.
This report represents the last such update and fulfills this Subtask 1.4
requirement.

This report has been divided into three separate chapters. Chapter 2,
Regional Hydrogeologic System, gives an overview of the regional geology and
hydrology, including site location and regional physiographic description.
Chapter 3, Site Unsaturated Hydrogeologic Subsystem, describes the site
geology, the geohydrologic units of the unsaturated zone, and the conceptual
model of flow through this zone. Chapter 4, Site Saturated Hydrogeologic
Subsystem, describes the geohydrologic units of the site saturated zone, the
conceptual flow model through this zone, and paleohydrology studies as they
relate to performance objectives.

For the purposes of this report, the three groundwater flow systems have
been systematically divided into components, elements, and sub-elements. The
components are shown in the table of contents as the major sections of each of
the chapters. As an example, the components of the Site Unsaturated
Hydrogeologic System (Chapter 3) are; (1) Site Location and Physiographic
Setting, (2) Hydrogeologic Setting, (3) Flow Mechanisms in the Unsaturated
Zone, (4) Boundary and Initial Conditions, and (5) Flow and Transport.
Elements are shown in the table of contents as the subsections of each of the
components. As an example, for the Site Unsaturated Hydrogeologic System, the
component Boundary and Initial Conditions (Section 3.4) has two elements; (1)
Boundary Conditions, and (2) Initial Conditions. In some cases these elements
are further divided into sub-elements as indicated in the Table of Contents.
As a matter of convenience, references cited in each chapter are listed in the
final section of that chapter. Mr. Jeff Pohle, the NRC Project Officer, has
requested that the following points be incorporated in this final conceptual
model update:
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1. A description of what is known or thought to be the case
about each element of the groundwater flow system;

2. For each such element, a discussion of the uncertainties
including identification (and influence) of any assumptions
made in the description;

3. For each such uncertainty, include alternative hypotheses,
interpretations, or assumptions that are consistent with the
uncertainty; and

4, For each such hypothesis, include information needs to
discriminate between the alternatives.

The conceptual model presented in this report is based on the conceptual
model presented in the Department of Energy's (DOE) Consultation Draft Site
Characterization Plan (CDSCP) which was released in January, 1988. Statements,
conclusions, and uncertainties presented in this report, unless otherwise
noted, are those of the DOE. Comments about the conceptual model uncertainties
other than those of the DOE have been included as footnotes throughout the
report. These comments have originated from three sources:

1. NRC staff Point Papers on geohydrology which were presented to
the DOE;

2. U.S. Geological Survey's (USGS) review comments on the
CDSCP; and

3. Comments by WWL.

The comments by the NRC and the USGS have been formatted in a manner which
refers back to the original document containing those comments. The reference
number for the NRC comments refers to the sequential number which was assigned
by the NRC staff to that particular comment. The USGS comments include the
page number from the USGS review report on the CDSCP.
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2.0 REGIONAL HYDROLOGIC SYSTEM

The hydrogeologic study area is located in the southeastern Great Basin of
the Basin and Range Province. This region is characterized by arid climates,
with precipitation primarily being a function of elevation. Annual average
precipitation at Yucca Mountain is estimated to be on the order of 150 mm/yr.
The regional study area is approximately 18,000 km2 and is divided into three
subbasins, the Oasis Valley, The Alkali Flat-Furnace Creek, and the Ash Meadow
subbasin. Regionally, flow paths in the hydrogeologic study area vary in
direction from southerly in the north half of the study area to southwesterly
in the southern half (Winograd and Thordarson, 1975; Waddell, 1982).

The study area has three major aquifers, the Valley Fill (alluvium), the
Tuff, and the Lower Carbonate. These aquifers are separated in some areas by
intervening aquitards. Large ranges of hydrologic properties exist in the
various units. Fracture flow in the Tuff units yields large transmissivities.
Recharge occurs primarily in the highland areas where precipitation is the
highest and by underflow from surrounding basins. The groundwater discharges
in the topographic lows in the form of springs, playas, and underflow out of
the study area.

The Regional Hydrologic System has been divided into nine major
components:

(1) Location and Regional Physiography

(2) Regional Meteorology

(3) Study Area Subbasins

(4) Hydrogeologic Units

(5) Boundary Conditions

(6) Potentiometric Levels

(7) Flow and Transport

(8) Isotopic and Regional Hydrochemistry

(9) Regional Paleohydrology
Each of these components, along with their elements and sub-elements, are
described in the following sections.

2.1 LOCATION AND REGIONAL PHYSIOGRAPHY
As shown on Figure 2-1, the Yucca Mountain site is located on and
immediately adjacent to the southwestern portion of the Nevada Test Site, which
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is in Nye County, Nevada, about 105 km (65 miles) northwest of Las Vegas. The
Yucca Mountain site is located exclusively within lands controlled by the
Federal Government. The land parcel under consideration, which includes the
underground facilities, the surface facilities, and the controlled area for the
repository, is divided as follows: (1) the DOE controls the eastern portion
through the withdrawn land of the Nevada Test Site; (2) the Department of Air
Force controls the northwestern portion through the land-use permit for the
Nellis Air Force Range (NAFR); and (3) the BLM holds the southwestern portion
in public trust. The Candidate Area is an region that has been recommended for
site characterization. By definition, the controlled area is a specific
location that encompasses no more than 100 km2 and extends no more than 5 km in
any direction from the outer boundary of the original Tlocations of the
radicactive waste in a disposal system, plus the subsurface underlying such a
surface location.

The Yucca Mountain site 1ies within the southwestern Great Basin, the
northernmost subprovince of the Basin and Range Province. Generally defined,
the Basin and Range province is that area of southwestern North America that is
characterized by more or less regularly spaced sub-paralilel mountain ranges and
intervening alluviated basins formed by extensional faulting. As shown on
Figure 2-2 the western boundary of the Basin and Range Province is defined by
the Transverse Ranges, the Sierra Nevada, and the southern Cascade Range; the
northern boundary by the Columbia Plateau; and the northeast boundary by the
Wasatch Range of the middle Rocky Mountains (Hunt, 1974). The distinctive
physiography of the province is largely the product of the most recent
extensional phase of deformation. The physiographic features surrounding Yucca
Mountain are illustrated on Figure 2-3.

2.2 REGIONAL METEOROLOGY

Defining the existing climatic conditions establishes the basis for
comparing the future and past climates with the present climate. Establishing
the existing climatic conditions and the infiltration rates associated with
these conditions is important in evaluating whether climatic variations will
affect infiltration rates and subsequent rises or declines in the water table
in the Yucca Mountain area. The sections that follow will provide a brief
overview of the climate of the Yucca Mountain area, including temperature and
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precipitation ranges. A more in-depth evaluation of the regional meteorology
is provided in Chapter 5 of the CDSCP (DOE, 1988) for Yucca Mountain.

2.2.1 Climate

Although monitoring stations have been established in the study area,
long-term site-specific climatological data for Yucca Mountain are not
presently available, as the period of record from these stations is less than
two years. Therefore, data from two weather stations near Yucca Mountain,
operated by the National Weather Service (NWS), have been used to provide a
general description of the climate in the area. One of these stations is
located approximately 32 km northeast of the Yucca Mountain site in Yucca Flat,
a broad alluvial basin. The other station is near Beatty, Nevada,
approximately 24 km west of the Yucca Mountain site. The 1locations of
available weather stations in the vicinity of Yucca Mountain are shown on
Figure 2-4.

In general, summers at Yucca Mountain are dominated by continental
tropical air masses and winters are dominated by continental polar air masses.
Table 2-1 provides a general outline of the climatic conditions experienced at
Yucca Flat during the 10-yr period from 1962 to 1971 (Bowen and Egami, 1983a).
The DOE considers that parameters at the Yucca Mountain site which will
probably differ from the Yucca Flat summary are temperature minimums, wind
speeds, and direction. Also, precipitation amounts are expected to be greater
at Yucca Mountain because of 1its higher elevation (1,463 m at the NTS-10 Yucca
Mountain station versus 1,196 m at the Yucca Flat station).

2.2.2 Temperature _

Temperature data from the 10-yr climatological summary for Yucca Flat and
the 39-yr (1922 to 1960) period of record at Beatty are presented in Table 2-2.
The DOE considers that although the exact relationship between the recording
stations in Table 2-2 and Yucca Mountain is not known, the temperature at the
Yucca Mountain site is expected to closely resemble the Yucca Flat data. There
will probably be substantial temperature ranges, with cool summer nights and
mild winter daily maximums during most years.
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} = wost recent of mulLiple occurrences.
T - trace (amounl tuo swall Lo measure).
Average and peak speeds sre for the period December 1064 through May 1080. The directions of the resultant
wind are from a suseary covering Lhe period Decesber 1064 through Hay 19069,
Sky cover is expreased in Lhe range from O for no clouds Lo 10 when Lhe aky is cowpletely covered with

clouds. Clear, partly cloudy, and cloudy, are defined as average daytisme cloudiness of 0-3, 4.7, and 810,
respeclively.

¢ = one or more occurrences during the period of record but aversge less than one-half day.
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TABLE 2-2 YUCCA FLAT AND BEATTY TEMPERATURE DATAZ

Temverature °F

b Average Highest Average Lowest Konthly
Month and Station daily maximum daily daily minimum daily average

January

Yucca Flat ~ 52.1 73 20.8 -2 36.6

Beatty 57.5 78 26.7 7 40.6
February

Yucca Flat 57.7 77 25.8 5 40.3

Beatty 58.2 80 24.6 1 43.9
March

Yucca Flat 60.9 87 27.7 9 44.3

Beatty ’ 65.6 85 33.9 16 49.7
April :

Yucca Flat 67.8 89 34.4 13 51.1

Beatty 74.0 98 41.0 17 57.5
May A

Yucca Flat 78.9 07 43.5 25 61.2

Beatty g82.0 103 47.9 26 65.2
June

Yucea Flat 87.6 107 49.9 29 68.8

Beatty 0 92.3 112 55.5 33 74.0
July

Yucea Flat 96.1 107 47.0 40 76.6

Beatty . 99.5 114 62.1 36 80.8
August

Yucca Flat _ 95.0 107 58.1 39 76.6

Beatty g7.2 113 59.9 41 78.6
September

Yucca Flat 86.4 105 46.7 25 66.5

Beatty 90.5 109 53.4 34 72.0
October .

Yucca Flat 76.1 94 36.9 12 £6.5

Beatty 77.4 08 .43.6 22 60.5
November

Yuceca Flat 61.8 84 27.6 13 44.7

Beatty 65.3 86 33.5 10 49.4
December

Yucca Flat 58.0 70 19.9 -14 35.3

Beatty 56.3 80 28.0 4 42.2
Annual average

Yucea Flat 72.5 107 37.4 -14 54.9

Beatty 76.4 114 42.9 1 59.5

2Source: Eglinton and Dreicer (1084).
Yucca Flat period of record: 1962 to 1971; Beatty period of record:

1922 to 1960.
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2.2.3 Precipitation

Specific monthly and annual average and maximum precipitation amounts for
the monitoring stations located in the vicinity of Yucca Mountain are presented
in Table 2-3 (Eglinton and Dreicer, 1984). The data cover periods of record
ranging from 5 years at tower T6 to 29 years at Beatty. The DOE considers the
data presented thus far are a reasonable indication of overall precipitation
cycles. They also believe that estimating precipitation at the Yucca Mountain
site requires further analyses. The major variable that must be considered is
elevation, as noted by several investigators (Quiring, 1983; Nichols, 1986).
In addition, rainfall intensity and duration characteristics are needed for
rainfall-runoff models and for recharge and infiltration studies. Modern
meteorological conditions also form a basis for interpreting historical records
and predicting future conditions.

2.3 HYDROGEOLOGIC STUDY AREA

The hydrogeologic study area shown on Figure 2-5 consists of three
groundwater subbasins that together form a part of the Death Valley groundwater
basin (Waddell et al., 1984). These subbasins are the Oasis Valley subbasin,
Alkali Flat-Furnace Creek Ranch subbasin, and the Ash Meadow subbasin. The
approximate boundaries of these groundwater subbasins have been estimated from
potentiometric levels, geologic controls of subsurface flow, discharge areas,
and inferred flow paths (Rush, 1970; Blankennagel and Weir, 1973; Winograd and
Thordarson 1975; Dudley and Larson, 1976; Waddell, 1982; Waddell et al., 1984).
In some areas, the boundaries are uncertain due to the lack of potentiometric
data, the complexity of geologic structures, or the occurrence of interbasin
flow of groundwater through the lower carbonate aquifer (Winograd and
Thordarson, 1975). In the following sections, each subbasin is described by
their flow paths, recharge, and discharge areas.

2.3.1 Oasis Valley Subbasin

The DOE states that flow paths are from the principal recharge areas,
mostly in the central part of the subbasin southward, towards the discharge
area near Beatty. This flow is principally through volcanic-rock aquifers to
the valley-fill aquifer underlying the discharge areas. Groundwater discharge
within the Oasis Valley subbasin occurs through evapotranspiration and spring
flow near Beatty. This spring flow, caused by low-permeability rocks



TABLE 2-3
MONTHLY AND ANNUAL AVERAGE AND MAXIMUM PRECIPITATION FOR SITES IN THE VICINITY OF YUCCA MOUNTAIN®

Precipitation (in.)b’c

RJY Yucca Flat Desert Rock 4JAn 4JAo T6 Beatty
1,241 mMSL 1,196 mMSL 1,005 mMSL 1,043 mMSL 1,100 mNSI, 002 wMSL 1,006 mMSL
(1960-1081) _ (1062-1971) _(1963-1081)  (1967-1981)  (1957-1967) (1058-1064) __ (1931-1960)
Month Avg. Max. Avg. Max. Avg. Max. Avg. Max. Avg. Max. Avg. Max. Avg. Max.
January 0.76 3.41 0.53 4.02 0.84 2.15 0.63 2.20 0.27 0.62 0.37 0.88 0.60 MA®
February 0.87 3.42 0.84 3.60 0.78 2.57 1.08 3.45 0.39 1.01 0.590 1.20 0.70 NA
March 0.73 3.58 0.20 3.50 0.70 3.08 0.83 3.00 0.16 0.35 O0.16 0.30 0.48 NA
April 0.34 2.40 0.45 2.70 0.33 1.45 0.18 0.63 0.34 1.91 0.10  0.45 0.47 NA
May 0.33 2.02 0.24 1.62 0.35 1.57 0.31 1.41 0.11 0.28 0.15 0.48 0.23 NA
June 0.2} 1.22 0.21 2.686 0.14 0.56 0.13 0.87 0.07 0.26 0.4 0.55 0.090 NA
July 0.48 1.54 0.52 1.87 0.34 1.46 0.35 1.50 0.10 0.48 0.50 2.29 0.20 NA
August 0.45 2.38 0.34 2.52 0.52 1.57 0.31 1.07 0.25 0.71 0.22 0.54 0.20 NA XS
September 0.53 1.890 0.68 2.98 0.38 2.28 0.28 2,13 0.47 1.68 0.50 1.62 0.19 NA A
{ictober 0.36 1.49 0.13 1.69 0.25 1.05 0.32 1.42  0.21 0.63 0.22 0.76 0.30 NA i
November 0.50 2.37 0.7 3.02 0.50 2.07 0,33 1.22 0.54 1.87 0.61 1.40 0.43 NA
Decenmber 0.57 2.61 0.79 2.66° 0.46 2.45 0.33 1.78 0.63 3.0 0.44 1.14 0.58 NA
Aunnual 6.03 12,13 5.73 14.05 5.39 10.08 5.08 11,62 3.63 B8.068 4.00 4.61 4.47 NA

95oyrce: Eglinton and Drelcer (1984). The locatlons of the monitoring stations are shown on Figure 2-4.
baoil values are monthly or onnual overages. To convert In. to mm, multiply by 25.4.

CaMSL, = meters above mean seal level; Avg.=average; Max .=max imum,

dperiod of record Is 1958-1981.

ONA = not avaliable.
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downgradient from Beatty, has been estimated to be 0.078 m3/s (Maimberg and
Eakin, 1962). Some of the spring discharge is warm, suggesting deep
circulation. Water flows to the discharge area from the north and northeast
(Pahute Mesa) as shown by Mifflen (1968), Rush (1570), Scott et al. (1971),
Blankennagel and Weir (1973), Winograd and Thordarson (1975), Waddell (1982),
and Waddell et al. (1984).

2.3.2 Alkali Flat-Furnace Creek Ranch Subbasin

Winograd and Thordarson (1975) believed that groundwater flows from the
south-central Amargosa Desert, through the lower carbonate aquifer, discharging
at springs and seeps at Furnace Creek Ranch. These springs are created by
impermeable zones along the Furnace Creek fault system. Groundwater in the
lower carbonate aquifer beneath the south-central Amargosa Desert may be
derived from two sources--direct southwestward underflow from the Ash Meadows
groundwater subbasin through the lower carbonate aquifer (assuming that the
aquifer is extensive beneath the central Amargosa Desert) and downward leakage
from the valley-fill aquifer beneath the central and south-central Amargosa
Desert.

Discharge by natural processes in the Amargosa Desert was estimated by
Walker and Eakin (1963) to be about 3 x 107 m3/yr, based on mass-balance
estimates, which they acknowledge are "crude". Groundwater outflow southward
from the subbasin was estimated to be about 6.2 x 105 m3/yr. Discharge near
Furnace Creek Wash and Cottonball Marsh was estimated, based on some direct
measurements of spring discharge and mapping of seeps in alluvium, to be about
6.3 x 106 m3/yr (Hunt et al., 1966). Total flux (volumetric flow rate) in the
Alkali Flat-Furnace Creek Ranch subbasin, not including the discharge in the
Oasis Valley and Ash Meadows subbasins, is estimated to be about 2 x 107 m3lyr
(Waddel1l, 1982).

2.3.3 Ash Meadows Subbasin

Ash Meadows groundwater basin is in the eastern half of the study area.
Flow is primarily in the lower carbonate aquifer, where it originates in the
recharge areas in the Spring Mountains, Pahranagat, Timpahute, and Sheep
Ranges, and Pahranagat Valley, and discharges at the Ash Meadows spring
lineament (Waddell, 1982). Potentiometric gradients throughout much of the
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basin are low (commonly 1less than 0.0002) because of high transmissivities
exhibited by soluble carbonate rocks (Winograd and Thordarson 1975).

The Tower carbonate aquifer transmits most of the water in the subbasin,
but other 1ithologies are locally important. Northeast of the Ash Meadows
spring line, the saturated thickness of the valley fill aquifer probably is
more than 100 m. Beneath Frenchman Flat, both valley fill and volcanic
aquifers are saturated beneath the structurally deepest parts of the valley.
Most of the valley-fill aquifer beneath Yucca Flat is unsaturated (Winograd and
Thordarson, 1975).

Discharge from springs at Ash Meadows is estimated to be 2 x 107 m3/yr
(Walker and Eakin, 1963; Dudley and Larson, 1976). An additional unknown
amount of groundwater flows to the Alkali Flat-Furnace Creek Ranch subbasin to
the west, some of which discharges by evapotranspiration (Winograd and
Thordarson, 1975). A normal fault, downthrown to the southwest (Healey and
Miller, 1971), probably juxtaposes a low-permeability lakebed aquitard or
eolian deposits on the downthrown side of the fault against the lower carbonate
aquifer across the fault, forcing flow upward (Dudley and Larson, 1976).
Discharge is from springs in alluvium downgradient (southwest) of the fault.
Regional transmissivities of about 40,000 m2/d have been calculated (Ninograd
and Thordarson, 1975) for the lower carbonate aquifer in the area northeast of
Ash Meadows using estimated values for discharge, hydraulic gradient, and width
of the aquifer; this figure is six to nine times greater than that determined
from aquifer tests (Waddell, 1982).1

2.4 HYDROGEOLOGIC UNITS
The occurrence and movement of groundwater in the vicinity of Yucca
Mountain 1is controlled in part by the regional hydrogeologic system. The

1wwL Comment - Regional Transmissivity Values

There appears to be a broad range of transmissivity values for the
principle regional aquifers of the Candidate Area, both between individual
aquifers and within each aquifer. Regional flow models have assumed uniform
hydraulic properties in their characterization of regional groundwater flow,
(ie: transmissivity being held constant over the entire regional aquifer).
These values may not represent the true field values found in this anisotropic
system, thereby leading to misrepresentations of the regional flow system.
Alternative three-dimensional models should be considered to include these
variations in transmissivity values so that a better representation of regional
groundwater flow paths and magnitudes can be obtained.
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hydrogeologic units within this system have varied hydraulic characteristics
and interrelationships and, hence, exert varying controls on groundwater flow
rates and directions. In this section, the general aquifer properties and
characteristics of these units, their lateral extent, and their
interrelationships are described.

2.4.1 Description of Hydrogeologic Units

The studies conducted by Winograd and Thordarson (1975) and additional
assessments summarized by Waddell et al. (1984) identify the regional
hydrogeologic units discussed in the following sections. These discussions are
limited to units that represent distinct hydraulic systems on a regional scale
and do not necessarily represent the individual properties of those units
specifically at the Yucca Mountain site. Figure 2-6 illustrates a generalized
regional stratigraphic column with the principle hydrogeologic units
characteristic of the region surrounding Yucca Mountain. A generalized map
showing the distribution of these units in the hydrogeologic study area 1is
provided on Figure 2-7. The areal distribution of the hydrogeologic units and
their 1ithology and stratigraphy discussed in this section help to define the
hydraulic communication on a regional scale. Details of the stratigraphic and
hydrogeologic units are summarized in Table 2-4. The regional hydrogeologic
units in descending stratigraphic order are; (1) the valley fill aquifer, (2)
volcanic rock aquifers and aquitards, (3) the upper carbonate aquifer, (4) the
upper clastic aquitard, (5) the lower carbonate aquifer, and (6) the lower
clastic aquitard.

2.4.1.1 Valley Fill Aquifer

The valley fill aquifer is of Tertiary and Quaternary age and is composed
of alluvial-fan, fluvial, fanglomerate, lake bed, and mudflow deposits. The
thickness and stratigraphic interrelationships of these deposits are highly
variable reflecting varying depositional environments.

Grain size of alluvial deposits decreases from the proximal to the distal
ends of the alluvial fans and away from distributary channels on the fans.
Because runoff intensities vary from event to event, interbedding of fine- and
coarse-grained materials occur in the valley fill. This condition results in
vertical hydraulic conductivities being much less than horizontal
conductivities (DOE, 1988). The valley fill aquifer reaches thicknesses of
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TABLE 2~-4

RELATION OF STRATIGRAPHIC UNITS TO HYDROGEOLOGIC UNITS IN THE HYDROGEOLOGIC STUDY AREAC

(PAGE 1 OF 6)

F1T 1 1311ttt} i 2 1 1 1 1 ]
Maximum
Stratigraphic Major Thickness Hydrogeologlc Unit (Underiined)
System Serles Unit Lithology (m) ond Hydrologic Characteristics
Quaternary Holocene, Valley fitl Alluvial fan, 600 VALLEY FILL AQUIFER Transmls:lvlty
and Pleistocene, fluvial, fonglomerate, ranges from 10 to 400 m“/d
Tertiary and Pliocene lakebed, and mudflow average coefficient of Iinter~
deposits ranges from 0.21 to 2.9 stitial permeability ranges from
m/d 0.21 to 2.9 m/d. Interstitial
porosity controls flow of water,
Basalt of Kiwi Mesa Basalt flows, dense 75 LAVA-FLOW AQUIFER Water movement
and vesicular controlled by primary and
secondary fractures and
possibly by rubble between
Tertlary Pllocene Rhyolite of Shoshone Rhyolite flows 800 intercrystalline porosity and
Mountain conductivity negligible; estimated
transmissivity,_ranges from
Bosalt of Skull Basalt flows 75 4.2 to 1,200 m“/d; saturated only
Mountaln beneath east-central Jockass Flats,
?b Thiraty Canyon Tuff Ash-flow tuff, partially 230 No corresponding hydrologic unit,
to densely welded; Generally unsaturated; present
trachytic lava flows beneath Black Mountain, north-
western part of the basin.
Ammonia Ash-flow tuff, moderately 75 WELDED AND BEDDED TUFF AQUIFER
Tank to densely welded; thin Water movement controlled by
Piopi Timber Member ash-fall tuff at bose primary and secondary Joints in
Canyon Mountain densely welded part of ash-flow
Group Tuff Rainier Ash-flow tuff, nonwelded 175 tuff; tronsmicalvlty ranges from
Mesa to densely welded; thin 1 to 1,200 m¢/d; intercrystalline
Mlocene® Member ash-fall tuff at base porosity and conductivity
negligible; nonwelded part of
ash-flow tuff, where present, has
relatively high interstitial
Tertiary Miocene Piapi Tiva Ash-flow tuff, nonwelded 90-100 porosity (35 to 50%) and modest
Canyon Canyon to densely welded; thin permeabli ity (0.08 m/d) ond may
Group Member ash-fall tuff near here, act as o leaky aqulitard; saturated
only beneath deeper parts of Yucca,
Topopah Ash-flow tuff, nonwelded 275 Frenchman, and Jackass flats,
Paintbrush Spring to densely welded; thin
Tuff Member ash=-fal! tuff near base

61-¢
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P

RELATION OF STRATIGRAPHIC UNITS TO HYDROGEOLOGIC UNITS IN THE HYDROGEOLOGIC STUDY AREA?

(PAGE 2 OF 6)

0c-¢

Max imum
Stratigraphic Major Thicknass Hydrogeologic Unit (Undertiined)
Systenm Series Unit Lithology (m) and Hydrologi¢ Characteristics
Bedded Ash-flow tuff and 300 T&onamicalvlty ranges from 2 to 10
Tuft fluvially reworked tuff m</d; saturated only beneath
(informal structurally deepest parts of Yucca,
unit) Frenchman, and Jackass Flaots; occurs
locally below ash-flow tuff members
of Paintbrush Tuff and below Grouse
Canyon Member of Belted Range tuff.
Lava~flow and interflow 1,200 LAVA-FLOW AND TUFF _AQUITARD Water
tuff and breccia; movement controlled by connected
locally hydrothermally fractures; interstitial thermally
altered altered porosity and permeability
negligible; tronsmlsclv&ty
estimated less than 6 m</d;
Wahmonie contains minor perched water
Formation beneath foothills between
Frenchman ond Jackass flots.
Ash=-fall tuff, tuffaceous 500 TEQnsmlsslvity ranges from 1 to 3
sandstone, and tuff m</d; interstitial porosity is as
breccia all interbedded; high as 40%, but interstitiol
matrix commonly clayey permeobillty is negléglble:
or zeollitic (3 x 1077 to 3 x 107° m/d); owing
to poor hydraulic connection of
Tertiary Miocene® Salyer Brecclia flow, Ilithic 600 fractures, interstitial
Formation breccia, and tuff conductivity probably controls
breccia, all interbedded regional ground-water movement;
with ash=foll tuff, perches minor quantities of water
sandstone, siltstone, beneath foothills flanking valleys;
claystone, matrix fully saturoted only beneath
commonly clayey or structurally deepest parts of Yucca,
zeolitic Frenchman, and Jackaoss flats;
Grouse Canyon and Tub Spring members
of belted Range Tuff may locally be
aquifers Iin northern Yucca Flat.
Grouse Ash-flow tuff, 60
Canyon densely welded
Belted Member
Range
Tuft Tub Ash-flow tuff, non- 90
Spring welded to welded

Member




RELATION OF STRATIGRAPHIC

TABLE 2-4
UNITS TO HYDROGEOLOGIC UNITS IN THE HYDROGEOLOGIC STUDY AREA®
(PAGE 3 OF 6)

m=a -,
Max imum
Straotigraphic Major Thickness Hydrogeologic Unit (Underlined)
System Seriesa Unit Lithology (m) and Hydrologic Characteristics
Ash-fall bedded tuff, 600
nonwelded to semiwelded
ash-flow tuff, tuffaceous
Local sandstonea. Siltstone, ond
Informal claystone; all massively
Units altered to zeolite or clay
minerala; locally minor
welded tuff near base;
minor rhyolite and basalt
Tertiary Mlocene® Rhyolite flows and Rhyollte nonwelded and 600 TUFF_AQUIFER/AQUITARD Rhyolite
tuffaceous beds of welded ash fiow, ash-foll lavas and ash flows may be
Callco Hills tuff, tuff breccia, tuff- transmissive, Bedded tuffs may be
aceous sandstone; hydro~- zeolitized or argillized and less
thermally altered at transmissive. Beneath Yucca
Calico Hills; matrix of Mountain the tuffaceous beds of
tuff and sandstone Calico Hills are mostly
commonly clayey or unsaturated.
zeolotic
Prow Ash~flow tuff, nonwelded >600 JUFF_AQUIFER/AQUITARD Transmissivity
Pass to moderately weided, ranges frgm less than 0.1 to several
Member interbedded with ash-fall hundred m“/d. Interstitial
Crater bedded tuff; matrix hydroulii conductlvl&y &s small
Flat Bulifrog commonly clayey or (8 x 1077 to 3 x 107" m</d). At
Tuff Member Yucca Mountain, unit commonly
Tram contains the water table.
Member
Lithic Ridge Tuff Ash-flow tuff, partially 300 JUFF _AQUITARD Not wel! character-
to densely welded. lzed. Iraasmllalvlty about
Commonly argillized 2 x 1077 mé/d Interstitiol
hydroulli conductlvlgy low
Tertiary Miocene (?) Older tuffs and Altered rhyolitic ond 7 (3 x 107" to 6 x 107° m/d).

lavas beneath
Yucca Mountain

Oligocene (?)

altered bedded and ash-
flow tuffs

T1z-¢
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RELATION OF STRATIGRAPHIC UNITS TO HYDROGEOLOGIC UNITS IN THE HYDROGEOLOGIC STUDY AREA®

(PAGE 4 OF 6)

At

Max i mum
Stratigraphic Major Thickness Hydrogeologic Unit (Under!ined)
System Serles Unit Lithotogy (m) and Hydrologic Characteristics
Mliocene Rocks of Pavits Tuffaceous sandstone and 425 See Salyer Formation.
and Springs siltstone, claystone;
Qligocene fresh water )imestone and
conglomerate; minor gypsum;
matrix commonly cloyey,
zeollitic, or calcerous
Tertiary Ollgocens Horse Springs Fresh-water limestone, 300 See Salyer Formation
(continued) Formation congiomerate, tuft
Cretaceous to Granitic stocks Granodiorite and quartz -—— (A MINOR PLUTONIC-ROCK AQUITARD)
Permian monzonite In stocks, Complexly fractured by nearly
dikes and allls Impermeable.
Mississipplan Eleana Formation Arglliliate, quartzite, 2,400 UPPER CLASTIC AQUITARD Complexly
and Devonian conglomarate, |Imestone fractured but nearly Impermeable;
traasmlsslvlty estimated less than
5 m“/d; interstitial permeability
negligible but owing to poor
hydraulic connection of fractures
probably controls groundwater
movement; saturated only beneath
western Yucca and Jackass Flats,
interstitial porosity ranges from
2.0 to 18%.
Devonian Upper Deviis Gate Limestone, dolomite, >425 LOWER CARBONATE AQUIFER Complexly
Limestone quartzite tractured aquifer supplies major
springs throughout eoster Nevoda;
———Tm——
Middle Nevada Formation Dolomite tronsmloalvlty ranges from 10 to
10,000 m“/d; intercrystoliiine
Devonian Undifferentioted Dolomite 430 porosity, 0.4 to 12%; intercrystal-~
and Silurian line hyqrcullc permgoblllty.
9 x 10 to 4 x 107 m/d; solution
Upper Ely Springs Dolomite 90 caverns are present locally but
Dolomite regional ground-water movement Is
controlled by fracture transmissi-
Eureka Quartzite Quartzite, minor 100 vity; saturated beneath much of

limestone

study area.
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RELATION OF STRATIGRAPHIC UNITS TO HYDROGEOLOGIC UNITS IN THE HYDROGEOLOGIC STUDY AREA?

(PAGE 5 OF 6)

Max imum
Stratigraphic Major Thickness Hydrogeologic Unit (Underiined)
System Series Unlit Lithology (m) and Hydrologic Characteristics
Middle Antelope Limestone and silty 460
Valley |imestone
Ordovician Y ——— Limestone
Lower Pogonip Ninemile Cilaystone and |imestone 100
Group Formation Interbedded
Goodwin Limestone >275
Limestone
Cambrian Upper Nopah Formation
Smoky Member Dolomite, |imestone 325 'f
N
Halfpint Member Limeatone, dolomite 220 “
sitty limestone
Dunderberg Shale Shole, minor |imestone 70
Member
Cambr ian Middle Bonanza King
Banded Mountain Limestone, dolomlite, 750
Member minor siltstone
Papoose Lake Limestone, dolomite,
Member minor siltatone
Carrara Formation Slitastone, |imestone, 320
interbedded (upper part
predominantiy |imestone;
lower part predominontiy
Lower siitstone




TABLE 2-4

RELATION OF STRATIGRAPHIC UNITS TO HYDROGEOLOGIC UNITS IN THE HYDROGEOLOGIC STUDY AREAC

(PAGE 6 OF 6)

nun S W 3 UK U5 UL 55 N 5T 5N 5N 5% 5 UL 9N
Max imum
Stratigraphlic Major Thickness Hydrogeologic Unit (Underlined)
Systam Serles Unit Lithology (m) and Hydrologic Characteristics
Zabriskie Quartzite 70 LOWER CLASTIC AQUITARD Complexly
Quartzite fractured but nearly impermeable;
supplies no major springs;
Wood Canyon Quartzite, siltstone, 70 transmiesivity tess than 10 mz/d;
Formation shale, minor dolomite interstitial porosity and
permeability is negligible but
Precombrion Stirling Quartzite Quartzite, siltstone 1025 probably controls ground-water
movement owing to poor hydraullc
Johnnle Formation Quartzite, sandstone, 975 connection of fractures, saturoted
siltstone, minor |ime~ beneath most of area; interstitial
stone and dolomite porosity 0.2 to 10%; interstitial
Noonday (?) Dolomite —-_—

Dolomite

hydroulgc conductlvsty range from
3 x 107° to 4 x 107° m/d.

9Source:

b2 Indicotes uncertainty.

©The three Miocene sequences occur In separate parts of the region.

Waddell et al. (1984), which was modified from Winograd and Thordarson (1975).

¥¢-¢C

Age correlations between sequencea are uncertalin.
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more than 550 meters in some areas of the region; however, areas where the
alluvium is saturated are limited. Therefore, this hydrogeologic unit is of
minor importance in defining groundwater flow on a regional scale. The
exception to this can be found beneath the Amargosa Desert, where valley fill
is present in saturated thicknesses sufficient to constitute an important
aquifer.

2.4.1.2 Volcanic Rock Aquifers and Aquitards

Volcanic rocks that occur in the study area consist of ash-flow and ash-
fall tuffs (nonwelded to welded), and basaltic and rhyolitic flows of Tertiary
and Quaternary ages. Some of these rocks are aquifers while others are
aquitards. The volcanic aquifers form the uppermost water-bearing unit
throughout most of the northwestern part of the hydrogeologic study area. The
thickness of this unit is estimated to exceed several thousand meters in some
places (Waddell et al., 1984). Because of the complex stratigraphy of these
volcanics, individual rock types are not differentiated on a regional scale.

Rock properties of these volcanics are dependent on the eruptive history,
the cooling history, post-depositional mineralogic changes, and the structural
setting. Ash flow tuff permeability is in part a function of the degree of
fracturing, and thus, the degree of welding (Winograd, 1971; Blankennagel and
Weir, 1973). Densely welded tuff fractures readily while nonwelded tuff does
not. Therefore, distribution of permeability is affected by the irregular
distribution of tuff l1ithologies as well as a function of proximity to faults
and fracture zones.

2.4.1.3 Upper Carbonate Aquifer
The upper carbonate aquifer, although more than 1000 meters thick, is of
minor regional hydrologic significance because it is saturated only in western
Yucca Flat (Waddell et al., 1984). This unit is composed of the Tippipah
Limestone of Pennsylvanian and Permian age. This aquifer is not hydrologically
separable from the underlying lower carbonate aquifer where the upper clastic
aquitard is absent (eastern section of the hydrogeologic study area).

2.4.1.4 Upper Clastic Aquitard
The upper clastic aquitard is equivalent to the Eleana Formation (Devonian
and Mississippian age) and consists predominantly of argillite, quartzite, and



Subtask 1.4 9-26 Conceptual Model Update
WWL #4001 - October 17, 1988

conglomerate. This unit is over 2400 meters thick in western Yucca Flat and
northern Jackass Flats. The Eleana Formation stratigraphically and
hydraulically separates the upper and lower carbonate aquifer (Winograd and
Thordarson, 1975). Winograd and Thordarson (1975) have reported porosity
ranges of this formation to be 2.0 to 18.3 percent with predominate groundwater
movement through interstitial permeability due to poor hydraulic connection of
fractures within the formation.

2.4.1.5 Lower Carbonate Aquifer

The lower carbonate aquifer is comprised of limestone in the upper part of
the Carrara Formation and the succeeding limestones and dolomites of Cambrian,
Ordovician, Silurian, and Devonian age. This aquifer represents the principal
water transmitter in the eastern part of the hydrogeologic study area. Total
thickness of the aquifer exceeds 4700 meters, with high transmissivities
occurring where dissolution has increased fracture aperture or pore diameter
(Waddell et al., 1984). Waddell et al. (1984) believe that variations in
structural setting, proximity to faults, mechanical rock properties,
depositional environments, and aquifer thickness account for the large
variations in observed transmissivity values.

2.4.1.6 Lower Clastic Aquitard

The lower clastic aquitard is composed of the lower part of the overlying
Carrara Formation, upper Proterozoic quartzite and shale of the Johnnie,
Stirling, and Wood Canyon Formations, which are approximately 2700 meters thick
(Winograd and Thordarson, 1975). The lower clastic aquitard probably
significantly affects distribution of hydraulic potentials and locations of
groundwater discharge areas due to low transmissivity values (Waddell et al.,
1984).

2.4.2 Hydraulic Characteristics of Hydrogeologic Units

Estimates of groundwater flow paths and velocities require that the
hydraulic characteristics of each of the important hydrogeologic units be
known. The principal hydraulic characteristics discussed are transmissivity,
porosity, and both interstitial and fracture hydraulic conductivity.

Table 2-5 presents data, based on information published by Winograd and
Thordarson (1975), on the hydraulic properties of the regional units.
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TABLE 2-5
TEST DATA FOR AQUIFERS IN NEVADA TEST SITE AND VICINITY? (PAGE 1 OF 5)

Stratli- Depth
graphic Interval
Well Unit (o)

Estimated

Depth

Specific
Capaclty

Penetration to Static (L/s per

of Aquifer
(%)

Level

(m)

Meter ofb
Drawdown)

Tronsmissivity (ms/d)

Estimated Calculated Calculated

from from from
Specific Drawdown Recovery
Capocity Curve Curve Remarks

79-69a Carrara 469-518
Formation

69-59 Carrara 469-503

67-73 Bonanza 311-397
King
Formation
(Banded
Mountain
Member )

469

459

256

110

1.28

1 x 10* -- ——  Well 79 69a Is 30 m
northwest of well
79-59. During two
pumping tests neither
drawdown nor recovery
couid be measured owing
to very high aquifaer
transmissivity and low
pumping rates (3.7 and
13.4 L/s). Carrara
Formation topped by
well is probably part
of upper plate of
low-angle thrust fault
that crops out a few
miles west of well.

Lt-¢

75 (4) (a) Step-drawdown analyses
indicates specific
capaclty of 2.4 (L/s)/m
of drawdown and water
entry chiefly from
interval 490 495 m,
Carrara Formation
tapped by well is
probably part of upper
plate of low-angle
thrust foult that crops
out a few milea west of
well,

100 250 660 Step~drawdown analysis
indicates speciflic
caopacity of 2.3 (L/s)/m
of drawdown.




TABLE 2-5
PUMPING TEST DATA FOR AQUIFERS IN NEVADA TEST SITE AND VICINITY® (PAGE 2 OF 5)

Transmissivity (ms/d)

Speciflc
Estimated Depth Capacity Estimoted Calculated Calculated
Stroti- Depth Penatration to Static (L/s per from from from
graphic Interval of Aqulfer Level Meter ofb Speciflic Drawdown Recovery
Well Unit (a) (%) (m) Drawdown)® Capaclity Curve Curve  Remoarks
67-73 Bonanza 406-593 Step-drawdown onalyslis
King (?) indicates specific
Formation copacity of 3.6 (L/s)/m
Nopah of drawdown,
Formation
(?) 239-3568 20 239 1.24 75 490 1,100
56-75 Nopah 225-454 10 225 0.93 50 140 330 Step-drawdown analyals
Formation indicates apecific
(Smoky capacity of 2.2 (L/s)/m
Member) of drawdown. o
!
(7) 239-356 20 239 1.24 75 490 1,100 2
88-66 Pogonip 777-1,942 10 626 0,08 9 16 66 Water yielded
Group principally from
75-73 Pogonip  336-565 10 336 0.14 7 47 - Interval 968-1040 m
Group
73-66 Sllurian 956-1,036 <5 529 6.21¢ 740 - =- Density changes In
(?2) water column, due to
doiomite anomalously high water
temperature, completely
87-62 Devila 1,128-1,280 <20 600 0.17 12 - 43 Masked water level
Gate fluctuations due to
Limestone pumping. Air-line
and Nevado measurements permitted
Formation approximation of
undifferentiated specific capacity.
84-68d ?e;onlon 860-922 <5 598 0.08 9 30 - -
?
doiomite
and

calcareous
quartzite
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PUMPING TEST DATA FOR AQUIFERS IN NEVADA TEST SITE AND VICINITY? (PAGE 3 OF 5)

Transmissivity (ms/d)

Specific
Estimated Copacity Estimoted Calculaoted Calculated
Strati- Depth Penetration to Static (L/s per from
graphic Interval of Aquifer Metar of Specifle
Well Unit (a) (%) Drawdown)® Copaclity Remarks
BEDDED TUFF AQUIFER

81-67 Bedded 514-549 - 0.19 12 Aquifer Is probably
tufft (7) bedded tuff or non-
of Pliapi welded ash-filow tuff,
Canyon
Group

81-67 Bedded 149-204 - 0.08 2 Constant~-rate pumping
tuff (?) test not made; specific
of Plapli capacity based on
Canyon measurements made after
Group 90 min pumping; aquifer

Is probably bedded tuff
on non-welded ash-flow
tuff.

90-75 Bedded 273-333 - 0.12 5 Constant-rate pumping
tufft () test not made; specific
of Plapi capacity reported after
Canyon 30 min of pumping:
Group aquifer is probably

bedded tuff or
nonwe |ded ash-~flow
tuff.

75-58 Topopah 226-270 40 1.6 1,240 Drawdown of 2.1 m
Spring measured with air line
Member of and test pressure gage
Paintbrush in first 3 min of
Group pumping test at rate of

24,4 L/s. Additional
drawdown not detactable
In subsequent 67 min of
pump test,

6C-¢C
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PUMPING TEST DATA FOR AQUIFERS IN NEVADA TEST SITE AND VICINITY? (PAGE 4 OF 5)

Tronsmissivity (ms/d)

Speclific
Eatimated Depth  Capacity Estimated Calculated Calculated

Strati- Depth Penetration to Static (L/s per from from from
graphlic Interval of Aquifer Level Metor of Specific Drowdown Recovery

Well Unit (o) (%) (m) Drowdown)® Capacity Curve Curve Remarks

74-57 Topopah 283~-444 100 283 4.6 500 850 - Step-drawdown analysls
Spring suggests considerable
Member of heod losses at face of
Paintbrush bore; losses are
Group probably due to poor

gun perforation of
casing.

75-58 Topopah 459-511 100 457 0.02 2.5 See 0.6 Well tested by balling.
Spring remarks
Member of
Paintbrush
Group

LAVA-FLOW AND WELDED-TUFF AQUIFERS

75-58 Basalt 317-351 100 317 0.52 50 350 - Combined test of lava
of Kiwi flow and welded tuff
Member of aquifers. Measurements
Paintbrush made with test pressure
Group gage and air line,
Topopah 351-465 45 - - - - -

. Spring
Member of
Paintbrush
Group
VALLEY FILL AQUIFER
74-70b ¥?::ey 210-366 60 210 0.35 12 30 31 Valus of 21 mz/d from

recovery during 133-day
shutdown; other values
from 48-hour pumping
test.

0£-¢



TABLE 2-5

PUMPING TEST DATA FOR AQUIFERS IN NEVADA TEST SITE AND VICINITY? (PAGE 5 OF 5)

U 5% U5 9% TN 5% 5N UN &Y U5 30 5% 56 O N N 5N 4 A% AN mERNRN - L3 b 2 2t 2 1 1 23 3 2 3 2 2 8 YT R AR RYI P E R R 33 8 0 2 0 0 4 2 3 4 & 3
Tronsmisslivity (m3/d)
Specific
Estimated Depth Capacity Estimated Colculated Calculated
Straoti= Depth Penetraotion to Statlc (L/s per from from from
graphle Interval of Aquifer Level Meter ofb Speclific Drawdown Recovery
Well Unit (a) (%) (m) Drawdown) Capaclty Curve Curve Remarks
74-70a  Valley 208-274 15 208 0.83 37 95 136 -
fii
75-72 Valley 218-265 - 218 0.27 10 - - Speclflic capacity and
finl static woter level re-
ported by driller.
83-68 Valley 489-570 80-100 185~ 0.39 12 160 150 -
i
91-74 Valley 33-113 100 33 2.48 120 - 400 Speciflic caopaclty after
(ARE] about 211 hours of
pumping; driiler’s log
Indlicates mostly clay
below 71.9 m.
91-74a Valley 35-165 100 35 6.21 370 - - Specific capacity and
flul

9%odified from Winograd and Thordarson (1975).
bSpoclflc capaclity computed at 100 min of pumping.
©—- indicates no data.

static water level
reported by driller;
driller's log suggests
chief aquifer in depth
interval 34.7-61.0 m,

9Time drawdown curves In Winograd and Thordarson (1975) indicate a positive boundary of very high transmissivity at 35
min; the “"zone™ of high transmissivity probably Is thot tapped by adjacent well 76-69a.

®(?7) Indlcates data uncertainty.

1€-¢
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Transmissivity estimates are based upon aquifer testing. In many instances,
transmissivity was estimated using specific capacity data from wells. In the
absence of other aquifer test data, these estimates are useful to provide
minimum values for transmissivity (Winograd and Thordarson, 1975).2 The
porosity and hydraulic conductivity estimates are based upon laboratory
studies, including measurements of grain and bulk densities, and mercury-
injection and water-saturation methods.

The transmissivity of the valley-fill aquifer ranges from about 10 to 400
m2/d (Winograd and Thordarson, 1975). The saturated thickness data suggest
that these transmissivities reflect interstitial permeability ranging from 0.21
to 2.9 m/d.

The volcanic rocks function locally as either aquifers or aquitards,
depending on the presence or absence of open, unsealed fractures. Interstitial
hydraulic conductivity of the volcanic units ranges from 2.8 x 10'7 to 1.6 x
10'1 m/d (Winograd and Thordarson, 1975). The DOE believes these data indicate
that the interstitial hydraulic conductivity of the densely welded zones of the
volcanic rock aquifers and aquitards is extremely low.

Data are l1imited concerning hydraulic properties of the upper carbonate
aquifer as well as the upper clastic aquitard because of the limited areal
extent of these units in the hydrogeologic study area. Winograd and Thordarson
(1975) state that the upper clastic aquitard is analogous to the lower clastic
aquitard and probably has a transmissivity less than about 6.0 mzld. No
porosity data are availabie for either of these units.

High transmissivities have been found during testing of the lower
carbonate aquifer. At well 79-69a (see Table 2-5), completed in the Carrara
Formation, a transmissivity of about 1 x 104 mzld was estimated based on

2WL Comment - Transmissivity Tests

Transmissivity values obtained with specific capacity data from wells
represent hydraulic properties specific only to that area in which the well f{s
located. However, these transmissivity values are used in regional flow
models, such as Waddell's 1982 model, where entire regions are designated with
a single transmissivity value. This misrepresentation will lead to incorrect
flow and transport characterization in and around the proposed site. A more
widespread testing program is needed to determine representative values of
transmissivity values in regions surrounding Yucca Mountain so that flow
modeling can more adequately represent natural flow conditions. Such a program
should include transmissivity values obtained from drawdown and recovery tests,
which represent hydraulic properties over a more widespread area. An extensive
number of these tests should be performed in the Yucca Mountain area.
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specific capacity data. The total porosity of the lower carbonate aquifer
ranges from 0.4 to 12 percent.

Values of the interstitial porosity and hydraulic conductivity of the
lower clastic aquitard given in Table 2-4 are based on analyses of 43 cores.
The DOE states that although restricted to cores from a single test hole, the
data are considered representative of the lower clastic aquitard throughout the
study area, because the borehole penetrated 1,072 m of the aquitard and the
cores resemble examined outcrop specimens.3 The total porosity of this unit
averages about 4 percent and the effective porosity is about 2 percent.

The transmissivity values summarized above are based upon analyses that
assume porous media rather than fracture flow conditions and which presume that
the groundwater flow in the saturated rock satisfies Darcy's law (i.e., the
flow rate through porous media is proportional to the head loss and inversely
proportional to the length of the flow path). The DOE believes that for the
purposes of regional characterization such analyses are appropriate. To
determine the validity of the use of porous media solution for flow through
fractured media in the hydrogeologic study area, additional evaluations will be
performed by the DOE, as summarized in the CDSCP.

2.4.3 Spatial Relationships of the Hydrogeologic Units

The spatial relationships of these units are primarily a result of the
depositional history of the sedimentary rocks, the volcanic history of the
area, and the complex structural evolution of the region (DOE, 1988). Because
of the complex geologic history, groundwater flow relationships within and
between the hydrogeologic units are also complex. Based on knowledge of
regional geology, sedimentary rocks of Precambrian and/or Paleozoic age
probably underliie the entire study area, except where intruded by granitic
bodies (Waddell et al., 1984). Thicknesses of the various overlying units
range from zero to thousands of meters.

3WWL Comment - Hydraulic Properties of the Lower Clastic Aquitard

The interstitial porosity and hydraulic conductivity of the lower clastic
aquitard given in Table 2-4 is based on cores taken from one test hole. This
characterization is deemed inadequate for a regional scale representation.
Yalues of hydraulic properties should be obtained from a more extensive testing
program (i.e., multiple well tests) which presents regional averages of
interstitial porosity and hydraulic conductivity of the lower clastic aquitard.
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2.5 BOUNDARY CONDITIONS

Boundary conditions discussed in this chapter have been divided into two
separate subtopics: (1) boundary conditions used to delineate regional
groundwater subbasins and (2) recharge and discharge areas. Boundary
conditions used in delineating the subbasin boundaries are discussed in Section
2.5.1. Although the hydrogeologic study area has been broken up into three
separate subbasins, no groundwater flow modeling has been performed to date
which incorporates or recognizes these sub-divisions. Modeling that has been
performed by Waddell (1982), Rice (1984), Czarnecki and Waddell (1984), and
Czarnecki (1985) has either modeled regions closely resembling the entire
hydrogeologic study area or only the Alkali Flat-Furnace Creek Ranch Subbasin.4
Section 2.5.2 describes the recharge and discharge areas of the hydrogeologic
study area. This discussion includes the regional locations of these. areas,
estimates of rates, and the mechanisms of recharge and discharge involved for
the individual hydrogeologic units.

2.5.1 Regional Subbasin Boundaries

The study area's boundaries reported by the DOE (see Figure 2-5) is based
on a synthesis of hydrogeologic reports which used controlling factors such as
potentiometric levels, geologic controls of subsurface flow, discharge and
g recharge areas, and inferred flow paths (Czarnecki and Waddell, 1984; Rice,
1984; Waddell et al., 1984; Winograd and Thordarson, 1975; and Waddell, 1982).
In some areas, the boundaries are uncertain due to lack of potentiometric data,
the complexity of geologic structures, or the occurrence of interbasin flow of
grounq:ater through the lower carbonate aquifer (Winograd and Thordarson,
1975).

4HWL Comment - Regional Groundwater Subbasins

Because there has been no regional flow modeling which incorporates the
subbasins mentioned in the CDSCP, what is the purpose of delineating subbasins?
In what way do these subbasins help understand the groundwater flow near Yucca
Mountain?

5UGSG Comment -Studies to Provide a Description of the Regional System
(p. 156).

In regards to the subbasin delineations, the CDSCP does not mention how
the uncertainty of the lateral model boundaries will be assessed.
Clarification of these boundaries will be needed in the regfonal flow system
characterization.
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2.5.1.1 OQOasis Valley Subbasin

Figure 2-5 illustrates the subdivisions of each subbasin within the study
area. Each subbasin is described by that region of the study area which
contributes flow to the discharge area associated with that subbasin (much 1ike
that of a watershed discharge point). For the Oasis Valley subbasin,
groundwater flows into Oasis Valley from western and central Pahute Mesa
(Waddell, 1984) and discharges in the form of springs located just north of the
town of Beatty. These springs are created by the presence of a low-
permeability rock formation located downgradient from Beatty.

A potentiometric map of the Candidate Area is shown on Plate 1 (Waddell et
al., 1984). By using the discharge area north of Beatty as the point reference
for the basin, the DOE used flow lines (drawn perpendicular to the
potentiometric contours) to delineate the subbasin. These flow lines pass
through the Cactus Range, Quartz Mountain, and Sawtooth Mountain to serve as
the western boundary, and likewise to the east through Beatty Wash, western
Pahute Mesa, and the Timber Mountain region.

2.5.1.2 Ash Meadows Subbasin

The boundary for the Ash Meadow subbasin 1s taken from Winograd and
Thordarson (1975). Winograd and Thordarson estimated the minimum area of Ash
Meadows subbasin based on isohyetal and potentiometric evidence. Figure 2-8
depicts precipitation ranges for the hydrogeologic study area. This
distribution of precipitation suggests that the Spring Mountains and the Sheep
Range form the southern and eastern border of the Ash Meadows subbasin and that
the Belted, Timpahute, and Pahranagat Ranges may form the northwestern,
northern, and northeastern borders.

The approximate position of a groundwater divide on the northwest side of
the Ash Meadows basin is also shown by the potentiometric contours for the
volcanic rocks beneath Emigrant Valley and Pahute Mesa. Southeastward movement
of groundwater is indicated beneath western Emigrant Valley and southwestward
movement beneath Pahute Mesa. The groundwater divide between the basins may
1ie beneath the Belted Range, which separates the two areas contoured.

Two areas that are not tributary to the Ash Meadows groundwater basin are
also delineated by the potentiometric contours for the valley fill aquifer.
The potentiometric contours, the hydraulic barrier(s) extending from Lathrop
Wells to Big Spring, and the position of the lower clastic aquitard east of
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Lathrop Wells indicate that groundwater beneath the central Amargosa Desert and
southwestern Jackass Flats does not discharge at Ash Meadows and is therefore
not considered part of the subbasin (Winograd and Thordarson, 1975).

Head relations between Pahrump Valley and the Amargosa Desert also suggest a
damming effect somewhere between the two areas. Based on the above
information, the boundary of the subbasin shown on Figure 2-5 excludes the
Spring Mountains and Pahrump Yalley.

2.5.1.3 Alkali Flat-Furnace Creek Ranch Subbasin

The Alkali Flat-Furnace Creek Ranch Subbasin is centrally located between
eastern Ash Meadows subbasin and western Oasis Valley subbasin. Groundwater
flows predominantly southward from the Timber Mountain Area in the northern
section of the subbasin, beneath Crater Flat and the Amargosa Desert, toward
the south and southwest, and then to the discharge areas mentioned above. The
principle discharge areas of the subbasin are located at Alkali Flats in
southern Amargosa Desert and at Furnace Creek Ranch in Death Valley.

According to Waddell (1984), the northern boundary of the subbasin, which
includes Yucca Mountain, 1s a line that crosses the Cactus, Kawich, and
Reveille Ranges. It is unclear as to why the DOE chose to extend the subbasin
boundary further north than the Kawich Range, although it {s known that the
- northern boundary of the hydrogeologic study area was taken as a constant flow
boundary (Czarnecki, 1985). The eastern boundary is well-established in the
northern half of the subbasin, where it 1i1es along a 1ine running through the
axis of the Reveille and Belted Ranges which was thought by Winograd and
Thordarson (1975) to be a groundwater divide based on the potentiometric
contours for volcanic rocks beneath Emigrant Valley and Pahute Mesa. To the
south, the basin's boundary is more obscure. The boundary is best defined near
Ash Meadows, extending from the Skeleton Hills northeastward to the northern
end of the Specter Range. From there, its location is uncertain.

2.5.2 Characterization of Recharge and Discharge Areas

This section presents information on the (1) location of groundwater
recharge and discharge areas within the hydrogeologic study area, (2) estimates
of regional recharge and discharge rates, (3) surface water and groundwater
interrelationships, and (4) recharge and discharge mechanisms for the
identified aquifers.
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2.5.2.1 Location of Groundwater Recharge and Discharge Areas

The recharge and discharge areas in the groundwater basin shown on Figure
2-9 are taken from Winograd and Thordarson (1975), Waddell (1982), and Waddell
et al. (1984). The recharge areas shown are those areas of the basin that
receive 150 mm to 200 mm or more average annual precipitation (Winograd and
Thordarson, 1975) and are estimated by the DOE to have relatively significant
groundwater recharge.

Surface water runoff along major stream channels, such as Fortymile Wash,
probably results 1in significant recharge, under both modern and pluvial
conditions of the Quaternary Period (Claassen, 1983; Czarnecki, 1985). The DOE
has presented plans within the CDSCP to evaluate the significance of this
recharge. In addition, subsurface inflow probably occurs from the northeast
and may represent up to 58 percent of the total flow coming into the
hydrogeologic study area (Czarnecki, 1985). The inflow across the northern and
northeastern boundaries results from recharge in the higher areas to the north
of the hydrogeologic study area.

Locations of springs within the Candidate Area are shown on Plate 1.
Major discharge areas are the Ash Meadows spring lineament, Alkali Flat
(Franklin Lake Playa), Furnace Creek Ranch area, and Oasis Valley. Minor
discharge from regional aquifers occurs at Indian Springs and Cactus Springs.
" Numerous perched springs of minor and variable discharge are present throughout
the area. Discharge at Alkali Flat is primarily by evapotranspiration rather
than spring discharge. Data on springs within the Alkali Filat-Furnace Creek
Ranch groundwater subbasin, including Yucca Mountain, are given in Tables 2-6
and 2-7. A1l but two of the springs 1isted in these tables are in California,
efther in or near Death Valley. These springs emerge from the lower carbonate
aquifer, from volcanic rocks, or from alluvium. Springs emerging from volcanic
rocks have low discharges and probably result from perched water (DOE, 1988).

2.5.2.2 Regional Recharge and Discharge Estimates

An empirical method of estimating average annual groundwater recharge from
precipitation in desert regions was developed by Eakin et al. (1951). Recharge
was estimated as a percentage of the average annual precipitation within an
area. Geographic zones in which average precipitation ranges between specified
1imits were delineated on a map and a percentage of precipitation was assigned
to each zone representing assumed average recharge. The degree of reliability
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Location number: Based on location in the rectangular system ﬂ;r ;ubdlvlsion of public lan&:_ For example, in the

s

DATA FOR SELECTED SPRINGS IN DEATH VALLEY NATIONAL MONUMENT AND VICINITY, CALIFORNIA AND NEVADA

number 17N/GE-5QS1, the part of the number preceding the slash Indicates the township (I. 17 M), the |DJC[B[A blalela
part between the slash and the hyphen 1s the range (R. 6 E.), the number between the hyphen and letter —b —|—a—
indicates the section (5). For sites in California, the first capital letter () indicates the E|FIG]H ¢ il_‘_i
quarter-quarter section as shomn n the accompanying diagram. For sites ia HNeveda, the first ’F L« T T albnla
lower-case letter following the section number designates the quarter section (see accompanying | ) e —=]—d —
diagram), and the second lower-case letter designates the quarter-quarter section. The letter S I nlplqln cpdjed
refers (o spring, and the final number (1) 1s a serfal number assigned to sites within the :
quarter-quarter section, Section Section
{California) (Hevada)
Oissolved solids, Specific
flow, in in milligrams conductance,
titers Date of per liter in microsiemens
Spring name Spring number per second measurement  (approximate) (approximate) Remarks
Sherp Creek 1714/6€-5051 0,6 4/25/87 800 1,200
Saratoga 188/5E-2£51,2 4.7 4/21/67 3,100 4,700 Combined flow of two springs from Varge pool,
Rhodes 21N/AE-11NS) 007 3/23/10 500-700 750-1,000 Parched spring in southern Black Mountains,
Witlaw (Gold 238/3E-84381 .6 415/69 800 1,200 Flow varies between 0.3 and 1.2 liters per '|°
Yalley) second, ~
o
fagle Dorax 24N/1E-15081 19 - 1,600 2,500 cew
Tule 25N/1E-33FS1 Yery low flow 5/06/67 2,000 3,000 .-
Texas AM/IE-2385) 13.2 12708776 600 1,000 Discharge {s from interbasin flow.
Travertine 2IN/1E-23,25, 44 1706717 600 1,000 Discharge 1s from Interbasin flow; aggregate
268 of several springs.
South Travertine 2IM/1E-26B51 n 1706717 640 1,020 Discharge Is from interbasin flow; near
Nevares Springs
Unnamed 20M/1€-26FS1 2.5 170117 $50 850 on
Nevares 28N/1E-366S1 14 1702717 630 1,000 Discharge Is from interbasin flew; aggregate
aof several spriangs,
Unnamend 71S/40E-152d51 .01 -ee 00 500 Upgradient from Roosevelt Well in Magruder
. Mountaln area, Nevada,
Sand 9S/A1E- 1St +0025 §/01/68 RS0 1,300 Northern headwaters of Death Valley,
Grapevine 115/42€-2,3,108 28 oea 650-800 1,000-1,200 tkmerous outlets; flow glven {s aggregate,
Masquite 11S/42E-27RS8) 57 e 900 1,300 targest spring 1n floor of northern Dealh
Yalley.
' le; probably {nter-
Stainingers 115/42€-18€S1 12.5 .= 480 130 Suppl les Scotty's Castle; p y

basin flow.
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DATA FOR SELECTED SPRINGS IN DEATH VALLEY NATIONAL MONUMENT AND VICINITY, CALIFORNIA AND NEVADA
(PAGE 2 OF 2)

———

Dissolved solids, Specific
Flow, in in mtlligrams conductance,
Viters Date of per liter in microsiemens
Spring name Spring number per second Measurement  (approximate) {approx imate) Remarks
Surprise 115/43¢-1851,2 3 -—- 480 700 Suppl tes Grapevine Ranger Statlon; perch;d
water in volcanic rocks.
Brier 11S/44E-32bcS1 .06 — 200 320 ——-
Quartz 13S/41€-26M81 .001 2714767 480 800 Important to bighorn-sheep habitat,
Klare 135/45€-4151 .1 11/11/68 s70 #00 e
Goldbalt 158 /42E-32CS2 »02 $/20/11 150-200 250400 -e-
Keane Wonder 155/46€-1051 1.8 11717768 3,100 4,500 -——-
Jackass 165/42E-18RS1 4 4/23/68 - ——- -ae
Cottonwood 163/42E-25KS1 4.6 4/24/68 350 520 -—-
Tucki 165/4SE-29081 N 6/30/57 nee .o -
Emigrant 17S/44€£-27081 .12 11709771 350 550 e
Upper Emfgrant  17S/44£-27XS1 .05 11/09/7 5§30 850 .-
Hildrese 19S/44£-21RS1 o5 1705712 500 800 Suppl les ranger station,
Greater View 238/45¢-23051 .02 42767 350 520 At Russell Camp,
Wiliow 235/46€-30CS1 N ] 4/28/67 320 $00 .o~
{Butte Valley)
Squaw 23$/46€-33DS1 1.3 8/15/67 350 540 v

1/ Mdapted from Midler, 1977,

1%-2



TABLE 2-7

RECORDS OF SELECTED SPRINGS IN PARTS OF INYO COUNTY, CALIFORNIA AND NYE COUNTY. NEVADA
(PAGE 1 OF 3)

Location number: Based on location in the rectangular system for subdivision of pu-blic land; locations with townships

Dlrejs]aA
south use the Mount Diablo Base Line, and Jocatlons with townships narlh use the San Bernadino Base j—-
Line, In the mumber 22N/07E-30€1, the part of the number preceding the slash tndicates the township EjF|G M
(1. 22 N.), the part between the slash and the hyphen ts the range (R, 7 £.), the nwmber between the T N 3
hyphen and letter indicates the section (30), the letter (£) indicates the quarter-quarler section as | K
shown In the accompanying diagram (Californta only), and the final number (1) is a sertal number N nr
assigned to sites within the quarter-quarter section. Al} listed springs are in California except
the last two, which are in Nevada, Section
(Californla)
Discharge: Some springs are iIntermittent; some are peremnfal.
Discharge
Vater. rate, in Date Teaperature,
Location Location Altitude, bearing 1iters per How {month Water in degrees
name . number in meters rock second determined and year) use Celsius
UM\IM 22”,3! 63. mreseew LL AL Lld csmwesescs LL LT LT L2 weene- rosessw ececvcsns
Shoshone 22M/7€-3081 4N L 28 Est imated cecewavan Public supply 13
Unnamed 224/1€-01 -6 cenenes cvaranne .- B camanssee
Hillow 22"’:‘ 817 cswenan svncanns crerssanee ernccrume sensevavevsss FYTTTY YT ¥
Greenwater 2M/3E 1,548 conecen ccecscen aemmaseman cmcvescen Y cscacance
E2gle Borax 20S/1E -79 Vatley 711} cvmemone ccccacanee - ome- - cenecmnes
Unnamed 205,?5 -19 do, crosancew meesssaven  escas ecce  wmee vovseone 25
Unnamed 29N/1E-35K1 -86 do, 0.l Est imated 3-57 tnused 26
Tule 195/1E «19 do, 0.3 do, = =ecenaee- mmmecemccones 16
Lemonade 25N /2€ 1,548 Yolcanic rock cemmeemn  cmmee ———— cevormmn- eccmmuenmcnoss  ssseeeee -
Navel 268/2E-13 634 Yalley f1Y) —ememmea ees=- cmmes  eses PP coanmna remans eememacas
Unnamed 2IN/1£-308 19 do, cvomconn casanneces cemasmsan cessmmanenccs  eesss e
Travertine 2MMNE 122 do, 139 Estimated L B 32
Do, 2IN/1E-250) 122 do, ' [P 1-87 cemevensvssua Kk )
Unnamed 2IN/1E-26A7 9 do, B comcasacees  mesea- .on frrigation 36
Unnamed 2I8/1E-26A6 98 do, vomcswea cecemvorme  mmees ———— do, 34
Travertine 2IN/JIE-26AS 98 do, 17 Estimated 11-56 do, 29

Do, 2IN/1E-26A4 9 do, 0.3 da, 12-56 do, h1]

[4 aarA
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RECORDS OF SELECTED SPRINGS IN PARTS OF INYO COUNTY, CALIFORNIA AND NYE COUNTY, NEVADA ‘
(PAGE 2 OF 3)

Discharge .

Hater- rate, in Date Yemperatuyre,

Location Location Altitude, bearing Viters per low {month Hater tn degrees
name . number ln_mters rock second determined and year) use Celsius

Do, 27N/1E-26A3 98 do. 0.3 do. do. = eecencaceno-. 32
Do, 27N1E-26A2 98 do. 14 do. do, Irrigation kk .
Unnamed 2IN/1E. 2605 98 do. 0.01 d0. = eccceceam Unused = cevccevas
Unnamed 2IN/1E-2684 98 do. 0.01 do.  eeceeee- 4.  emmeeeeee
Unnamed 2IN/1E-24M1 122 do, 0.01 do. = ecceeea ee  mmemscecccume  emees —ee
Travertine 2IN/1E-23R) 122 do. 19 cmcemamann 157 eecceceeeean 13
Unnamed 278/1E-23Q1 9 do, 0.01 Estimated  ccvcoemeae Unused = coceae.. -
Unnamed 2IM/1E-2306 28 do. 0,01 do. © eccsssass do, = eerwcavas
Unnamed 2I8/1E-2305 99 do, 0.01 do. == ecdnencan do, =000 eesccsen=
Unnamed 2IN/1E-2304 98 do. 0.01 0.  eeceeeee- do. cemcareen ~
Unnamed 27I8/1€-23Q2 98 do, 0.3 do, 12-57 do, 22 L}s
Unnamed 2IN/1E-2302 98 do. 0.‘01 do, = ececocnns do, cevecneme
Unnamed 2INNNE-23X2 122 do, 0.3 do., = esccece.o do. 0000 eceseaa..
Unnamed 2IM/1E-23K) 125 do, 0.01 do. = ccemccaae do. 000 cesea. nee
Unnamed ) ~ 2IN/1E-201) 49 do, . 0.01 do. = cecccemen do, === eeececnan
Unnamed 2INJIE2000 49 do. 0.01 d0e 2 emececens do ensccoven
Unnamed 278 /1E-23F) 49 do, 0.3 do. l 2-57 do. 27
DY Hotel Tunnel 2)N/1E-2211 15 Yalley il 9 Est imated 3-57 eeceemcee b))
Texas 27M/1€-2381 116 do, 14 do, 1-57 Domestic K]
Unnamed 175/47¢-10C 19 do, - - eee  ecemcenas
Unnamed © 2M/1€-09 .13 80, emeeemee meeeeeemes ccccecomn cemmeecces emeecaes
Unnamed . 2IN/IE.DIP] -3 do. 0.3 Est imated 12-87 Unused 23
Unnamed 175/46E-12 -79 do, . e coecmmces  cosmmcmes eeseeee-e

Unnamed 214/1E-03x] 30 do, 0.03 Estimated  -ecccewe- nused = ececcaeee




TAvwe 2"7
RECORDS OF SELECTED SPRINGS IN PARTS OF INYO COUNTY, CALIFORNIA AND NYE COUNTY, NEVADA *

(PAGE 3 OF 3)

Discharge

Hater- rate, in Date Temperature,

Locatien Location Altitude, bearing Viters per How (month Hater in degrees
name number in meters rock second determined and year) use Celsius

Unnamed 2IM/1E-048 = k] 80, = emeeeses  escecceesa  esse=eses  ecommscmes esecesses
Cow ' 27N/1E-0IA1 (3 do, 1 Estimated 3-87 Unused k]
Unnamed 28N /1E-24N1 3 do, 0,06 do. 12-56 do. 23
Nevares 2BM/1E-3671 280 do, 0,01 = ccomecnana do, = eecescccncen 21
Do. 28M/1€-36M2 227 do. -- se mmemmmceas 29
Do. 2BN/1E-J6M1 219 do, 2 eececccees 12-86 = cecccecmae 26
Unnamed 28N /1E-35K1 158 do, 0.01 Estimated 3-58 Unused 24
Salt 175/46€ -'73 do, 0.1 do. = ececenmee ccamacenan n
Nevares 28BN /1E-36G2 2n do, 1 comcnn o 12-86 2 ~mecocu-e - 39
Do. _ 2BN/1E-3661 206 do, 17 cccacanen do, = emceenee- - 40
Do. 2BN/1E-36 280 do, 3 Estimated  coceremme  ccoccmmcee 39
Oo. T 2BM/1E-D661 280 do, 22 do, 12-55 Domestic 39
Harm ewevecrecee =19 do, 0.1 d0, = ~ecmmecae  scceecceaes 32
Unnamed 2BN/1E-32A -79 d0. = eecasem =emceecme=  =esecames  =ecccemmece  es=e=ses
Unnamed 165/46€-33 -19 dd6 32 eesseee  eesescmees  scsceecea  =secceamees  eeeseses
Salt 2BN/1E-21N «19 do, 0.06 Estimated  ----cene- Unused 16
Unnamed = eeccceccee =79 do, 0.3 40, = evemmcecws  wceccsccass 16
Unnamed 28N/1E-01 363 do, = cece- ee = eweecesesw  ecccemecs  wmce-eec=ms  messewsw
tinnamed 29N /2£-30 831 [ . ceccecamvne cvwmceea B
Specile 125/48¢-30 1,366 Sed Imentary rock -ecoe~es cumuame eee  eveveaces  wesmresca=e [
Topopah vscsvasew 1,768 Yolcanic rock 0,01 = eecceneeeo 3-58 Unused 12

* MODIFIED FROM THOADARSON AND ROBINSON (1971), -

"=t
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of the estimate so obtained i1s related to the degree to which the values
approximate actual precipitation and the degree to which the assumed percentage
represents actual percentage of recharge. However, the smaller the scale
examined, the greater is the uncertainty of this method.

Claassen (1985) suggests that recharge to the valley-fill aquifer in the
west-central Amargosa Desert, based on hydrochemical data, resulted primarily
from overland snowmelt runoff during late Pleistocene time, in or near present
day stream channels such as Fortymile Wash. Today this area receives an
average precipitation of less than 200 mm/yr. Recharge through Fortymile Wash
may affect the water table altitude and gradient and flow path directions
beneath Yucca Mountain.

The DOE states that although some uncertainty remains on the quantities
and distributions of recharge over the region, the level of .uncertainty does
not appear significant in terms of affecting site specific analyses and
interpretations for Yucca Mountain. Nonetheless, additional work is planned
through regional modeling and water balance measurements as described in the
CDSCP.

Groundwater discharge from the groundwater basin is by (1) spring flow,
(2) evapotranspiration from phreatophyte areas where depths to groundwater are
less than about 15 m, (3) evaporation from bare soil areas such as playas,
 where depth to groundwater is less than about 5 m (Rush, 1970), and (4) to a
lesser extent, well withdrawals. At the major discharge areas in the basin,
discharge is by evapotranspiration by phreatophytes and by natural springs that
flow at the land surface contact between transmissive and less-transmissive
hydrogeologic units. The less-transmissive units act as barriers to
groundwater flow, causing groundwater to flow upward to the land surface
(Winograd and Thordarson, 1975). Major groundwater discharge is summarized in
Table 2-8.

2.5.2.3 Recharge and Discharge for Regional Aquifers

Areas and modes of recharge and discharge for the aquifers as presented
within the CDSCP are discussed in the following sections. The recharge and
discharge mechanisms discussed below are based on hydrochemical data for the
tuff, carbonate, and valley fill aquifers.
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TABLE 2-8
MAJOR GROUNDWATER DISCHARGE IN THE HYDROGEOLOGIC STUDY AREA

Area Estimated Average
(see Figure 2-9) Nature of Discharge Discharge (m3lyr) Reference
Southern Springs, evaporation, 3.0 x 107 Rush (1970)
Amargosa and evapotranspiration Walker and
Desert Eakin (1963),
Death Valley Springs 6.3 X 106 Waddel1l (1982)
Near Beatty in Springs and 2.7 x 106 Malmberg and
Oasis Yalley evapotranspiration Eakin (1962)
Indian Springs Springs 9.8 x 105 Maxey and
Valley Jameson (1948)
Total Discharge 4.0 x 107

1323+ 23t 23 232+ + 2+ 23 32 2 2 1 33 122233 222 11 s 22123332 232 12 i 22322 12 12121 22 2222 2 312 2 2+ 13 424
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Recharge to the Tuff Aquifer

The highlands of Pahute Mesa and Gold Flat serve as probable recharge
areas for the tuff aquifer in Oasis Valley based on analysis of water chemistry
data. Figure 2-10 shows a linear trend for concentrations of bicarbonate and
chloride plotted against sodium for groundwater in the tuffaceous aquifers of
Oasis Valley, Pahute Mesa, and Gold Flat (White, 1979). Groundwater from the
latter two areas plots in the dilute portion of the trend while water from
OQasis Valley plots along a more concentrated part of the line. The similarity
in composition supports the suggestion of Blankennagel and Weir (1973) that
water beneath Pahute Mesa is related to Oasis Valley groundwater and merely
represents a less advanced stage in the chemical reaction sequence farther
upgradient (White, 1979). Other parts of the tuff aquifer may be recharged
differently. Plans to evaluate the potential recharge to the Tuff aquifer
through Fortymile Wash are described in the CDSCP.

Discharge from the Tuff Aquifer

There are three primary mechanisms for groundwater discharge from the
tuffaceous aquifer in the vicinity of the NTS: 1) vertical leakage to the
underlying lower carbonate aquifer, 2) subsurface flow migrating into the
valley-fill aquifer, and 3) spring discharge. Hydrochemical evidence for the
first mechanism {is presented in the section addressing recharge to the lower
carbonate aquifer. The second mechanism is supported by White (1979) where he
showed that, through the effects of evapotranspiration, water in the tuffaceous
alluvium could be produced from water in the tuff aquifer. The third
mechanism, direct spring discharge, 1s most likely to occur where fracture
systems are saturated, broken by recent faulting, or intersect the land
surface.

Recharge to the Lower Carbonate Aquifer

The highlands of the Sheep Range, northwestern Spring Mountains, and
southern Pahranagat Range are the primary source of recharge to the lower
carbonate aquifer (see Figure 2-8). To a lesser extent the Pintwater, Desert,
and Spotted ranges also contribute to the recharge (Winograd and Thordarson,
1975). A second source of recharge to the lower carbonate aquifer is downward
leakage of water from the Cenozoic strata. Schoff and Moore (1964) concluded
that based on the distribution of sodium, the water in the Paleozoic carbonate



MOLALITY BICARBONATE x 103

MOLALITY CHLORIDE x 103

9.0 L L 1 y 1 1 | { 1 ' 1 1
e
®
8.0+ /,/’ L
//
7.0 "
’ THIRSTY CANYON-
6.0 OASIS VALLEY -

MOLALITY SODIUM x 103

T T T T T T T T T
.0 1.0. 20 3.0 40 S50 60 7.0 80 9.0 10,0 11.0 12,0 13.0 14,0

3.5 1 ] 1 1 (1 [] 1 [] 1 | | I L 1
3.0+ -
-1
| | P

-

2.54 THIRSTY CANYON- 3
OASIS VALLEY. -

#+0 SPRINGDALE i
1.5 4 -
1.0+ -
0.5 »
0.0 3

MOLALITY SODIUM x 103

v . T T T L T T 1 T T T T
0.0 1.0 20 3.0 40 50 6.0 70 8.0 9.0 10.0 11.0 12,0 13.0 14.0

@® OASIS VALLEY ALLUVIAL AQUIFER O—@ VARIATION IN CONCENTRATION ALONG
SPECIFIED ALLUVIAL FLOW PATH

~=—=—=AVERAGE CONCENTRATION TREND FOR

O OASIS VALLEY TUFFACEQOUS AQUIFER
A PAHUTE MESA ALL DATA
O GOLD FLAT .

SOURCE: WHITE(1979)

CONCENTRAT'EIgllJ TRENDS OF SODIUM
BICARBONATE, AND CHLORIDE OF

Water, Waste 8 Land,lnc. TUFFACEQUS AQUIFERS

Date: SEPT 1988

Project: 4001




Subtask 1.4 9 Conceptual Model Update
WWL #4001 =49 October 17, 1988

rocks underlying the NTS is being recharged by downward percolation through the
tuff and tuffaceous alluvium. A third source of recharge to the lower
carbonate aquifer, possibly contributing as much as 35 percent (Winograd and
Friedman, 1972), 1is the underflow (i.e., trans-basin regional groundwater
movement) into the basin from the northeast. Winograd and Thordarson (1975)
found that the chemical data supported the hypothesis that groundwater
originating in the Pahranagat Valley moves southwestward through the Tlower
carbonate aquifer into the Ash Meadows groundwater basin.

Discharge from the Lower Carbonate Aquifer

Ash Meadows is the primary discharge area for the lower carbonate aquifer.
It 1s a fault controlled spring line in the southeastern and east-central part
of the Amargosa Desert. Chemical and temperature data clearly show. that
although the major springs emerge from Quaternary deposits, the water feeding
the spring pools is derived by upward leakage from the underlying and flanking
lower carbonate aquifer (Winograd and Thordarson, 1975).

A second mechanism for discharge from the lower carbonate aquifer is
direct upward crossflow into the valley fill. Claassen (1985) believes that
water quality, temperature, and hydraulic potential indicate that 1in the
eastern part of the Amargosa Desert upward leakage from the lower carbonate
aquifer mixes with water that has been recharged directly to the valley fill.

Recharge to the Valley Fill Aquifer

There are three principal sources of recharge to the valley fill aquifer:
1) upward leakage from the tuff aquifer, 2) upward leakage from the 1lower
carbonate aquifer, and 3) infiltration from overland flow. Surface runoff is
considered the most likely recharge mechanism for tuffaceous alluvium in the
west-central Amargosa Desert. Winograd and Thordarson (1975) suggested that
the low dissolved solids content of water from six wells along Fortymile Wash
reflected recharge primarily via infiltration along the arroyo rather than
underflow from Pahute Mesa and Timber Mountain. Claassen (1985) found that
sodium-calcium-magnesium concentrations of water in the tuffaceous valley fill
in the Amargosa Desert were generally inconsistent with the composition of
water in the bedrock aquifers to the north and concluded that vailley fill
recharge was primarily surface runoff from the tuffaceous highlands
infiltrating along present day wash bottoms.
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Discharge from the Valley Fill Aquifer

The most likely mechanism for discharge from saturated valley fill fis
evapotranspiration. White (1979) found that along a valley fill flow path,
upgradient samples contained less than half the dissolved solids of the water
in the alluvium at the lower end of the flow path (458 mg/1 compared with 1040
mg/1) and concluded that the principle reason for this fincrease was due to
direct evaporation and transpiration through the vegetative cover.

2.6 POTENTIOMETRIC LEVELS

The generalized locations of groundwater monitoring wells and the regional
distribution of potentiometric levels referenced to mean sea level (ms1) are
presented on Figure 2-11. A more detailed map of potentiometric contours is
presented on Plate 1 (Waddell et al., 1984). The DOE states that the
distribution of wells provides an adequate data base for the general definition
of the regional potentiometric surface.6 Sources of potentiometric data
include Eakin et al. (1963), Maimberg (1967), Mifflin (1968), Winograd and
Thordarson (1968), Rush (1970), Thordarson and Robinson (1971), Naff et al.
(1974), Winograd and Thordarson (1975), Miller (1977), Harrill (1982), Waddell
(1982), Czarnecki and Waddell (1984), Robison (1984), and Robison (1986).
Specific construction information for these wells is provided in the cited
references and are not included here. The equipotential 1ines shown on Figure
2-11 are based upon composite water levels from several hydrogeologic units and

Suses Comment - Potentiometric Contours (p. 133)

It should be stated that the hydraulic properties of the hydrogeologic
units are unknown over large areas of the study area. In areas of no
information, hydraulic properties may also vary greatly and may affect the
concept of groundwater flow. The USGS disagrees with the interpretation of
potentiometric surface contours drawn on Figure 2-11. The contours have no
control (wells) for an area of 80 by 100 kilometers yet potentiometric contours
have been approximated through the area whereas in areas of control, some
contours have been omitted. What bastis is used to draw the contours in the
area of no control? The contours in areas of no control should be omitted from
the figure.
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are averages of the hydraulic heads in the boreholes.7 Contour lines in the
fllustration are drawn at 100 m intervals.

The altitude of the potentiometric surface ranges from over 1,900 m above
| mean sea level in the northernmost part of the hydrogeologic study area to
below sea level in Death Valley. Steep hydraulic gradients occur in several
areas, including north of Yucca Mountain, near Death Valley, southeast of
Mercury, and north of Yucca Flat.8 The DOE believes that these steep gradients
may be due to stratigraphic, structural, thermal, or hydraulic conditions, or
to a combination of these conditions. Additional synthesis and modeling of the
regional hydrogeologic system will be performed by the DOE as part of site
characterization activities. Two-dimensional and three-dimensional models of
groundwater flow and sensitivity analyses performed during these studies will
help to assess the relative importance of these steep gradients in the overall
characterization of regional flow conditions.

2.7 FLOW AND TRANSPORT

Several numerical models were developed to characterize groundwater flow
systems in the regional hydrogeologic study area. These models incorporated
the use of existing hydrologic data and boundary conditions to simulate the
flow regime in and around Yucca Mountain.9 A brief description of each model

7USGS Comment - Studies to Provide a Description of the Regional System
(p. 157)
Can heads in an anisotropic aquifer be used to adequately define flow
directions? How will the anisotropic conditions be addressed in the regional
flow models?

8NWL Comment - Hydraulic Gradient near Yucca Mountain

The DOE states that an upward gradient exists north of Yucca Mountain.
How does this affect radionuclide travel to the accessible environment? Has
this gradient been taken into account in the flow models?

9USGS Comment - Studies to Provide a Description of the Regional Flow
System (p. 154)

Regional groundwater modeling has only included horizontal
heterogeneities, where known. It has not addressed vertical heterogeneities
nor heterogeneities in areas of no information. Such vertical heterogeneities
exist near Yucca Mountain, therefore, present flow modeling may not represent
actual flow conditions near the proposed repository. Alternative three-
dimensional modeling techniques should be analyzed to gain a better
understanding of the complex flow conditions that exist both regionally and
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developed will be presented in this section, including the type of model used,
the area studied, boundary conditions associated with that area, and the
results of each model.10 In addition, regional groundwater velocities and
residence times will be discussed in Section 2.7.5.

2.7.1 Waddell's Model - 1982

A two-dimensional, steady-state, finite-element model of the groundwater
flow system of the Nevada Test Site and vicinity in Nye and Clark Counties,
Nevada, and Inyo County, California, was developed By Richard Waddell in 1982
using parameter-estimation techniques. The study area for Waddell's model
incorporates over 18,000 kmz, and is outlined on Figure 2-12. The purpose of
this model was to estimate groundwater fluxes for use in predictions of
transport of radionuclides and to study the effects of uncertainty in model
parameters in these estimates.

The study area boundaries were determined by areal distribution of
precipitation or 1lithology. However, boundary conditions associated with
Waddell's 1982 model were discussed in a qualitative manner without actual
values being presented. Boundary conditions used in the model including no-
flow, known flux, and constant head boundaries are presented on Plate 2. Flux
boundaries were applied internally and externally to the modeled area, while
the constant head boundary was applied to only one node that represents a point
in Alkali Flat to simulate groundwater discharge. No-flow boundaries coincide
approximately with other boundaries of the regional groundwater basin. The
modeled area was subdivided into 27 zones (Plate 2) based on estimated
transmissivity values.

External flux boundaries correspond to areas where flux from outside the
modeled area is thought to occur. An area along the boundary between zones 25
and 27 represents a region where flow, Qpr, into zone 4 from Pahranagat Valley
occurs. Another area where flux into the area is treated as a boundary flux fis

throughout Yucca Mountain.

10, Comment - Thermal Effects on_Groundwater Flow

Large temperature ranges (22 to 56°C) may indicate deep circulation of the
groundwater near the proposed repository site. Is the two-dimensional model
used by the DOE to characterize the local groundwater flow adequate enough to
account for this possible vertical migration of groundwater movement?
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across part of the Resting Springs Range, where flow from Pahrump Valley into
the Amargosa Desert occurs. A boundary flux out of the area was applied near
Furnace Creek Ranch in Death Valley. All other external boundaries were
treated as no-flow boundaries by Waddell.

Internal flux boundaries represent areas of recharge or discharge.
Recharge areas are represented by zones 18, 24, 25, 26, and 27. Waddell
designated recharge areas as those regions which received over 200 mm of
precipitation.11 Discharge areas are represented by zones 7 and 13, and by
specified nodes in zones 8 and 12. Recharge and discharge are assumed to be
zero elsevwhere.

Estimates of regional fluxes for twelve sites in the western part of the
study area including Yucca Mountain are given in Table 2-9. These sites of
flux estimation extend from near Beatty to Death Valley (see Plate 2). Waddell
expressed flux as a unit flux (the flux through a cross section of the aquifer
1 m wide). Calculated unit fluxes range from approximately 4.4 x 10'7 mzls to
8.8 x 107° mzls. Waddell's model calculated fluxes for the Yucca Mountain
repository block ranging from 2.33 x 107 m2/s to 4.55 x 1077 mzls, based on an
assumed transmissivity of 7.71 x 10'5 mzls. Units with the smallest fluxes are
those with the smallest transmissivities, namely the Eleana Formation and the
tuffs represented in zone 1 (Plate 2). The greatest flux is in the carbonate
aquifer beneath Amargosa Flat (zone 9). A more detailed evaluation of the
direction and magnitude of calculated fluxes in and around Yucca Mountain will
be discussed in a subsequent section {Czarnecki and Waddell's Model - 1984).

2.7.2 Rice's Model - 1984

A two-dimensional, finite difference, hydrologic model was developed by W.
A. Rice in 1984 to simulate the groundwater flow system for the Nevada Test
Site and vicinity. The study area considered for this model is located in

1yt Comment - Waddell's (1982) Areas of Recharge

Waddell designated areas of recharge as those regions which received 200
mm or more of precipitation, based upon empirical precipitation-recharge
relationships developed from mass-balance estimates by Eakin, Schoff, and Cohen
(1963) and Walker and Eakin (1963). However, Winograd and Friedman (1972) and
Winograd and Thordarson (1975) have pointed out that the use of isohyetal maps
for estimating amounts of recharge can lead to large errors. Differences in
underlying 1ithology, thickness of soil zone, and topography are ignored in
empirical relationships. Therefore, alternative methods will need to be
evaluated to estimate recharge which take these factors into consideration.
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‘TABLE 2-8

GRADIENT, TRANSMISSIVITY, AND UNIT-FLOW CALCULATIONS FOR SITES ;

PERTINENT TO YUCCA MOUNTAIN (WADDELL, 1982)

[m%/s = meters per second]

-

Transmissivity Unit £lux
Site ~ Gradient 2 2
(m™/s) (m”/s)
A 4.97 x 107 7.49 x 107% 3.72 x 107°
B 2.00 x 1072 2.19 x 10~ 4.38 x 1077
c 3.03 x 1072 7.71 x 107> 2.33 x 107°
D 1.02 x 1072 2.19 x 107° 2.22 x 1077
E 6.30 x 1072 7.71 x 1070 4.85 x 1077
F 9.29 x 1073 7.71 x 1070 7.16 x 107/
G 8.30 x 1072 8.62 x 107> 7.15 x 107°
H 2.09 x 107% 9.44 x 10™2 1.97 x 1070
I 1.26 1073 . 8.62 x 1072 1.08 x 107
3 1.59 x 1074 5.57 x 1071 8.83 x 1077
K 1.30 x 1072 '6.78 x 107% 8.81 x 1070
L 1.99 x 1073 8.62 x 1073 1.72 x 107°

REFER TO PLATE 2 FOR SITE LOCATIONS
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southern Nevada, west of 115%00' west fongitude, and central California, east
of 118%00' west longitude. The modeled region encompasses approximately 7.7 x
104 km?.

Figure 2-13 shows the flow boundaries of the hydrologic model. These
boundaries were established along the following topographic highs: on the
north -- the Palmetto Mountains, Cactus, Kawich, Reveille and Grant Ranges; on
the east -- Pahranagat Range, Sheep Range, and Spring Mountain; and on the
south -- Kingston Range and Saddle Hills. Death Valley, a topographic low,
defines the western discharging boundary of the hydrologic model. The major
discharging boundary, Death Valley, and the major recharging boundaries (the
north and east boundary), were held at the water table elevations of a hand-
contoured hydraulic head map provided by the Denver Office of the USGS. As
shown on Figure 2-13, three zones along the boundary of the modeled area were
assigned as no-flow boundary conditions. Results of Rice's model are presented
in Table 2-10.

2.7.3 Czarnecki and Waddell's Model - 1984

A finite-element model was developed by Czarnecki and Waddell (1984) using
parameter-estimation techniques to characterize the groundwater flow system in
the vicinity of Yucca Mountain at the Nevada Test Site.12 The model simulated
steady-state groundwater flow occurring in tuffaceous, volcanic, and carbonate
rocks, and alluvial aquifers. This model is in fact a subregional model of -
Waddell's 1982 study area. Figure 2-14 {illustrates both the regional and
subregional model areas.13 The purpose of this model was to gain a better
understanding of the groundwater flow system beneath Yucca Mountain, as well as
for later use in simulating the change in position of the water table resulting
from a change in future climatic conditions leading to increased precipitation

12USGS Comment - Regional Hydrologic System Synthesis and Modeling
(p. 161)

An explanation needs to be given for using the two-dimensional groundwater
flow model developed by Czarnecki and Waddell (1984) and why it is not being
revised to three dimensions to account for leakage between the lower carbonate
aquifers and the overlying volcanics and basin-fill deposits.

13USGS Comment - Studies to Provide a Description of the Regional System
(p. 152)
On what basis is the boundary of the subregional model drawn?
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TABLE 2-10

WATER BALANCE SUMMARY FOR
RICE'S REGIONAL MODEL

EE S SIS TS S S R T E S S S S S S S S e T S S E S S R S S S S S S S RIS s SR E S EEE S S

ESTIMATE OF PREDICTION
(m=/yr)

FLUX INTO THE MODEL

Pacific National Laboratory's
estimate of recharge from 8
precipitation 1.641 x 10

Predicted underflow entering the

model along the north and east

boundaries (this includes flow 8
entering along Spring Mountain)a 1.168 x 10

TOTAL 2.809 x 108

FLUX OUT OF THE MODEL

Estimate of net dicharge from

pumping, springs, and 8
evapotranspiration 1.162 x 10

Predicted underfiow leaving the
model from Death Valley, and 8
along the southern boundary 1.628 x 10

TOTAL 2.790 x 108

@refer to Figure 2-13 for model boundaries.



.\\/

116°30°

2 EAARIEH
am— + LY p
o) et < »* NEVADA
sy e v aelf T3t « TEST SITE~
P Adae
3

» - ? - ’.."
HUTE MESA, o« T2 s
P AN

« €2 S,

:: L

P
%)
%
7

JACKASS

36°30

=N\T0.7 > /

2 N\% éﬂ
Deatn O, 7> ¢
Valley Jéz. ’,// g

- ] S anf
‘-3@ 4, et/ Y FLATS, g QQ& <
XX g,j : jf
Njveel_ .

Lathrap S ¥i S N, &0
Walls ow
-
4 4

TERTIARY

Tufl. shyoiite, and assoctated volcanic rocks

MESOZOIC (Minor - not shown)

PALEOZOIC

Undifferentiated upper classic aquitard,
and lower and upper cachanate aquifecs

m Upper classic aquitard

FROM WADDELL, 1982

PAHRUMP
»p T —
e ) o . VALLEY
- l‘ ) A > I A !
odified fram Carison and Willden,
25 50 KILOMETERS 1968; Denny and Drawses, 1965;
A T 4 . Winograd and Thordarson, 187S;
25 MILES and Stewart and Carison, 1978.
EXPLANATION
QUATERNARY
G Alluvium. lake beds. and minor wlcanic rocks Lower carbonate aquifer

. PALEQZOIC (CAMBRIAN) AND PRECAMBRIAN

Lower classic aquitard

SYMBOLS
=~ Contact

=domdme  Trust faukt with sawtesth on upper plate

= wme == Regions! model boundary (Waddell, 1982)
{(approximate boundary of ground-water system)

Subregonal model boundary (this report)

LOCATION OF REGIONAL AND SUBREGIONAL MODELED AREAS, WITH GENERALIZED
GROUND-WATER FLOW DIRECTIONS, AND GENERALIZED GEOLOGY (MODIFIED

SOURCE CZARNECKI AND WADDELL (1984)

Waoter, Wagste 8 Land,Inc.

FIGURE 2-13
CZARNECKI! AND WADDELL'S
1984 STUDY AREA

pate: SEPT 1988

Project: 4001




Subtask 1.4 Conceptual Model Update
WWL #4001 2-61 October 17, 1988

and increased recharge. Figure 2-15 {illustrates boundary conditions used 1in
this model consisting of three types: known-flux, no-flow, and constant head.
A summary of flux values is presented in Table 2-11.

Vectors of simulated vertically-integrated groundwater flux generated by
Czarnecki and Waddell's model are shown on Plate 3. The length and head width
of each vector is proportional to the magnitude of flux while the orientation
is indicative of the direction of flux. Vector lengths are scaled; the maximum
vector length is 12.7 mm, corresponding to a maximum flux of 9.36 x 10’5 mzls
(8.09 mzld). Again, these are unit flux values. These fluxes vary in
direction from southeast through the Yucca Mountain repository block to south
away from the proposed site and in magnitude from about 2 to 3 mzld. These
model-derived fluxes result from a parameter-estimation approach, in which an
estimated transmissivity of 3340 mzld was applied.

Transmissivities calculated by Czarnecki and Waddell's model for Furnace
Creek Ranch, Amargosa Desert, and Yucca Mountain are dependent, in part, on
fluxes specified in the model. Because several flux values used in their model
were estimates, a sensitivity analyses of calculated transmissivity values to
changes in flux values was performed to help assess the importance of knowing a
particular flux value. The relationship of these calculated transmissivities
to specific fluxes are shown on Figures 2-16 through 2-18. Of all the fluxes
" specified in the model, the best known §s the spring discharge near Furnace
Creek Ranch. The next best estimate is that for the evapotranspiration flux at
Franklin Lake playa. The remaining flux values are estimates.

Flux values were varied independently in multiples of 0.25, 0.50, 1, 2,
and 4 times a baseline value. The estimate of transmissivity near Furnace
Creek Ranch is affected only by changes in flux at Furnace Creek Ranch. The
possible isolation of groundwater flow to Furnace Creek Ranch from groundwater
flow beneath the Amargosa Desert (plate 3; flow-vector diagram) may explain the
insensitivity of this transmissivity calculation to changes in other fluxes.
Estimated transmissivity values in Amargosa Desert are linearly dependent (1 to
1 correspondence) with respect to changes in flux values specified for Franklin
Lake playa. The manner in which this calculation is affected by changes in
other fluxes is shown on Figure 2-17. Changes in the flux at Furnace Creek has
the second largest effect on this calculation, but the effect is only large
when this flux is quadrupled.
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TABLE 2-11

SUMMARY OF FLUXES INTO AND OUT OF THE ABKALI
FLAT-FURNACE CREEK RANCH SUBBASIN?,

g o
Flux Location (m>/d) and Outflow
Timber Mountaind + 31,446 57.3
Fortymile Wash + 22,140 40.3
Rock Valley + 1,079 2.0
Calico Hills + 158 0.3
Ash Meadows + 78 0.1
Western Amargosa Desert + 19 <0.01
Franklin Lake Playa - 35,600 64.8
Furnace Creek Ranch,
Death Valley - 19,320 35.2

@source: Czarnecki and Waddell (1984).
bFlux calculated as a residual of the mass balance.

C+ indicates flow is into subbasin; - indicates flow {is
out of subbasin.

dTimber Mountain area was simulated as a constant head
boundary in the model.



4
\

CH,
el

TRANSMISSIVITY NEAR FURNACE CREEK R

IN METERS SQUARED PER SECOND X 1

0.75

0.50

0.25

it
™
am
wa

fc
fl

fc

Jf,rv, am, wa, end f!

. g \

JACKASS FLATS

ROCK VALLEY
ASH MEADOWS

FLUX MULTIPLIER

WESTERN AMARGOSA
DESERT

FURNACE CREEK RANCH
FRANKLIN LAKE PLAYA

SOURCE: DOE, 1988

V' noter, Waste 8 Land,lnc.

FIGURE 2-16
SENSITIVITY OF CALCULATED TRANSMISSIVITY
NEAR FURNACE CREEK RANCH TO
INCREASED FLUX VALU__Es

Octe: SEPT 1988

Project: 4001




e
< 3.0
Q
2
o
O
w
7]
.
[tT]
c
o 25} .
w
©
<
]
(o]
7]
7]
=
w
&
S 20F -
=
-
o«
w
]
(VY]
=)
%
o 15 o
O
c
<
-3
<
w
3
Z
r 1.0} -
2
7]
%]
=
7]
2
<
e
- 08 1 ] ] 1
0 1 2 3 4 5
FLUX MULTIPLIER
if JACKASS FLATS
rv.  ROCK VALLEY
am ASH MEADOWS
wag WESTERN AMARGDSA
DESERT
fc = FURNACE CREEK RANCH
fi  FRANKLIN LAKE PLAYA SOURCE: DOE. 1988
| FIGURE 2°17 Octe: SEPT 1988

SENSITIVITY OF CALCULATED TRANSMISSIVITY
E AMARGOSA DESERT TO

P water, Waste & Land.lnc. INCREASED FLUX VALUES Project: 4001




2-bHt

N— & T R A (12910 !

fc . ~

~
L]

@t

o
1
¢

o
¥

r'S
L}
[J

TRANSMISSIVITY NEAR YUCCA MOUNTIAN, IN METERS SQUARED PER SECOND x 10?

—— ——@ wiandam
3 -
i
N -

2+~ -
1= D v -
ocl__ 2 t 2 :

[4] 1 2 3 4 3

FLUX MULTIPLIER

it JACKASS FLATS

rv. ROCK VALLEY

oam ASH MEADOWS

wa WESTERN AMARGOSA
DESERT

fc  FURNACE CREEK RANCH
fl FRANKLIN LAKE PLAYA SOURCE: DOE, 1988

FIGURE 2-18 )
SENSITIVITY OF CALCULATED TRANSMISSIVITY || SEPT 1988

| NEAR YUCCA MOUNTAIN —
\l/ Water, Waste 8 Land,Inc. TO INCREASED FLUX VALUES Project: 4001




Subtask 1.4 Conceptual Model Update
WWL #4001 2-67 October 17, 1988

The effect of changes in flux on the estimation of transmissivity near
Yucca Mountain is shown on Figure 2-18. Again, changes in the flux at Franklin
Lake playa have the greatest effect on this calculation, followed by changes in
the flux at Furnace Creek Ranch.14

Plate 3 1s a useful {llustration for visualizing the direction and rate of
flow throughout Czarnecki and Waddell's modeled area. However, the density of
vectors in a given area does not indicate the magnitude of flow in an area but
is a result of the density of elements from which these vectors were derived.
Because transmissivity values are integral to the calculation of flux-vector
magnitudes, adjacent zones with contrasting transmissivities may have flux
vectors with contrasting lengths. Contrasting lengths may also occur where
flow is forced around sharp corners of impermeable zones or boundaries, such as
north of Yucca Mountain and south of Jackass Flats near Lathrop wells
(Czarnecki and Waddell, 1984).

2.7.4 Czarnecki's Model - 1985

Czarnecki's two-dimensional, finite-element model was used to assess the
potential effects of changes in future climatic conditions on the groundwater
system in the vicinity of Yucca Mountain. These changes were believed by
Czarnecki to result in an increase in the rates of precipitation and,
) consequently, greater rates of recharge. Figure 2-19 {illustrates the modeled

area used by Czarnecki (1985), which is the same region used by Czarnecki and
Waddell (1984). Boundary conditions used by Czarnecki (1985) are listed in
Table 2-12 and are graphically illustrated on Figure 2-19.

A 100-percent increase in modern-day precipitation was assumed by
Czarnecki to be the probable maximum increase in the next 10,000 years. To
obtain recharge volumes precipitation values from Rush (1970) were increased
100 percent (multiplied by 2), and then multiplied by the percentage of

14WL Comment - Transmissivity Values at Yucca Mountain

How can a discharge flux located downgradient from Yucca Mountain have
such a great impact on estimated transmissivity values for Yucca Mountain
(Figure 2-17)? Why was the discharge at Franklin Lake Playa allowed to vary if
data on its discharge is well understood?
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TABLE 2-12
CZARNECKI'S (1985) MODEL VARIABLE VALUES

Model Variablea  Valse  Dominant Lithology

Q . o-==-memmme- 0.1249E0-01 (1,079) = memememmccmemeeeeee-

Q ygm-m-mmmmoe- .1835E-02 (G111 I —

[ S .2244E-03 (19.39)  cemceemmmcmmceeean
wad

1 .2563 (22,180)  cmemmmmecmmeeceee e
fm

[+ .8990E-03 (77.67)  cemmmmmmemmemeeeee
am

R — .2959 CER70) D —
tm

K1,K2-~cceecuee- .1691E-04 (1.461) Alluvium

K3---mommcmmeeee .1484E-05 (.1282) Volcanic rocks

| ittt .1000E-05 (.864) Carbonate rocks

G .1480E-03 (12.790) Dolomite

K6,K7 ,K8---=~--- 4229E-04 (3.654) Tuffaceous rocks

K9--mmmmmmmme e .1105E-05 (.0954) Dolomite

K10--cmeococnan- .9100E-06 (.0786) Dolomite

Kllewemcocmmcnae -4500E-07 (.0038) Dolomite

Kl12-«-cenconcna- .1000E-08 (.00086) Lakebeds, alluvium

dRefer to Figure 2-19 for location of variables.

[Q, flux, in cubic meters per second (cubic meters per day); K, hydraulic
conductivity, in meters per second (meters per day); number following letter
is zone number; rv, Rock Valley, jf, Jackass flats, wad, Western Amargosa
Desert; fm, Fortymile Canyon; am, Ash Meadows; tm, Timber Mountain]
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precipitation occurring as recharge that is associated with similar
precipitation values from Rush (1970). 15

Results of Czarnecki's model indicated that the position of the water
table near the primary repository area near Yucca Mountain rose as much as 130
meters for a simulation involving a 100-percent increase in precipitation
compared to modern-day conditions. Despite the water table rise, no flooding
of the potential repository would occur at 1its current proposed location
(Czarnecki, 1985).

Changes in the direction and magnitude of the simulated groundwater flux
conditions are presented in the form of vectors on Figures 2-20 and 2-21.
Vectors of vertically integrated groundwater flux in the vicinity of Yucca
Mountain that corresponds to the baseline simulation (taken from Czarnecki and
Waddell, 1984), are shown on Figure 2-20. The flux vectors for simulations
using the 100-percent increase in precipitation are shown on Figure 2-21. A
comparison of the two figures shows that flow-path directions through the
primary repository area generally were the same for both cases although vector
magnitudes are substantially greater for the increased-recharge simulation.
Vectors along the southeastern part of the primary repository area and
immediately downgradient do have a more southerly component for the case of
increased precipitation. According to the simulation, springs would discharge
south and west of Timber Mountain along Fortymile Canyon, in the Amargosa
Desert near Lathrop Wells and Franklin Lake playa, and near Furnace Creek Ranch
in Death Valley, where they presently discharge. Large increases in recharge
cause vectors to diverge away from Fortymile Wash, located east of the
repository.

Ratios of vertically integrated fluxes obtained from the simulation using
the 100-percent increase in precipitation versus those obtained for the
baseline simulation are mapped on Figure 2-22. The largest ratios occur where
groundwater flows around zones of contrasting hydraulic conductivity and where
hydraulic gradients increased substantially (such as along Fortymile Wash).

15wwL Comment - Czarnecki's Recharge Value

As discussed earlier, empirical estimation of recharge based on a
percentage of recharge may not be acceptable. Because determination of the
repository's position relative to future pluvial water table levels 1s critical
in the evaluation of the site, alternative estimations of recharge should be
analyzed so that this performance objective can be properly addressed.
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The largest ratio (27:1) occurs along Fortymile Wash; the range in ratios near
the primary repository area is from 2:1 to 4:1; that §s, the vertically
integrated flux for the simulation using the 100-percent increase in
precipitation was two to four times larger than for the baseline simulation.

2.7.5 Residence Times of the Groundwater

Residence time of water in the hydrogeologic units {is dependent on two
factors: (1) groundwater velocities and (2) travel distances. Each of these
factors is controlled by the highly complex hydrogeologic characteristics of
the groundwater system. In a discussion of groundwater velocity, Winograd and
Thordarson (1975) developed some estimates for residence and travel time for
groundwater beneath parts of the basin:

1. “"Beneath Yucca Flat, assuming an average saturated thickness of about
300 m and vertical movement, the time needed for a water particle to
move from the top to the bottom of the tuff aquitard 15 about 6,000
to 2,200,000 yr, corresponding to velocities of 5§ x 107 m/yr to 1.5
x 1077 m/yr*.

2. "A carbon-14 date of water from the valley-fill aquifer beneath
Frenchman Flat suggests that the age of the groundwater in the tuff
aquitard probably is in the range of several tens of thousands of
years based on a sample with an apparent age of 13,000 yr. An age of
several hundred thousand years is not beyond possibility for waters
near the base of the tuff aquitard beneath Yucca or Frenchman Flats,
because vertical flow velocities through the underlying aquitard are
11kely to be very small, based on current rock-property data and
recharge estimates®.

3. “Estimates of the velocity in the lower carbonate aquifer beneath
central Yucca Flat range from about 6 to 600 mm/d, or from about 2 to
200 m/yr. Estimated average velocities beneath the Specter Range (15
km southwest of Mercury) are about 100 times larger than those for
the lower carbonate aquifer beneath central Yucca Flat, or about 200
m to 20 km/yr and probably represent an upper limit of the
groundwater velocities in the lower carbonate aquifer. Velocity
estimates for the lower carbonate aquifer beneath Yucca Flat and the
Specter Range principally reflect differences in the estimates of the
volume of groundwater fiowing through each area used in estimating
these groundwater velocities. These velocities were calculated by
dividing the estimated flow through the aquifer by the carbonate
aquifer cross-sectional area and the estimated effective porosity of
0.01 to 1 percent®.
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2.8 1ISOTOPIC AND REGIONAL HYDROCHEMISTRY

This section describes the hydrochemical and isotopic nature of the
groundwater within the saturated zone in the hydrologic study area.
Discussions are provided regarding (1) the chemical composition of principle
aquifers, (2) the hydrochemical facies of the regional groundwaters, and (3)
the regional isotope hydrology for the tuff and carbonate aquifers.

2.8.1 Regional Hydrochemistry

Major-ion chemistry of groundwater in the vicinity of Yucca Mountain was
summarized by Winograd and Thordarson (1975), White (1979), Claassen (1983),
and Benson et al. (1983). The chemical composition of groundwater in the
region is principally determined by (1) reactions with carbonate and volcanic
rocks or rock fragments, (2) concentrations of dissolved chemicals by
evaporation, (3) formation of smectites, zeolites, and evaporite minerals, and
(4) mixing of waters of different compositions.

Plate 4 presents the major hydrochemical facies of the NTS and vicinity
(Winograd and Thordarson, 1975). These authors recognized five hydrochemical
types of water, which DOE (1988) has summarized as follows:

1. "A sodium-potassium-bicarbonate facies is present in western Emigrant
Yalley, Yucca Flat, Frenchman Flat, Jackass Flat, Pahute Mesa, and
Oasis Valley. Water of this facies is found in tuff, rhyolite, and
valley fill aquifers rich in volcanic detritus. Subsequent to the
Winograd and Thordarson (1975) studies, Benson and Mckinley (1985)
provide data indicating that the water of Yucca Mountain is also of
this facies”.

2. A calcium-magnesium-bicarbonate facies occurs in the Spring
Mountains, southern Indian Springs, southern Three Lakes Valley, and
Pahranagat valley. In these areas, wells tapping either the lower
carbonate aquifer or the valley fi11 aquifer rich in carbonate
detritus draw water of this facies”.

3. "The calcium-magnesium-sodium-bicarbonate facies 1{is found in the
lower carbonate aquifer between Ash Meadows and the eastern NTS.
This facies 1s the result of mixing the first two facies*®.

4, "The playa facies 1s recognized to be quite variable, depending to
some extent on the depth of the sampling well. Occurrences are
restricted to playas where groundwater 1is discharged by
evapotranspiration (near Death Valley Junction) or to shallow
discharge areas*.

5. *The sodium-sulfate-bicarbonate facies is found in a few wells in the
west-central Amargosa Desert*.
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The DOE has stated that major-ion chemistry of groundwater in the region
has been summarized but enough water chemistry data are not yet available to
develop a hydrochemical model to support conceptual-flow models or to verify
suggested groundwater flow paths.16

2.8.2 Regional Isotope Hydrology

Carbon-14, oxygen, and hydrogen isotopic data for the Candidate Area are
presented on Plate 5 (Waddell et al., 1984).17 Carbon-14 ages have not been
corrected for dissolution of old or *dead" carbon. [Interpretation of the
carbon-14 data 1is complicated by possible mixing of waters of different ages
and different origins, because of differences in depths of water-yielding
intervals in wells. Where water is sampled from volcanic rocks, and where
samples show no evidence of dissolution of calcite, the ages probably
approximate true ages. However, caliche is present along Fortymile Wash and
calcite occurs along fractures beneath Yucca Mountain, therefore, a minor
correction may be appropriate. Problems resulting from mixing require that
data be examined carefully, with an understanding of the influences of present
and past hydrologic conditions, in order to make meaningful interpretations.

16USGS Comment - Geochemical Reaction Modeling (p. 121)

For many of the potential applications throughout the CDSCP, geochemical
reaction path calculations using EQ 3/6 or equivalent codes are the method of
choice. However, in modeling efforts aimed at identifying reactions occurring
in natural groundwater systems, given the existence of a geochemical data set
for that system, an alternative modeling approach exists that should aliso be
pursued. This alternative technique is an inverse modeling approach based on
chemical mass balance calculations and is perhaps best discussed in Plummer,
1984. The USGS-WRD has found this approach to be a considerable value in its
Regional Aquifer Systems Analysis Program. This alternative technique
referenced by the USGS should be investigated.

17yses Comment - Dissolved Oxygen in Groundwater (p. 117)

The analysis and interpretation of dissolved oxygen in groundwater, on
both a regional and site-specific geographic scale, deserves far more attention
that it {is presently receiving. Although plagued by vagaries of sample
collection and analysis, dissolved oxygen has one extremely important feature--
in the absence of advection or diffusion, the concentration of dissolved oxygen
can only decrease downgradient. Dissolved oxygen should provide a valuable
adjunct to carbon-14 in defining directions of flow in areas of low hydraulic
gradient.
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2.8.2.1 Tuff Aquifer _

Radiocarbon dates are available for samples of groundwater from the
tuffaceous aquifer upgradient from Yucca Mountain. The samples are from wells
UE-29a#1 and UE-29a#2 located in the bottom of Fortymile Canyon. The major ion
composition of the water is very similar to the wells sampled at Yucca
Mountain. However, water samples from wells UE-29a#1 and UE-29a#2 have three-
fold the radiocarbon content of those samples taken downgradient at Yucca
Mountain as shown in Table 2-13. In these two wells the radiocarbon content of
water ranges from 75.3 percent modern carbon (pmc) units in the shallower
abandoned well UE-29a#1 (which was completed to 65.5 m) to 60.0 pmc in the 86.7
to 213.4-m 1interval of adjacent well UE29a#2 (Waddell, 1985). This
stratification is consistent with occasional rapid wash bottom recharge from
ephemeral flow (rain storm water) in Fortymile Canyon. Depth to water here is
about 25 m and the upper layers of the section are composed of permeable
alluvium and brecciated rhyolite. This recharge hypothesis is confirmed by the
high tritium content of the shallower water (62 TU), which could only be
derived from precipitation bearing bomb-test tritium recharging the aquifer
since the mid-1960s. Since the carbon-14 activity is below 100 pmc,
appreciable dilution of these recent recharge waters must have occurred,
indicating that the recharging water must have had an even higher tritium
concentration.18

Figure 2-23 is a 80-6180 diagram of the analyses on water samples from the
tuff aquifers. The radiocarbon content is plotted (in pmc) at each 60-8180
coordinate. The younger, wash-bottom recharge samples fall higher on the plot
than does the older, high altitude, cold continental recharge samples from the
same formations under Yucca Mountain. This is consistent with rainstorm runoff
rather than snow melt recharge. The low 6130 values in both instances suggest
that the recharge has always occurred in poorly vegetated areas.

18yses Comment - Environmental Tracers (p. 122)

The use of various radiocactive {isotopes as estimators of age occurs
throughout the CDSCP. The degree of understanding associated with these
discussions of age unfortunately varies considerably and complete
misunderstanding occurs often. A greater detail is required on the use of
various isotopes for age calculations. The age of a substance or phase
containing a radioactive isotope can be calculated only 1f all of the possible
sources and sinks that can add or remove isotopes from the phase in question
are known, as well as the rates of transfer of jsotopes between phases. This
sort of complexity is often unrecognized in the CDSCP.
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_ TABLE 2-13

ENVIRONMENTAL ISOTOPE DATA FOR GROUNDWATER SAMPLES FROM THE TUFF AND
TUFFACEOUS VALLEY FILL AQUIFERS IN THE REGION NEAR YUCCA MOUNTAIN®

Vell Collection &0 &'t §'ic He ETO
designation date (0 /00 SHO¥)® (o /oo SX0W)? (0 /00 PDB)® (pac)d _ (TU)e
UE-29a#1t 01/29/82 -62.0 -12.4 -12.69 75.3 62.0
UE-25a#21 h 01/08/82 -§3.3 -13.0 -12.6g 62.3 11.0
LE-29a#2f h 01/15/82 -93.0 -13.1 -13.1g 60.0 11.0
J-12J 03/25/71 -97.5 -12.8 -7.9 . 32.2 ¢68.0
J-13! 03/26/71 -$7.5 -13.0 -7.3 29.2 ¢68.0
UE-25¢#1 09/30/83 -102 -13.5 -7.1 15.0 <0.3
UE-25c#2 03/13/84 -100 -13.4 -7.0 16.6 <0.6
UE-25c#3 05/09/84 -103 -13.5 -7.5 15.7 0.6
US¥ B-6 10/16/82 -106 -13.8 -7.5 16.3 <3.0
USY E-6 06/20/84 -105 -14.0 -7.3 10.0 1.2
US¥ H-6 07/06/84 -107 -14.0 -7.1 12.4 0.3
Usw vyl 02/11/81 -108 -14.2 -8.5 12.2 6.0
AN-4 03/04/74 -103 -13.2 -7.1 19.3 -
AN-§ 03/01/74 -102 -12.6 --1 28.4 -
AN-11 03/05/74 -101 -13.1 -- 20.8 -
AN-13 03/05/74 -102 -13.0 - 19.3 --
AN-15 . 03/05/74 -104 -13.0 -- 18.4 -
A-18 03/06/74 -102 -13.0 - 27.8 --
AN-20 03/06/74 -102 -12.4 - 13.8 -
AM-21 06/25/74 -99 -13.2 -8.4 27.4 -
AN-23 03/31/71 -103 -13.4 -7.1 17.1 --
AN-25 03/31/71 -102 -13.4 -5.6 15.8 --
NTsas! 03/24/71 -104 -13.0 -12.1 25.4 --

qsources: Data from Benson and McKinley (1985) and as noted in footnotes. AM-
b samples from Claassen (1985). :
& deuterium and & oxygen-18 are reported in parts per thousand relative to the
standard mean ocean water (SMOW) standard.
Cs carbon-13 is reported in parts per thousand relative to the Peedee belemnite
d(PDB) carbonate standard.
Carbon-14 activity is reported as a-percent of the modern carbon (pmc)
standard.
$Hro = tritium; reported in tritium units (TU).
Waddell (1985).
hVa]ue reported as positive in reference.
1Also reported by Benson and McKinley (1985).
jAIso reported by Claassen (1985).
--indicates no data.
ICOmpletion in tuffaceous material unsure.
Claassen (1985).
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2.8.2.2 Carbonate Aquifer

Environmental 1isotope data for groundwater samples from the carbonate
aquifer and from mixed carbonate-tuff sources are listed in Table 2-14. Benson
and Mckinley (1985) have reported isotopic data for groundwater from the
carbonate aquifer in the area around Yucca Mountain (drillhole UE-25p#1).
Claassen (1985) reports two carbonate aquifer analyses and several analyses on
mixed carbonate-tuff systems from the Amargosa Desert. Winograd and Pearson
(1976) and Riggs (1984) report analyses of spring water from Ash Meadows, which
primarily drains the area to the east of Yucca Mountain and the Amargosa
Desert.

A1l samples from the carbonate aquifer show low carbon-14 contents (<4 pmc
except for Crystal Pool, which is discussed in the following paragraphs) as
would be expected at the distal end of a regional carbonate aquifer system.
The use of "apparent, uncorrected radiocarbon ages® which may be justified in
the tuff aquifer is insupportable in the carbonate system. The modeling of the
carbon-14 content of the recharge waters is extremely complicated in a
semiconfined carbonate aquifer system. The carbon-13 analyses show that
interaction has occurred between the relatively carbon-14-free carbonate
minerals of the aquifer and the flowing groundwater. Small adjustments of the
isotopic balance to account for this dilutfon process can greatly affect the
resulting radiocarbon dates in such systems (Muller and Mayo, 1986). Without
further modeling, these waters can only be taken to be %“old" with 30,000 yr
before present as the conservative upper 1imit.

The carbon-14 content of groundwater at the center of a 16-km-long fault-
controlled spring 1ine at Ash Meadows i1s five times greater than that in water
from other major springs along the lineament. Winograd and Pearson (1976) have
examined the radiocarbon anomaly of Crystal Pool. They have shown it to
probably be caused by megascale channeling, with water moving to this discharge
point at velocities appreciably greater than those of water moving to adjacent
springs. Such channeling is consistent with the known flow regime of karstic
aquifers.

The data from Claassen (1985) for wells penetrating both tuff and
carbonate 1ithologies show a variability in isotopic compositions expected in
mixed systems. Several of these wells are shallow, with waters also probably
derived from valley fi1l sediments. There are insufficient data available to
assess the extent and direction of mixing.
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TABLE 2-14
ENVIRONMENTAL ISOTOPE DATA FOR GROUNDWATER SAMPLES
N FROM THE CARBONATE AQUIFER AND FROM MIXED CARBONATE-TUFF SOURCES?
Yell or spring Colleczion o &t | e . Yo, ET0
designatien date ofco SHOY" ofco SKOW o/oc POB~ (pec) (Tv)©

CARBONATE AQUIFER

uz-zspa1§'§ 02/09/83 -106 -13.5 4.2 3.5 a.l
UE-25pi1° "] 05/12/86 -106 -13.8 -2.3 2.3 a1
165/51E-23% . -d - -13.8 -4.8 1.8 - -
Fairbanks Spring N’Bk 12/13/74 - © e -5.2 2.2:2 0.3 0.120.2
Fairbanks Spring sY - -103 -13.8 -4.9 1.8 0.2 0.020.4
Regers Spring x -~ -102 .- -4.8 1.5=20.3 0.0=2 0.2
Longstreet Spring -- 1 -103 -- -4.3 2,72 0.4 0.020.2
Scruggs Spri - 03/10/75 -103 - -4.7 1.1 0.3 0.220.2
Crystal Pool™’ - -102 - -13.7 -5.0 11.6 2 0.7 0.6 2 0.4
Devils Hole, - - -13.8 -5.0 2.8+ 0.4 0.320.2
Kizg Sprin ;' - -104 - -4.7 1.7+2 0.4 0.4 0.2
Big Spring’ 03/09/75 -102 .- -4.8 2.9+ 0.4 0.320.1
KIXED SYSTEXS
Au-a: 10/20/72 -102 -12.8 - 15.6 -
A-s° 11/17/72 -09.5 -13.2 -6.8 12.4 -
AY-8" 03/01/74 -103 ~13.4 -7.3 21.9 -
AX-107 08/26/79 -97.8 -13.2 -5.2 24.8 -
A-167 03/01/74 -104 -12.7 - 10.0 -
AX-172 03/01/74 ~105 -12.8 - 18.9 -
190 03/06/74 - - - 40.3 -—
AM-27 . 08/18/82 <105 -13.8 -3.8 7.0 --
Au-zsg 03/31/71 -105 . -13.8. -3.4 - -
AX-30° 08/24/7% -104 -13.7 -4.4 10.3 --
A-477 03/31/71 -102 -13.1 -8.2 3.4 -
AX-50 08/25/78 -104 -13.6 -5.7 - -
AN-807 12/16/68 - - -5.9 23.8 -

gbata from Claassen (198?& unless otherwise indicated.
8D and & oxygen-18 (58°°0) are reported in parts per thousand relative to
gtandard Mean ﬂfean Water (SMOW) standard.
Carbon-13 (&8°“C) §s reported in parts per thousand relative to the Peedee
aelemnite (PD?A carbonate standard.
Carbon-14 (*'C) activity is reported as a percent of the modern carbon
3tandard (pmc). N
fHTO e tritium; T is reported in tritium units (TU).
Benson and McKinley (1985).
gSampled from the 381 to 1,197 m interval.
1Samp1ed from 1,297 to 1,805 m interval.
Claassen (1985) reports this well as “Amargosa Tracer Well #2.*
‘{oata from multiple collection dates.
]winograd and Pearson (1976).
Representative of multiple samplings.
Msimilar values reported by Riggs (1984).
ATuffaceous 1ithology, possible carbonate influence.
~ Ocarbonate 1ithology, possible tuff influence.
“— PIn both tuff and carbonate formations.
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Few deuterium and oxygen-18 data are available for the carbonate aquifer
(Figure 2-23 and Table 2-14). The waters show no hydrothermal fractionation
and do not resemble expected modern precipitation. Additional stable isotopic
data from the carbonate aquifer in the vicinity of Yucca Mountain is expected
to provide further information on the interconnection of the tuff and carbonate
aquifers.

2.9 REGIONAL PALEOHYDROLOGY

The purpose of paleohydrologic studies is to determine hydrologic
conditions during the Quaternary Period that have differed significantly from
present conditions. This information will be used to evaluate the 1ikelihood
of episodic conditions recurring that may affect the regional groundwater flow
system over the next 100,000 years. Of specific interest are (1) the maximum
altitude of the water table during pluvial periods of the Quaternary Period,
(2) the effects of pluvial water table rises on shortening of groundwater flow
paths to discharge areas, and (3) the magnitude of increases in recharge during
pluvial periods. With such information, questions such as the following can be
addressed: What is the possibility of the repository being flooded by a rising
water table during a return of pluvial conditions? How large an infiltration
flux might move through the repository in the future?

Evidence for former, higher water tables, changes in length of groundwater
flow paths, and the presence and absence of pluvial lakes in the south-central
Great Basin are described by the DOE in the following conclusions. A more
detafled description of paleohydrologic studies for the proposed site fis
presented in Section 4.6. In summary, the following conclusions are drawn by
the DOE:

1. *“Evidence from dated calcitic veins and marsh deposits indicates that
the regional water table (more correctly the potentiometric surface)
in the south-central Great Basin has apparently declined 50 to
perhaps 130 m during the Quaternary Period and that this decline has
been accompanied by a lengthening of groundwater flow paths to points
of discharge by 14 to perhaps 60 to 70 km. Considerations of the
neotectonics of Death Valley, regional interbasin flow through the
lower carbonate aquifer, and of the probably increasing aridity in
the region during the Quaternary, collectively suggest that an actual
and progressive water table decline occurred in the region during
this period®.

2. “"Superimposed on the indicated long-term decline of water table are
rises reflecting pluvial climates. 1In Devils Hole, at Ash Meadows,
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preliminary uranium-series dating of calcitic cave deposits indicates
that about 30,000 yr ago the water table in the lower carbonate
aquifer stood about 10 m above modern level. In southern Indian
Springs Valley, marsh deposits, of presumed groundwater origin, occur
as much as 20 to 50 m above the modern water table in the valley-fill
aquifer; these deposits probably are late(?) Wisconsin in age".

*Reconnaissance observations indicate that pluvial lakes of late
Pleistocene age were not present in Yucca Flat or Frenchman Flat,
though such lakes apparently existed in Gold Flat, Kawich Valley, and
Emigrant Yalley, 70 km north and northeast of Yucca Mountain®.

"Groundwater of late Wisconsin age {is present in the uppermost part
of saturated volcanic rocks beneath Yucca Mountain and in the valley
fill aquifer in the Amargosa Desert. The valley fill aquifer was
recharged by surface water runoff along the distributaries of
Fortymile Wash. A quantitative interpretation of the carbon-14 data
to measure groundwater velocity will require test wells that permit
water to be sampled selectively from several depths in the zone of
saturation”.
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3.0 SITE UNSATURATED HYDROGEOLOGIC SYSTEM

Flow in the unsaturated zone at Yucca Mountain begins as precipitation on
the surface of the mountain. Some of this water infiltrates into the sotl,
rocks and open fractures of the various surface units. The water not removed
by evapotranspiration is currently believed to flow in the vertical direction
to the water table located many hundreds of meters below the surface. However,
a great deal of uncertainty exists as to the actual flow mechanisms and
phenomena which can occur within the unsaturated zone. Differences between the
hydrologic characteristics of some of the hydrogeologic units may cause
deviation of the vertical flow of water. In particular, lateral diversion may
occur due to permeability contrasts and/or capillary barriers both above and
below the proposed repository horizon.

Several of the geologic units in the unsaturated zone are highly fractured
with large bulk permeability and low matrix permeability. In these highly
fractured units, gaseous phase flow be an important mechanism for the movement
of water and radionuclides. However, the understanding of such flow in an
unsaturated, highly fractured system is 1imited.

The Site Unsaturated Hydrogeologic System has been divided into five major

components:

(1) Site Location - Physiographic Setting
(2) Hydrogeologic Setting

(3) Flow Mechanisms in the Unsaturated Zone
(4) Boundary and Initial Conditions

(5) Flow and Transport

Each of these components, along with their elements and sub-elements, are
described in the following sections.

3.1 SITE LOCATION - PHYSIOGRAPHIC SETTING

Yucca Mountain is an 1irregularly shaped volcanic upland, 6 to 10 km wide
and about 40 km long. It extends from the valley of Beatty Wash on the north
to the northeastern side to the Amargosa Desert on the south. The crest of the
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mountain ranges between altitudes of 1500 and 1930 m, about 650 m higher than
the floor of Crater Flat, which is located to the west.

The mountain §s dominated by a subparallel series of en echelon, north-
trending ridges and valleys controlled by high-angle faults. These fault
blocks are tilted eastward so that the fault-bounded west-facing slopes are
generally high, steep, and straight, whereas the east-facing slopes are more
gentle and deeply dissected by subparallel systems of linear valleys.

The uplands of the Yucca Mountain area are composed of three general
landform types: (1) ridge crests, (2) valley bottoms, and (3) the intervening
hillslopes. With the exception of the caprock-protected dip slopes that
characterize the crestal areas of Yucca Mountain, the ridge crests are mostly
angular and rugged. The valleys are generally narrow and V-shaped along their
upper and middlie reaches but locally contain flat, alluviated floors in their
lower reaches.

The open basins surrounding Yucca Mountain, 1including Crater Flat and
Jackass Flats, are floored almost entirely by gentle piedmont slopes. They can
be divided into three general areas: (1) proximal slopes adjacent to the range
fronts, (2) intermediate slopes, and (3) distal slopes atong and adjacent to
the basin axes.

There are no perennial streams in or near the Yucca Mountain area. The
eastern slopes of Yucca Mountain drain to Fortymile Wash and the northern
slopes drain to Beatty Wash. These washes are major tributaries to the
Amargosa River. The southern and western slopes of Yucca Mountain drain to the
Amargosa River through a smaller unnamed drainage system. The area of Yucca
Mountain immediately surrounding the perimeter drift is shown on Fiqure 3-1.

Fortymile Wash is the major surface drainage flowing along the axis of the
groundwater subbasin, draining an area of approximately 620 square kilometers
north and east of Timber Mountain and south of Pahute Mesa. The wash then
flows almost directly southward through Fortymile Canyon. After leaving the
mouth of Fortymile Canyon, the wash continues southward down the south-sloping
piedmont that forms the west end of Jackass Flats. Along this latter reach,
the wash has cut a nearly linear trench, 150 to 600 m wide and as much as 25 m
deep, into the Quaternary alluvial deposits of the piedmont. This entrenchment
gradually decreases downsiope until the wash merges with the general level of
the piedmont near the northeastern margin of the Amargosa basin.
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Groundwater modeling of the saturated groundwater flow system has
supported the inference that the Fortymile Wash drainage channel may be an
important zone of regional groundwater recharge (Czarnecki and Waddell, 1984).
Thus, it may affect the movement and accumulation of groundwater at the
repository site near Yucca Mountain.

The area to the west of Yucca Mountain is bounded by a large fault zone
along Solitario Canyon. Solitario Canyon is a steep, north-south trending
canyon the head of which is near the northern portion of the perimeter drift.
Vertical displacement along the Solitario Canyon fault diminishes from about
200 m at the southern end to about 20 m at the northwestern corner.

3.2 HYDROGEOLOGIC SETTING

This section describes the geologic and hydrogeologic units at and near
Yucca Mountain. Information on stratigraphy and 1ithology characterizes the
surficial deposits and bedrock and provides a framework for considering the
physical and chemical properties of the host rock and surrounding units.
Information on the hydrogeologic units provides the background necessary for
the description of flow mechanisms which is presented in section 3.3.

3.2.1 Stratigraphy and Lithology

Yucca Mountain is the erosional remnant of a volcanic plateau. It
consists of a series of north-trending structural blocks that have been tilted
eastward along major west-dipping, high-angle normal faults. This section
describes the stratigraphic framework and characteristic 1ithologies of rocks
and surficial deposits in the Yucca Mountain area. Descriptions of rocks
proceed from youngest to oldest.

A map showing the drillholes in the vicinity of Yucca Mountain is shown on
Figure 3-2. Also shown on this map are cross-section locations. These cross-
sections are presented in Figure 3-3 and Figure 3-4 and present the north-south
and east-west stratigraphic correlation between selected drillholes at Yucca
Mountain.

3.2.1.1 Surficial Deposits
The late Tertiary and Quaternary surficial sedimentary deposits of the
Yucca Mountain area have been divided into five major units:
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(1) Late Pliocene and early Pleistocene lacustrine deposits. These are
the oldest deposits in the area and consist of lacustrine deposits of
unconsolidated to moderately indurated marl and silt that locally
contain beds of limestone, sand, and fine grained volcanic ash..

(2) Late Pliocene (?) and early Pleistocene alluvial deposits. These
deposits consist of debris flows with sparse, bedded, fluvial
sediments. The deposits are moderately indurated, coarse, angular,
unsorted gravel with minor amounts of sand to clay sized material.
In most exposures they are partly cemented with calcium carbonate.

(3) Middle to late Pleistocene alluvial and Eolian deposits. These
deposits consist of fan alluvium, fluvial and eolian sands, and local
lenses of volcanic ash. These deposits have been divided into five
mappable units on the basis of relative age and 1ithology.

(4) Holocene Alluvial and Eolian deposits. Deposits in the Yucca
Mountain area consist of fluvial sand and gravel and eolian sand.
Fluvial sand and gravel deposits typically are poorly to well bedded
and moderately well sorted. Gravel deposits locally contain numerous
thin beds of sand.

(5) Spring and Marsh Deposits. Marsh deposits are found at several
localities in the Amargosa Valley. Several spring deposits are
located near Crater Flat.

3.2.1.2 Basalt

Basalt dikes less than 1 m thick are the youngest rocks at Yucca Mountain
(10 million years old). These dikes intrude a fault and nearby fracture in the
northwest part of Yucca Mountain at the head of Solitario Canyon.1

3.2.1.3 Timber Mountain Tuff

The 11.3 million years old Rainier Mesa Member of the Timber Mountain Tuff
is locally present in valleys on the flanks of Yucca Mountain with a maximum
thickness of approximately 46 m. It is a series of ash flows and ash falls,
nonwelded and glassy at the base, grading upward into partly welded devitrified
tuff near the interior.

1WWL Comment - Extent of Basalt Dikes

Because the basalt dikes are usually found by surface mapping, it may be
difficult to determine the extent of such features. These features may have
low permeability, therefore their importance to groundwater flow could be
important.
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3.2.1.4 Post-Paintbrush Ash-Flow Tuffs

A nonwelded ash-flow and ash-fall tuff sequence exists between the top of
the Tiva Canyon Member of the Paintbrush Tuff and the base of the overlying
Rainier Mesa Member of the Timber Mountain Tuff. This sequence ranges in
thickness from zero to 61 m and is present in the subsurface beneath alluvial
deposits on the eastern flank of Yucca Mountain in the area proposed for the
surface facilities of the repository.

3.2.1.5 Paintbrush Tuff

The Paintbrush Tuff makes up nearly all of the exposed rocks at Yucca
Mountain, is more than 460 m thick, and was erupted from 13.1 to 12.5 million
years ago. The four members of the Paintbrush Tuff are 1listed in descending
order in the following paragraphs.

The uppermost unit of the Paintbrush Tuff at Yucca Mountain is the Tiva
Canyon Member which is from 90 to 140 m thick in outcrop. The multiple ash
flows which make up this compound cooling unit erupted approximately 12.5
million years ago from the Claim Canyon caldera north of Yucca Mountain. The
Tiva Canyon Member is almost entirely densely welded and caps most of the
surface of Yucca Mountain. Ten mappable units are distinguished in the Tiva
Canyon.

The Pah Canyon and the Yucca Mountain members are relatively thin,
nonwelded ash-flow tuffs, which are the distal edges of flow sheets that
thicken to the northwest. The Pah Canyon and the Yucca Mountain members attain
maximum thickness of 71 and 29 m, respectively.

The Topopah Spring Member is a multiple-flow compound cooling unit. The
Topopah Spring Member has been divided into seven composite zones and subzones.
Thickness data was obtained from drillholes USW G-1, USW G-3, UE-25a#1, USW H-
3, USW H-4, and USW H-5. From the top to the base the seven zones are:

(1) Caprock Zone. This is the quartz-latitic upper part of the Topopah Spring
member and is between 39 to 62 m thick. The caprock consists of four
subzones. In descending order these are:

(a) a nonwelded to partially welded, pumiceous tuff
(b) a densely welded, black vitrophyre

(c) a pale-red devitrified densely welded tuff

(d) A rounded subzone

(2) Upper 1ithophysal zone. This zone is rhyolitic, devitrified, moderately
to densely welded, and is 54 to 96 m thick.
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(3) Middle nonlithophysal zone and laterally equivalent subzones. This zone
is rhyolitic, devitrified, and moderately to densely welded and is
distinguished by an absence of 1ithophysae and conchoidal-fractured
weathered surfaces. It is 20 to 50 m thick.

(4) Lower Lithophysal zone and laterally equivalent subzones. This zone, 43
to 117 m thick, 1is rhyolitic, devitrified, and moderately to densely
welded. Lithophysae account for 10 to 15 percent of the rock, are from §
to 15 cm in diameter, and have oblate spheroidal shapes.

(5) Lower nonlithophysal zone. This is the probable host rock for the
proposed repository. It is 27 to 56 m thick, rhyolitic, devitrified, and
moderately to densely welded. The percentage of 1ithophysae ranges from 0
to 2 percent.

(6) Basal vitrophyre zone. This zone is rhyolitic, glassy, and moderately to
densely welded. It is 10 to 25 m thick.

(7) Lower nonwelded to moderately welded zone. This zone is rhyolitic,
glassy, nonwelded to partially welded and is 13 to 42 m thick.

3.2.1.6 Rhyolite of Calico Hills

The rhyolite of Calico Hills comprises a sequence of ash-flow and ash-fall
tuff, volcaniclastic sediment, and rhyolitic lava. Tuffaceous units commonly
occur in this unit beneath the central part of Yucca Mountain and are
informally referred to as the tuffaceous beds of the Calico Hills. The rock
unit consists of massive, homogeneous, nonwelded ash-flow tuffs totaling 27 m
(drillhole USW H-3) to 289 m (drillhole USW G-2) in thickness. Underlying most
of the northern part of Yucca Mountain, the entire unit is zeolitized but it
remains vitric in the southern part (drillholes USW GU-3 and USW G-3).
Zeolites (predominantly clinoptilolite and mordenite) constitute 60 to 80
percent of the rock volume. Ash-fall-tuff and reworked-tuff beds from 1 to 17
m thick separate the tuffaceous beds of Calico Hills from the overlying
Paintbrush Tuff. Several lines of evidence suggest that the sequence of tuffs
found in the core from drillhole USW GU-3 may differ from the tuffaceous beds
of the Calico Hills at drillholes USW G-2 and USW G-1.

3.2.1.7 Crater Flat Tuff

Three rhyolitic ash-flow-tuff sheets have been assigned to the Crater Flat
Tuff on the basis of stratigraphic relations and petrologic and geochemical
characteristics. They are, in descending order, the Prow Pass Member, the

Bulifrog Member, and the Tram Member.
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The ash-flow tuff of the Prow Pass Member is from 80 m to 193 m thick.
Generally the Prow Pass is devitrified and only slightly welded, and locally it
is zeolitized. The top and bottom parts are commonly altered to clay and
zeolites. The upper part of the Prow Pass is vitric to partly vitric in
several drillholes.

The ash-flow tuff comprising most of the Bullifrog Member is from 68 m to
187 m thick. In driliholes north of driilhole USW G-4 it seems to be a simple
cooling unit, in which nonwelded to partially welded zones enclose a moderately
to densely welded core, but in the south (drillholes USW GU-3, USW G-3, and USW
G-4) it is compound, composed of two welded zones separated by a 1 m-thick bed
of welded ash-fall tuff. Most of the upper part of the member {is devitrified
or shows evidence of vapor phase crystallization. The Bullfrog member is
separated from the overlying Prow Pass Member by as much as 10 m of ash-fall
tuff and tuffaceous sediments, which are commonly zeolitized.

The ash-flow tuff of the Tram Member ranges in thickness from 104 m to 370
m, is moderately welded to nonwelded, and is underlain by 3 to 50 m of reworked
and bedded tuff. The Tram is separated from the overlying Bullfrog Member by 5
to 22 m of ash-fall and reworked tuff. In drillhole USW G-2 parts of the Tram
are conspicuously different.

3.2.1.8 Dacitic lava and Flow Breccia

Dacitic lava and autoclastic filow breccia are present in the northern and
western parts of Yucca Mountain but are absent elsewhere. The thickness of the
unit is 22 m in drillhole USW G-2, 112 m in drillhole USW H-1 and 249 m in
drillhole USW H-6.

3.2.1.9 Lithic Ridge Tuff

The Lithic Ridge Tuff ranges in thickness from 185 m north of the proposed
repository to 304 m at the south end of the repository. The unit is nonwelded
to moderately welded and has been extensively altered to smectites and
zeolites. The Lithic Ridge Tuff is separated from the overlying dacitic lava
and flow breccia (where present) by as much as 14 m of bedded tuff.

3.2.1.10 Pre-Lithic Ridge Volcanic and Volcanogenic rocks
Rocks beneath the Lithic Ridge Tuff are difficult to correlate because of
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their heterogeneity and varied degree of alteration. They are not known to
crop out in the Yucca Mountain area.

3.2.1.11 Pre-Cenozoic Rocks

Information on the pre-Cenozoic rocks in the Yucca Mountain are based on
information from one borehole, UE-25p#1. This drillhole penetrated dolomite at
a depth of 1,244 m below the surface and continued in carbonate rocks to a
total depth of 1,805 m. Rocks within the interval are assigned to the Lone
Mountain Dolomite and the Roberts Mountain Formation. On the basis of data
collected at this drillhole, at least part of Yucca Mountain is underlain by
silurian carbonate rocks, which are part of the lower carbonate aquifer of
Winograd and Thordarson (1975). Gravity data suggest that pre-Cenozoic rocks
are at least 3,000 m beneath the surface under much of Yucca Mountain.

3.2.2 Structural Features

The central block of Yucca Mountain is bounded on its west side by a major
north-striking normal fault (Solitario Canyon fault) with greater than 100 m of
offset (Scott and Bonk, 1984). Solitario Canyon is shown on Figure 3-5. West
of this fault 1s a chaotic, brecciated and faulted west-dipping zone
representing drag on the fault. Although the normal fault has significant dip-
slip offset, minor superimposed oblique slip is indicated by oblique
slickensides. The Ghost Dance fault within the Yucca Mountain block is
likewise a west-dipping, north-striking normal fault with a displacement of
about 25 m. A zone of imbricate normal faults forms the eastern boundary of
the central block. These faults are west dipping and have vertical offsets of
about 2 to 5 m. Northwest-striking strike-s1lip faults also occur in the area,
such as the one forming the northern boundary of the central block, beneath
Drill Hole Wash. These faults probably have less than 200 m of horizontal
offset.

Because these major faults and fault zones transect the full thickness of
the unsaturated zone, they may be hydrologically significant either as flow
barriers or as flow pathways. The unsaturated hydraulic properties of these
features have not been measured. Open faults have been observed in cores even
from below the water table. Fault zones greater than 1.5 m wide and
characterized by the presence of breccia have been observed in cores of the
Topopah Spring welded unit.
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3.2.3 Hydrogeologic Units of the Unsaturated Zone

The division of the geological sequence into hydrogeologic units is based
on the divisions developed by Montazer and Wilson (1984) and by Ortiz et al.
(1985). The hydrogeologic units belong to one of three broadly based
hydrogeologic rock types distinguished qualitatively as follows:

1. Densely to moderately welded tuffs that are highly fractured and are
characterized by low saturated hydraulic conductivity of the rock matrix
and relatively high fracture densities. The rocks of this group are
characterized by relatively low matrix porosities of about 10 percent.

2. Nonwelded vitric tuffs containing few fractures. This group fis
characterized by relatively high saturated hydraulic conductivity of the
rock matrix and low fracture densities. These rocks have relatively high
matrix porosities (about 30 to 45 percent).

3. Nonwelded zeolitized tuffs containing few fractures. A tuff sample need
not be completely zeolitized to belong in this classification.

The hydrogeologic units are identified by symbols and are listed in descending
order from the surface as follows:

Alluvium QAL
Tiva Canyon welded unit TCw
Paintbrush nonwelded unit PTn
Topopah Spring welded unit TSw
Calico Hills nonwelded unit CHn
Calico Hills nonwelded vitric facies CHnv
Calico Hills nonwelded zeolitic facies CHnz
Crater Flat unit CF

Two cross-sections across the Yucca Mountain central block are shown on
Figure 3-6 and Figure 3-7. These cross-sections show the relative positions of
the hydrogeologic units, the major faults, zones containing abundant breccia,
and the boreholes used for control. The correlation of the hydrogeologic units
with the rock-stratigraphic units is shown in Table 3-1.

3.2.3.1 Alluvium
The alluvium can be quite variable in thickness, 1ithology, sorting and
permeability. There 1s a large range in the particle size, from clay to
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TABLE 3-1

DEFINITION OF UNSATURATED.ZONE HYDROGEOLOGIC UN;TS
AND CORRELATION WITH ROCK-STRATIGRAPHIC UNITS

Approximatel
Rock: Hydrogeolog! b
Stratigraphic ydrogeologic | Range of Lithology
Unit Thickness
Unit
(m)
Alluvium OAL 0-30 Irregutarly distributed surficial deposits
of alluvium and colluvium
Tiva Canyon TCw 0-150 Moderately to dansely welded, devitrified
Member ash-flow tut!
Yucca
Mountaln Partiall ided Id
Member artially we toc nonwelded, vitric and
E Member ‘
£
E
& Topopah Moderately to denssly welded, devitrified
Spring ash-flow tutfs that are locally lithophysae-
Member TSw 280-360 rich in the upper part, includes besal
vitrophyre
: CHnv :‘ onw;!dleld ' -7 f
o partia 1 :
Tutfaceous beds ) ,’ weided y : Vitric P d
v of ctl / ash-flow -’
Calico Hills z P 100400 | tutis | 7
€ Prow Pass © ! // : e <
= Member { ;° CHnz 1.7 Zeolitized
£ v | 2 .
§ Bullfrog F Undifferentiated, welded and nonwelded,
s Member CFu 0-200 vitric, devit-ified, and zeolitized ash-flow
_°_ L ___________ and sirfall tutfs

*Sources: ¥ontazer and Wilson (1984)

QAL
TCw
PTn

TSw
CHn

CHnv
CHnz

CFu

- Quaternary Alluviem

- Tiva Canyon welded unit

- Faintbrush nonwelded unit
- Topopah Spring welded unit
- Calico Hilis nonwelded unit

- Calico Hills nonwelded vitric unit
- Calico Hills nonwelded zeolitized unlt

- Crater Flat undifferentiated unit

l"L:'u:holt::gy summarized from Ortiz et al. (1985).
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boulders. Compared to the highly fractured welded tuffs, the alluvial and
colluvial deposits generally have small effective hydraulic conductivity, large
specific retention, and large effective porosity. The alluvial deposits are
found at the base of Yucca Mountain, in Solitario Canyon, Drill Hole Wash, and
other washes around the mountain.

3.2.3.2 Tiva Canyon Welded Unit

The Tiva Canyon welded unit is the densely to moderately welded part of
the Tiva Canyon Member of the Paintbrush Tuff. It dips 5 to 10 degrees
eastward within the central block, resulting in a relatively planar eastward-
sloping, dissected land surface. The unit is absent in some washes and {s
about 150 m thick beneath Yucca Crest. This unit is believed to have a
fracture density of 10 to 20 fractures per cubic meter and small matrix
permeability.

3.2.3.3 Paintbrush Tuff Nonwelded Unit

The Paintbrush nonwelded unit consists of the nonwelded and partially
welded base of the Tiva Canyon Member, the Yucca Mountain Member, the Pah
Canyon Member, the nonwelded and partially welded upper part of the Topopah
Spring Member, and associated bedded tuffs. All are part of the Paintbrush
Tuff stratigraphic unit. Within the central block, the unit consists of thin,
nonwelded ash-flow sheets and bedded tuffs that thin to the southeast from a
maximum thickness of 100 m to a minimum thickness of about 20 m. Tuffs of this
unit are vitric, nonwelded, very porous, slightly indurated, and, in part,
bedded. The unit is believed to have fracture density of 1 fracture per cubic
meter.

3.2.3.4 Topopah Springs Welded Unit

The Topopah Spring welded unit consists of a very thin upper vitrophyre, a
thick central zone consisting of several densely welded devitrified ash-flow
sheets, and a thin lower vitrophyre of the Topopah Spring Member of the
Paintbrush Tuff. Because of the densely fractured nature of this unit, bulk
hydraulic conductivity i1s substantially greater than matrix hydraulic
conductivity. The effect of 1ithophysal cavities on the hydrologic properties
of this unit is not well understood, because of lack of laboratory test data.
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The unit is believed to have a fracture density of 8 to 40 fractures per cubic
meter and small matrix permeability.

3.2.3.5 Calico Hills Nonwelded Unit

Both vitric and devitrified facies occur within the Calico Hills nonwelded
unit. The permeability of the vitric facies is substantially greater than that
of the devitrified facies. Beneath the southern two-thirds of the central
block, the Calico Hills nonwelded unit contains some vitric facies. However,
even in this area, the lower part of the unit is devitrified and altered,
whereas the upper part is vitric. Thus, the entire central block is underlain
by a devitrified and altered layer of small permeability (Montazer and Wilson,
1984). Alteration products in the devitrified facies include zeolites (most
abundant), clay, and calcite (rare). Because this facies commonly is
pervasively zeolitic, this facies of the unit is hereafter referred to as the
zeolitic facies.

Zeolitization probably is the result of a water table that formerly
occurred higher in the section, according to Scott et al. (1983). Thickness of
the zeolitic facies generally increases from the southwest to northeast beneath
Yucca Mountain. Beneath the northern and northeastern parts of the central
block, the entire unit is devitrified and altered. The Calico Hills nonwelded
unit is believed to have a fracture density of 2 to 3 fractures per cubic
meter.

3.2.3.6 Crater Flat Unit

The lowermost unit i1n the unsaturated zone in the southern one-half of the
central block is the Crater Flat unit. This unit consists of the unsaturated
welded and underlying nonwelded parts of the Bullfrog Member of the Crater Flat
Tuff. No differentiation is made between the welded and nonwelded components
of the Crater Flat unit. The components of the unit are undifferentiated
because of the limited extent of the unit in the unsaturated zone beneath the
central block, and, therefore, its probable 1imited effect on the unsaturated
flow system. Beneath the central block, thickness of the Crater Flat unit
ranges from 0 to about 160 m. Little is known about the unsaturated hydrologic
properties of the unit, but it is assumed that the properties are similar to
those of the nonwelded and welded counterparts higher in the section.
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3.2.4 Hydrologic Properties of the Unsaturated Zone Units

Mean values of hydrologic properties for most of the hydroge01og1c units
- are shown in Table 3-2. These data were based on analyses of core samples from
test wells USW G-1, USW G-4, USW GU-3, USW H-1, J-13, and UE-25a#1. The range
of mean values among the hydrologic properties refiects the effects of lateral
and vertical spatial heterogeneity within each unit. The DOE considers these
data to be based, in general, on too few samples to permit meaningful
statistical analyses to be performed for each hydrogeologic unit.

The hydrologic property data must be supplemented by developing sets of
moisture characteristic curves. These curves relate the dependence of 1iquid
water saturation and relative hydraulic conductivity on the 1liquid water
potential within the rock matrix and fractures appropriate for each
hydrogeologic unit. In unfractured rocks, these relations refer to the storage
and movement of liquid water within and through the interstitial pore space.
In fractured rocks, allowance must be made for the storage and movement of
water within the interconnected fracture openings as well as for the movement
of water between the fracture openings and the rock matrix pore space.

Techniques for the measurement of relative hydraulic conductivity on very
low permeability tuffs, such as welded tuff matrix material from the TSw, are
. not yet available. Theoretically based methods have been formulated to
estimate relative hydraulic conductivity in unconsolidated porous media from
matrix potential, saturation, and pore-size-distribution data.

Peters et al. (1984) developed a set of matrix moisture-retention curves
(under drainage conditions) relating matrix-potential and saturation. These
curves were obtained by fitting the van Genuchten (1978) analytic
representation to laboratory psychrometric data obtained for unfractured
samples extracted from cores from test wells USW G-4 and USW GU-3. Because
psychrometric techniques are appropriate only for matrix potentials less than
about -3 bars (-0.3 MPa), the moisture retention curves reported by Peters et
al. (1984) are not well determined for matrix potentials that exceed this
value. In lieu of direct measurements, the van Genuchten representation can
also be used to estimate matrix relative hydraulic conductivity of these units.
The DOE beljeves that such estimates must be regarded as highly tentative.

The set of moisture-retention curves developed by Peters et al. (1984) is
reproduced on Figure 3-8. The curves in this figure are based on laboratory
determinations on small sample sets from only two locations, and therefore, the
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TABLE 3-2

SUMMARY OF HYDROGEOLOGIC PROPERTIES OF HYDROGEOLOGIC UNITS
WITHIN THE UNSATURATED ZONE, YUCCA MOUNTAIN

Hydrogeologlc Range of Fracture Porosity Saturated Matrix

Unit Thickness Donalt; Conductlivity
(m) (no./m>) (m/s)

TCw 0 - 150 10 - 20 .08 - .12 9.7 x 10712 _ 2 x 10~M
PTn 20 - 100 1 .40 - .46 1 x 1077 - 3.9 x 1077
TSw 200 - 360 8 - 40 A1 - .14 1.9 x 10°11 = 3.8 x 10~1!
CHnv 100 - 400 2 -3 .37 - .48 5 x 1078 - 2.7 x 1077
CHnz 100 ~ 400 2 -3 .28 - .31 2.0 x 10°11 - 9 x 10~

-t
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DOE considers that these curves may not be representative of the units at Yucca
Mountain as a whole. _

The DOE has acknowledged that standard laboratory methods are not yet
available by which to determine the moisture-characteristic relations for
fractures and fractured rocks. Therefore, reliance must be made on
theoretically based models and approximations. Liquid-water storage within
fractures probably is insignificant, but the flow of liquid water within and
across fractures is not yet well understood. Theoretical models for liquid-
water flow in single fractures have been developed but have not been field or
laboratory tested.

Fractures may or may not impede liquid flow at low matrix saturations, but
longitudinal flow within the fractures may dominate 1iquid-water flow above
some critical matrix saturation. At high matrix saturations, the fracture
systems within the densely welded, fractured hydrogeologic units and within the
fault zones may become highly efficient pathways for liquid water flow. The
potential in the fractures need not be equal to the matrix potential in the
rock matrix, especially under highly transient conditions.

3.3 FLOW MECHANISMS IN THE UNSATURATED ZONE

Moisture flux, whether under saturated or unsaturated flow conditions,
cannot be measured directly and must be calculated from measured values of
hydraulic conductivity and total potential gradient along the path of flow.
Fluid potentials that govern variably saturated two-phase (1iquid and gas) flow
are as follow: (1) matrix potential for the liquid phase: (2) gravitational
potential; (3) gas-phase pressure, or pneumatic potential; (4) osmotic
potential; and (5) thermal potential. Fluid potential measurements in the
saturated zone can be made either by measuring water levels in piezometers or
wells, or by measuring fluid pressures in wells using precise pressure gages.
Fluid Potential measurements in the unsaturated zone can be made by
tensiometers or thermocouple psychrometers, among other equipment.

The theory of moisture flow within variably saturated natural media has
been developed for specific application to problems of soil physics. The
conventional theory of moisture flow in variably saturated porous media may be
applicable for several of the hydrogeologic units at Yucca Mountain. However,
the resultant generally considered theory may not be applicable to indurated
tuffs that have low matrix porosity and permeability and that also may be
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highly fractured. The following sections describe the flow mechanisms for the
various hydrogeologic units and structural features at Yucca Mountain.

3.3.1 Single Porosity Partially Saturated Flow
Flow in partially saturated porous media can be described by the Richards
(1931) equation
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where K is the hydraulic conductivity, h is the capillary pressure head, © is
the volumetric water content, t is time and x, y and z are space coordinates
with z being the vertical coordinate with positive upward. Solution of the
Richards equation requires the additional equations

© = 6(h) (3-2)
K = K(h) (3-3)

so that the differential equation can be written in terms of one dependent
- variable. Equations 3-2 and 3-3 represent the functional forms of the
hydraulic properties of a porous medium. If these equations are known, the
medium is adequately characterized so that Equation 3-1 can be solved.

3.3.2 Double Porosity Partially Saturated Flow

As previously stated, the Richards equation may not be applicable to
indurated tuffs that have low porosity and low permeability and that also may
be highly fractured. Modeling of flow in an unsaturated fractured rock has
followed two paths, composite continuum system (porous equivalency; see WWL,
1986a) and discrete fracture models. The simplest approach to modeling a flow
system in fractured porous rock is to treat the entire flow regfon as an
equivalent porous medium and adjust the flow and transport coefficients
accordingly. The appropriateness of this approach depends upon the scale of
the flow region relative to the fracture density. The alternative approaches
are to regard the matrix and fractures as constituting either separate but
overlapping continuum systems or as a single composite continuum system.
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Peters and Klavetter (1988) define a composite continuum through their use
of the macroscopic approach to defining flow. In their model, the fracture
system is assumed to be one continuum with the matrix being a second continuum
occupying the same space. Each continuum has distinct hydraulic properties.
The two continuum are linked by fluid interchange between the two, with this
interchange being handled mathematically by a source/sink term in the mass
balance equations. This approach does not assume that the two continuum
necessarily have the same pressure.2

The assumption of pressure head equilibrium between a matrix and a
fracture system provides a simplified l1inkage between the general fluid
continuity equations for a dual-porosity equivalent continuum. Other
relationships are possible between the pressure head in the matrix and the
pressure head in the fracture system. However, pressure head equilibrium
between the two systems is the simplest assumption.3

Peters and Klavetter (1988) concluded that the use of the assumption of
pressure head equality is appropriate for site scale modeling as making this
assumption greatly simplifies the model required. Using this assumption means
that the exchange of water between the matrix and the fracture system occurs so
quickly that the pressure heads are always equal within the representative
element volume. Peters and Klavetter (1988) stated that simulations of small-
scale problems that explicitly incorporate the fractures and an analytical

2WWL Comment - Yalidation of Composite Continuum Approach

The composite continuum approach has not yet been validated by field
experiment. Therefore, it is as yet unknown if this modeling approach will be
appropriate for the Yucca Mountain site.

3WWL Comment - Pressure Equilibrium at Steady State

It would seem that pressure equilibrium would only be reached between the
fracture and the matrix once steady state for the entire system {is realized.
During a transient process, the pressure in the fracture system would probably
be different than the pressure in the matrix system. Indeed, the only case
when pressure equilibrium exists between the two systems would be for an
idealized system of vertical fractures and steady state flow conditions. With
a fracture orientation other than vertical, pressure differences are likely to
exist between the fracture and matrix systems even at steady state although the
magnitude of pressure difference {s probably small.
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model of matrix recharge from partially saturated fractures indicate that this
assumption is reasonable for the Yucca Mountain s1te.4

The hydrogeologic units at Yucca Mountain may be anisotropic with respect
to intrinsic permeability and thus to hydraulic conductivity. Fracture and
fault systems within the densely welded units probably introduce an inherent
anisotropy wherever they are present. 7Two principal fracture sets have been
identified within the Yucca Mountain block. One set strikes north-northwest
and the other strikes north-northeast, and both fracture sets exhibit steep to
vertical dips.>

3.3.3 Flow Through Hydrogeologic Units
The DOE considers the principal qualitative aspects of moisture flow
within the unsaturated zone beneath Yucca Mountain to be summarized by the

4wwL Comment - Transport Problems Using the Composite Continuum Approach

The problem of radionuclide transport through an unsaturated highly
fractured welded tuff may not be adequately modeled by using the composite
continuum approach. Transport modeling through this type of unit may require
the use of a discrete fracture model.

SNRC Comment #29

Characterization of Site Structural Features (p.45)
The CDSCP's approach to characterizing the complex three-dimensional nature of
fracture systems in the repository block relies too heavily on fractal analysis
of outcrop exposures. Also, the CDSCP limits the objectives of fracture
network studies to providing fracture parameters and analyses to supporting
hydrologic modeling. Such a narrow approach and limited objective to
characterization may not lead to adequate descriptions of the fracture
networks. The SCP should integrate fracture studies proposed by various
methods: fractal analysis, shaft/drift mapping, geologic mapping, systematic
drilling and core analysis, hydrologic tracer testing and geophysical surveying
including borehole geophysics.
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following hypotheses.6 A generalized east-west cross-section through Yucca

Mountain showing the conceptual model of flow is shown on Figure 3-9.

1. Moisture enters the system as net infiltration below the plant-root zone
principally as liquid-water flow into and within the fractures of the
surficial TCw unit with subsequent uptake under capillary forces into the
TCw matrix. It is expected that at sufficiently low rates of net
infiltration, all the water entering the TCw unit may be drawn into the
matrix before the full thickness of the TCw unit is traversed. (Further
information on this phenomena can be found in WWL, 1986¢c).

2. Hydraulic gradients directed parallel to the dip may induce lateral flow
either under saturated or unsaturated conditions at the contact between
the TCw unit and the underlying PTn unit as a consequence of (1) efficient
fracture dominated flow in the TCw unit at high infiltration rates or (2)
capillary barrier effects. Capillary barriers may inhibit water movement
from a unit of low matrix or fracture conductivity into a unyt of higher
conductivity by capillary forces in the low-conductivity unit.

3. Both vertical and lateral flow may occur in the relatively high-
conductivity PTn unit. Lateral flow may occur because of the intrinsic
anisotropy of this unit as well as because the low matrix conductivity of
the underlying TSw may gmpede the vertical movement of water from the PTn
unit into the TSw unit.

4., Flow in the TSw unit 1{is expected to be essentially vertical and under
steady-state conditions to occur as flow within the matrix for fluxes less
than some critical value of flux related to the saturated matrix hydraulic

6WL Comment - Characterization of Unsaturated Flow

The conceptual model of flow in the unsaturated zone at Yucca Mountain
fncludes fracture flow, flow in the matrix, the effect of bedding and textural
discontinuities (capillary barriers), and vapor flow. The presentation of
these phenomena as generic principles appears accurate and correct. It is the
degree to which these phenomena finteract to effect the flow at Yucca Mountain
that remains in question. since hard, reliable data on the flux and the
hydraulic properties of the fractures are not yet avaflable, it 1s hard to
estimate the actual flow conditions which may be present in the unsaturated
zone. The effectiveness of the textural discontinuities above the TSw unit in
limiting flux into the repository horizon may be overstated.

7WWL Comment - Capillary Barriers
Capillary barriers do not exist under steady-state flow conditions.

8HWL Comment - Anisotropy in the Unsaturated Zone

The effect of intrinsic anisotropy on flow in the unsaturated zone is not
well understood. It has not yet been shown by field investigations that
lateral flow is occurring in some of the units at Yucca Mountain.
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conductivity ang predominantly as fracture flow at fluxes higher than the
critical value.

5. Lateral flow may be induced in the TSw unit at 1its contact with the
underlying CHn unit. The circumstances under which this may occur depend
on the magnitude of the flux in the TSw unit and whether this unit is
underlain by the low-conductivity zeolitic facies (CHnz) or the relatively
higher-conductivity vitric facies (CHnv) of the CHn unit. At low fluxes
within the TSw unit, lateral flow may be produced by capillary-barrier
effects within the matrix of the TSw unit where it overlies the CHnv unit.
At high fluxes, efficient fracture flow in the TSw unit may produce
lateral flow as well as vertical flow where the low-conductivity CHn unit
underlies the TSw unit.

6. Flow in both the CHnv and CHnz units is predominantly vertical through the
matrix (although a lateral component may occur parallel to the bedding
within the vitric CHnv unit) and continues directly to the water table
wherever the latter transects the CHn unit. Where the CHn unit 1ies above
the water table, flow is presumed to proceed vertically downward to the
water table through the Crater Flat undifferentiated unit.

7. Temperature-driven moisture transport may occur, especially within the
highly fractured TSw unit. This could be expected to occur by molecular
diffusion if local thermodynamic phase equilibrium is maintained between
1iquid water and water vapor within the system, which would produce a
water-vapor concentration gradient along the natural geothermal gradient.
Of greater 1importance may be the advective transport of water vapor
accompanying thermally or barometrically driven upward bulk-gas flow
within the fractures of the TSw unit. Under steady-state conditions, the
upward movement of water vapor in the air-filled fracture openings would
be compensated by downward return flow of liquid water within the rock
matrix.

8. Moisture flow within the deep unsaturated zone at Yucca Mountain may be
occurring under essentially steady-state conditions. The steady-state
hypothesis implies that moisture flow within the natural system is
occurring predominantly as vertically downward liquid-water flow within
the rock matrix of the hydrogeologic units with possible water-vapor
movement within the air-filled pore and fracture space. Significant
liquid-water flow within the fractures may occur but only as near-surface,
transient, nonequilibrium events that are followed by eventual uptake by
the rock matrix of water descending through the fractures. Equilibrium

gWL Comment - Characterization of Unsaturated Flow

The DOE concluded that the host rock at Yucca Mountain is free draining.
However, fracture flow has been documented in USW H-1 by television camera logs
and a saturated zone which may be above the water table was observed at USW UZ-
1. The water from USW UZ-1 contained chemicals which had migrated from USW G-1
located 305 meters to the southwest. This indicates significant lateral flow
can occur in the unsaturated zone portion of the host rock. Again the
potential for fracture flow or matrix flow and the conditions for which one
flow phenomena dominates need to be resolved (WWL, 1986b).
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would prevail between the liquid-water matrix potentials in the fractures
and the unsaturated rock matrix at depth. Liquid water movement could
occur in fractures as well as the matrix. Although the amount of fracture
flow probably would be small, additional understanding of. the factors
controlling fracture flow 1is needed to assess this phenomenon. Under
these conditions, the liquid-water flux through the matrix of the TSw unit
would be expected to be less than the mean matrix saturated hydraulic
conductivity of about 1 mm/yr.

The water in the unsaturated zone of Yucca Mountain is derived from
precipitation on the mountain. At Yucca Mountain, infiltration rate is both
spatially and temporally variable. The spatial variations of infiltration are
mostly dependent on the variations in properties of the surficial units and
topography. Direct measurements of infiltration have not been made at Yucca
Mountain. However, a number of estimates of the infiltration have been made
Most of these estimates are based primarily on the total annual precipitation.

Measurements of precipitation at Yucca Mountain were initiated too
recently to obtain reliable direct estimates of average annual precipitation at
the mountain. However, estimates can be made based on the regional
distribution of precipitation or on relationships established between altitude
and precipitation. From a regional map of precipitation presented by Winograd
and Thordarson (1975), precipitation at Yucca Mountain is estimated to be about
- 100 to 150 mm/yr. As discussed in Chapter 2, Quiring (1983) established local
relationships between altitude and precipitation for 1964-81 at the NTS. Using
Quiring's data, the DOE estimated the precipitation to be 138 to 166 mm/yr.
The DOE has since used 150 mm/yr as the average yearly precipitation value.

After a precipitation event, a portion of the water infiltrates into the
surface. Some of this water is stored in the soils and rocks and returns to
the atmosphere by evapotranspiration. Interflow probably is of short duration
and occurs only during intense storms. This conclusion is inferred from the
lack of evidence for springs or seeps along the washes. The small quantity
that is not evapotranspired or discharged as interflow percolates deep into the
unsaturated zone and becomes net infiltration. The quantity of net
infiltration that percolates through different paths is quite variable.
Therefore, the average recharge does not represent percolation rates through
specific flow paths.
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3.3.4 Flow Through Structural Features

The geologic framework for the hydrologic system within the unsaturated
zone 1s defined by a block of layered, east-dipping hydrogeologic units that fs
bounded above by land surface, below by the water table, laterally on the west
by a west-dipping normal fault, and laterally on the east by one or more west-
dipping normal faults. In addition, the interior of the block may be
transected by one or more high-angle faults across which hydrologic properties
may change abruptly. The DOE considers that the bounding and internal faults
may act preferentially either as conduits for or as barriers against moisture
flow.

The nearly vertically oriented fault zones and their associated fracturing
may be highly effective pathways for vertical moisture fiow, especially in the
competent TCw and TSw units. Faults may also impede lateral flow and may thus
produce perched-water bodies where the faults transect zones or horizons of
significant lateral flow.

3.4 BOUNDARY AND INITIAL CONDITIONS

This section discusses the boundary and initial conditions present in the
unsaturated zone at Yucca Mountain. Boundary conditions refer to the state of
the hydrologic parameters at the outer boundary of the unsaturated zone. The
- important boundary parameters are the flux, saturation, and the potential field
along the outer surface of the unsaturated zone. The initial conditions refer
to the current state of the hydrologic system throughout the three-dimensional
representation of the unsaturated zone.

3.4.1 Boundary Conditions
The surface of Yucca Mountain represents one boundary to the unsaturated
zone. Therefore, the gas phase pneumatic potential at this boundary is simply
the existing atmospheric pressure. Monitoring of pneumatic potentials (pore-
gas pressures) by downhole pressure transducers has been accomplished 1in
boreholes USW UZ-1 and UE-25a#4. Diurnal and barometrically induced
fluctuation of gas pressure of about 0.25 kPa have been observed in these
boreholes to depths of about 30 m. Seasonally induced pressure variations are
observed to occur at greater depths.
One 1indication of the water potential from the matrix is the moisture
content, however, available data on the moisture content of the surface units
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(TCw and QAL) is scanty. Drill cuttings from test boreholes USW UZ-1 and USW
UZ-6 were collected continuatlly, and their gravimetric moisture contents
measured, during drilling operations. Using the average moisture content along
with the mean porosity and mean grain density, the DOE calculated a mean
saturation for the TSw unit of 0.6. If this saturation is used in the moisture
retention curve for the TSw unit as shown on Figure 3-8, the corresponding
matrix potential would be about -5 MPa.

The other easily defined boundary of the unsaturated zone is the water
table. The water table 1ies below the TSw unit (the potential repository
horizon) at Yucca Mountain. With the number of wells which are planned to be
drilled during the site characterization process, the configuration of the
water table beneath Yucca Mountain should be adequately determined.

The difficult boundaries to define at Yucca Mountain are those that go
from the water table to the surface. It is not clear as to where these
boundaries will be located. However, for the purposes of this report it will
be assumed that the boundaries extend vertically upward from the water table to
the ground surface at the perimeter defined as the accessible environment.
Currently, this accessible environment perimeter can extend no more than five
kilometers from the repository.

Several possible boundary conditions could exist along this vertical
boundary. If vertical flow is indeed the primary mechanism of flow through the
unsaturated zone, then no flow boundary conditions may be appropriate.
However, if lateral flow conditions are found to exist during the site
characterization process, then constant flux, variable flux, or constant
potential boundary conditions may be appropriate. Indeed, it may be that the
actual vertical boundary has a combination of boundary conditions which must be
considered for the numerical models.

3.4.2 Initial Conditions

Little direct information on matrix potentials is presently available for
the unsaturated zone beneath Yucca Mountain. The hydrologic parameters
relating to the existing potential field have only been monitored in one
borehole at Yucca Mountain. This borehole, USW UZ-1, was completed in
November, 1983 in the TSw unit. Air was used as the drilling fluid in a
reverse air vacuum system to minimize disturbing local hydrologic condittions
near the borehole. Thirty three instrument stations were installed within the
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borehole. These instrument stations contained thermocouple psychrometers and
heat dissipation probes to measure matrix potential, and pressure transducers
to measure pore-gas pressure.

Montazer et al. (1985) presented a preliminary analysis and interpretation
of data collected in the drilihole over a two year period following completion
of the borehole. If the conditions within the borehole have reached
equilibrium with those in the surrounding host rock, then the matrix potentials
within the PTn hydrogeologic unit at the borehole range from -10 to -1 bar (-1
to -.1 MPa). The matrix potentials within the TSw unit range from -10 to -1
bars with an approximately constant mean value of about -3 bars over the
thickness of the unit. However, problems with the well's completion and
instrument drift make some of this data questionable.10

Indirect evidence of the matrix potential come from the results of
measuring ambient rock-matrix saturations on 19 samples from cores obtained in
test well USW H-1. Mercury intrusion techniques were used to develop moisture
retention curves for each of the samples from which ambient matrix potentials
were inferred. The resulting set of moisture-retention curves differs
considerably from the analytic representation of Peters et al. (1984) which
were based on psychometric measurements made over a range of matrix potentials
much less than the minimum value of about - 0.20 MPa that could be measured by
Weeks and Wilson (1984).

As stated by the DOE in the CDSCP (p.3-192) "the actual rate and
distribution of net {infiltration over the surface of Yucca Mountain is not
presently known, although 1ikely upper bounds have been established." The DOE
has hypothesized that moisture flow within the deep unsaturated zone at Yucca
Mountain may be occurring under essentially steady-state conditions. This
implies that moisture flow within the natural system is occurring predominantly
as vertically downward 1iquid water flow within the rock matrix of the
hydrogeologic units with possible water-vapor movement within the air filled

10NRc Comment #7 - Site Vertical Borehole Studies (p. 19)

Alternative data collection techniques have not been considered should the
planned instrumentation for the site vertical borehole studies (dur9ing site
;characterization) fail or prove infeasible. This could lead to a loss of data
or information needed to characterize the site. There may to be enough time to
complete long-term monitoring of the unsaturated zone and prototype testing of
the 1instrumentation. Many of the {instruments may fail or drift out of
calibration during the long period of monitoring.
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pore and fracture space. Under these conditions, the 1iquid-water flux through
the matrix of the TSw unit would be expected to be less than the mean matrix
saturated hydraulic conductivity of about 1 mm/yr, as determined for this unit
by Peters et al. (1984).

3.5 FLOW AND TRANSPORT

This section describes the various numerical techniques which have been
utilized to quantify the conceptual model of flow and transport at Yucca
Mountain. A description of the model, the assumptions used in the model, and
the pertinent results are presented. The groundwater travel time from the
repository to the accessible environment is presented. In addition, the
hydrochemistry and the problems associated with the modeling of radionuclide
transport are discussed.

3.5.1 Numerical Models

Because of the lack of hydrologic data from the unsaturated zone,
numerical models of the unsaturated flow regime are few. The model
calculations which have been performed are based on highly {idealized
representations of the physical system, use a coarse grid size, and use
hydrologic property data that are preliminary and with unknown 1limits of
uncertainty. Therefore, the DOE states in the CDSCP that "the model results
may not be quantitatively reliable."”

As previously stated, no direct measurements of net infiltration have been
made at Yucca Mountain and thus neither its magnitude nor its spatfal and
temporal distribution over the surface of Yucca Mountain are known. Therefore,
the DOE has concluded that it will be necessary to rely on indirect methods,
such as numerical flow and solute-transport modeling and geostatistical
techniques, to infer the state of the presently existing natural hydrologic
system by interpolation within and extrapolation from a somewhat incomplete set
of field data.

This section describes the models which have been used by the DOE in the
CDSCP to somewhat quantify the flow regime in the unsaturated zone at Yucca
Mountain. These {nitial models have been directed in part towards examining
some of the hypotheses underlying the DOE's conceptual model and contribute
especfally to identifying specific problems that will need to be resolved as
part of the site characterization program.
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The numerical models have assumed that natural moisture flow within the
unsaturated zone at Yucca Mountain occurs solely as liquid-water movement
through rock-matrix pores and fractures under isothermal, steady-state
conditions. Because of their expected low magnitudes, fiuxes at depth probably
will not be directly measurable within the unsaturated zone but will have to be
inferred from measured potential distributions and hydrologic properties. The
DOE has stated that the analysis and interpretation of the Yucca Mountain
hydrologic system will be complicated greatly if the steady-state approximation
is invalid.

3.5.1.1 Rulon et al., 1986

Rulon et al. (1986) performed numerical simulations of the natural state
of the unsaturated zone underlying Yucca Mountain. The model simulated two-
dimensional l1iquid-water flow in a vertical cross section extending from the
ground surface to the water table at a depth of about 650 m. The numerical
model TOUGH (Transport Of Unsaturated Groundwater and Heat) was used in this
investigation.

TOUGH was used to model the isothermal flow of liquid water for a system
containing water and air. The primary variables used in the TOUGH simulator
are pressure, temperature, and air mass fraction for elements in single-phase
condition and pressure, gas saturation, and temperature for two-phase nodes.
The numerical model uses the integral finite-difference method for formulation
of the governing equations and discretizing the flow region. The equations are
solved simultaneously using Newton-Raphson 1iteration, and the linearized
equations are solved using a direct matrix solver.

Various fluxes representing the net infiltration were specified at the
surface and the steady-state flux, liquid-saturation distribution, and matrix-
potential distribution were computed. Various cases were considered to examine
the liquid-water flux through the proposed repository unit. Al1l of the results
are controlled by poorly known hydraulic parameters such as the characteristic
curves.

The discretized, two-dimensional flow region is shown on Figure 3-10. The
mesh {is coarse, containing 208 elements, each measuring 125 m by 25 m. The
region is bounded below by the water table and above by the ground surface.
The two vertical boundaries are considered to be impermeable. One boundary
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corresponds to the western flank of Yucca Mountain and the other corresponds to
the eastern extent of the Ghost Dance fault zone.

Rulon et al. (1986) considered that the conclusions from their study
should be viewed as preliminary due to: (1) uncertainties in values used for
the material properties of the units, (2) uncertainties in the estimates of
net infiltration, and (3) the lack of field or laboratory experiments to
verify that the numerical simulations produce results that are physically
meaningful. The conclusions presented by Rulon et al. (1986) are as follows:

1. Lateral flow into the Fault Zone is an important feature of the
modeled flow system.

2. A reduction in the infiltration rate leads to increased lateral flow
above the TSw unit. This is due to the reduced permeability of the
TSw unit for lower infiltration rates (See WWL Comment ??).

3. In the matrix-flow simulations, most of the lateral flow occurs
within the PTn unit. In the fracture and fracture-matrix flow
simulations, most of the lateral flow occurs within the welded units,
Just above the contact with the underlying nonwelded unit.

4. If fracture-flow conditions dominate in the welded units, then
lateral flow occurs at the base of the TSw unit. This condition has
important implications with regard to available pathways for solute
transport from the potential repository horizon to the water table.
Specifically, if lateral flow occurs at the base of the TSw unit,
then flowpaths may be directed around the CHn unit and into the Fault
Zone where water is quickly transmitted to the water table.

The DOE stated in the CDSCP that any correlation between this model and the
system in place at Yucca Mountain may be premature. Further, any assumptions
involving the effects of these faults on groundwater flow, and travel times
should be considered preliminary.

3.5.1.2 Peters et al., 1986

Peters et al. (1986) used a one-dimensional model to simulate liquid-water
flow in an idealized vertical column through the unsaturated zone at Yucca
Mountain. They investigated the mode (fracture or matrix dominated) of 1iquid
water flow for a set of prescribed percolation fluxes within the column. The
column was simulated to be 530.2 m in height and consisted of a basal CHnz or
CHnv unit overlain by an upward succession of the units TSw, PTn, and TCw. The
mean hydrologic properties for these units were taken from Peters et al. (1984)
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The mathematical model used by Peters et al. (1986) to determine the
movement of water in the fractured, rock mass was based on these assumptions:

1. A unit change in the quantity total saturation times pressure head at a
point causes a unit change in the local stress field.

2. Fluid flow can be calculated using Darcy's equation.

3. The pressure heads in the fractures and the matrix are identical in a
direction perpendicular to the flow lines.

The total flux flowing through the mountain at any time is then the sum of the
flux in the fractures and the flux in the matrix. The water velocity in either
the fracture or the matrix is the Darcy flux divided by the area through which
the water moves. Both saturation and permeability (and hence flux) are
functions of the pressure head. The time required for water to travel across
one of the hydrologic units is then the thickness of the unit divided by the
velocity of the water in the unit. Two travel times are possible, matrix and
fracture. The steady-state module of the TOSPAC computer code was used to
determine the one-dimensional movement of water. Calculations were performed
for six cases; three values of unsaturated flux, 0.1, 0.5, and 4.0 mm/yr for
each of the Caljco Hills subunits (CHnv and CHnz).

Peters et al. (1986) presented pressure head distributions, saturation,
and water velocities as functions of distance above the water table for each of
the six cases. The authors concluded:

1. Using current estimates of percolation rate, water movement is confined to
the matrix and travel times are on the order of hundreds of thousands of
years.

2. Travel times are very sensitive to percolation rate and an increase in
percolation rate may initfate fracture flow and reduce travel times
significantly. (This conclusion was also presented by WWL, 1986d).

3.5.1.3 Sinnock et al., 1986

Sinnock et al. (1986) used their model to obtain estimates of pre-waste
emplacement groundwater travel times through the unsaturated zone. Their model
makes the following assumptions:
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1. Moisture flow in the unsaturated zone occurs under steady state conditions
in which the vertical flux of moisture within the deep unsaturated zone is
equal to the ambient hydraulic conductivity.

2. The unsaturated-zone flux below the disturbed zone is vertically downward
and uniformly distributed in time and space.

3. The ambient (effective) hydraulic conductivity through the matrix varies
spatially as a function of saturation. Under conditions of a unit
vertical hydraulic gradient, the vertical volumetric flux through the
matrix becomes numerically equivalent to the unsaturated matrix hydraulic
conductivity at the existing saturation level. As the saturation reaches
100 percent, the matrix is assumed to conduct water at a rate numerically
equivalent to the saturated conductivity. Any remaining flux {is assumed
to travel through fractures, even though fracture flow may be initiated at
lower saturation values.

4. Water does not move rapidly through fractures that are not connected to
the surface until fluxes approach the saturated matrix hydraulic
conductivity. This is due to the strong negative capillary pressures
exerted by the pores of the matrix, which draw water away from the
fractures.

By varying flow-model parameters and using a Monte Carlo approach,
probabilistic distributions for the groundwater travel time were developed.
The DOE concluded that although these calculations demonstrate the utility of
the methodology, the quantitative results were sensitive to hydrologic property
input data that are as yet highly uncertain.11

Application of the Sinnock et al. (1986) model to a 963-column, rock-unit
model of Yucca Mountain gives results that indicate that, for 0.5 mm/yr
percolation flux, groundwater travel time has a mean of about 43,000 years and
a standard deviation of about 12,000 years. Because 0.5 mm/yr is believed to
be an upper 1imit on the percolation flux below repository level at Yucca
Mountain, the results of this application suggest that less than 1 percent of
the calculated groundwater travel times are less than 10,000 years. 1In an
attempt to assess the sensitivity of the travel time to variations in flux, an

yge Comment #86 - Issue Resolution Strategy - (p.118)

Procedures for calculating pathways and groundwater travel times presented
in the strategy for Issue 1.6 may not be adequate for determining the
groundwater travel time along the fastest path of likely radionuclide travel
from the disturbed zone to the accessible environment. The NRC staff presently
has a concern that the use of cdf's (cumulative distribution function), as
described in the CDSCP, will not fulfill the regulatory requirement.
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initial flux of 1 mm/yr was used in the model. This analysis resulted in a
minimum travel time of about 3,700 yr.

Sinnock et al. (1986) emphasize the need for obtaining reliable field and
laboratory hydrologic-property data for all of the hydrogeologic units that
affect the travel time calculations. In addition, they recommend that, to the
extent that the sparse distribution of data-gathering sites will allow,
geostatistical techniques be used to estimate the spatial correlation of
hydrologic properties within and between hydrogeologic units.

3.5.2 Groundwater Travel Time

The DOE used the results of Sinnock et al. (1986) model to determine a
probabilistic groundwater travel time for the unsaturated zone. The results of
their model are shown on Table 3-3. Travel paths are from the repository
horizon to the water table and are based on multiple modeling scenarios as
discussed in Sinnock et al. (1986)

3.5.3 Hydrochemistry

No complete hydrochemical or {isotopic analyses are available for water
from the unsaturated zone at the site. Methods (triaxial compression, high-
speed centrifuge and vacuum distillation) are currently under development for
| extracting uncontaminated samples upon which to perform these analyses. Yang
(1986) has reported some preliminary calcium and sodium concentration data,
showing that calcium is elevated in the pore water from the unsaturated zone
relative to samples of groundwater collected from below the water table, to the
extent that it dominates over sodium. Complete chemical and fisotopic
characterization of the infiltration pore water is needed (1) to develop an
understanding of the hydrochemical nature of the water that may contact a waste
package and (2) to isotopically trace the movement of these waters through the
unsaturated zone. The plans for collecting these data as a function of depth
are presented in the CDSCP.

The preliminary carbon-14 and carbon-13 composition of the unsaturated
zone CO, gas phase has been determined by Yang et al. (1985) on samples
obtained by the new methods developed by Haas et al. (1983). Radiocarbon from
bomb-test fallout was observed to a depth of 12.2 m in borehole UZ-1 on the
exploration block. Radiocarbon activity decreased to below 100 percent modern
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TABLE 3.3

UNSATURATED ZONE TRAVEL TIME
FOR VERTICAL FLUX OF 0.5 MM/YR

Travel Path Travel Time (yr)
Minimum 9,345
Mean 43,265

Maximum 80,095
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carbon below 18.3 m, which may indicate that downward gas-phase transport from
the surface has not occurred beyond this depth since mid-1960's.

Improvements in the sample collection methods and the interpretation of
these results with pore-water hydrochemical data as outlined in the CDSCP will
enhance the understanding of two phase transport in the unsaturated zone at the
site. The DOE has stated that when the exploratory shafts are constructed,
water from the pores in unsaturated tuff, water flowing in fractures in
unsaturated tuff, and water from any perched water zones in Yucca Mountain will
be sampled, where possible, and analyzed. Some of the potential problems in
interpreting hydrochemistry data from the unsaturated zone were reported by WWL
(1988).

3.5.4 Transport Problems

The modeling of radionuclide transport requires that the reactions of
radionuclides that occur between the solid phase and aqueous phase be coupled
with the hydrologic flow and physical processes like diffusion and dispersion.
The transport of radionuclides from a repository to the accessible environment
could occur in the aqueous or vapor phase of the unsaturated zone.

The transport of contaminants by flow through either a porous matrix or a
~ fracture system in a porous matrix will in each case be affected by geochemical

and mechanical processes. Some of the geochemical processes are adsorption on
mineral surfaces (both internal and external to the crystal structure) and
precipitation. Mechanical processes include dispersive effects (hydrodynamic
dispersion, channeling) and diffusion.

Vapor-phase transport is generally in the opposite direction from aqueous
transport and may proceed more quickly since the pores that are not filled with
water are the larger pores and have a higher permeability than the water-filled
pores. In the unsaturated zone, volatile elements, such as {odine, can be
transported in the vapor phase.

For radionuclide transport through fractures, the DOE has acknowledged that
more information is needed on fracture flow in Yucca Mountain tuffs.
Additional information is needed to establish whether the recharge water moves
vertically through unfractured layers and then enters fractures, or if water
moves through fractures as a film on the fracture surface or as a pulse fully
saturating the fracture. 1If fractures are present but not connected or
intersecting, their impact on flow and transport will be greatly diminished.
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If fractures are a connected network, the path that a water slug will travel
will probably be tortuous and might involve branching into cracks in other
directions.

Given fracture flow, the contaminant will diffuse into the pore spaces of
the rock. Because of this diffusion into the matrix, the effective flow rate
for radionuclides must be modified. The modification introduces a retardation
factor due to a matrix diffusion from fractures. One can then calculate an
equivalent retardation value, applicable only when fracture flow is occurring,
combining retardation through sorption with retardation through diffusion.
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4.0 SITE SATURATED HYDROGEOLOGIC SYSTEM

An understanding of the saturated zone hydrologic system 1s required for
waste isolation as this zone contains some of the possible pathways for
radionuclide travel from the repository to the accessible environment. An
understanding of saturated zone hydrology is also needed in order to evaluate
the hydrologic effects of future climate changes; these effects include
potential rises in the water table and changes in gradients and paths of
groundwater flow in the saturated zone.

The primary source of groundwater flow within the site saturated zone
occurs as subsurface lateral inflow. This inflow ultimately originates from
upland regional recharge areas to the north and west of Yucca Mountain. Some
vertical recharge may also occur from the overlying unsaturated zone, however
this component is believed to be small. Some upward flow from the underlying
carbonate aquifer may also occur. Discharge from the site saturated zone
occurs as subsurface lateral outflow to the southeast and the south beneath
Fortymile Wash. Ultimately this discharge flows to the regional discharge
areas (Alkali flat and Furnace Creek Ranch). Relatively large groundwater
velocities may be possible in the area from beneath the repository to the
accessible environment. This 1is the result of large bulk hydraulic
conductivity but low effective porosity in welded, fractured units.

The site saturated hydrogeologic system has been divided into the
following six components:

1) Hydrologic Setting

2) Hydraulic Characteristics
3) Groundwater Flow Mechanisms
4) Boundary Conditions

5) Groundwater Travel Time

6) Paleohydrology

Each of the above components is described in the following sections.
4.1 HYDROLOGIC SETTING

This section focuses on the site hydrogeologic system in the immediate
vicinity of Yucca Mountain (generally within a few kilometers of the outer
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boundary of the repository). Because the areal extent of the Site Saturated
Hydrogeologic System is similar to that of the Site Unsaturated System which
was described in Chapter 3, extensive reference to the preceding chapter occurs
in the following discussion.

4.1.1 Geology

The stratigraphy and lithology for the site were described in detail in
Section 3.2.1 and in general those descriptions apply to the Site Saturated
System. Section 3.2.2 describes the site geologic structural features which
are pertinent to the saturated system. The major geologic units in the site
saturated zone are the Topopah Springs, the Calico Hills, the Crater Flat, the
Lithic Ridge, the Older Flows and Rocks, and the Paleozoic Carbonates.

4.1.2 Hydrogeologic Units

Because physical properties of the rocks that are believed to control
movement of groundwater in the unsaturated zone are not completely consistent
with stratigraphic boundaries, the division of the hydrogeologic units and
their relation to the stratigraphic units is shown on Table 3-1. The geologic
units are divided into hydrogeologic units based primarily on the degree of
welding. The nonwelded and bedded tuff units have a low fracture density and
the primary mechanism of flow is through the matrix. The partially welded and
densely welded tuff units have a much higher fracture density and fracture flow
is the dominant flow mechanism. Additional units at the site which are not
included in Table 3-1 are the Lithic Ridge Tuff, the Older Flows and Rocks, and
the Paleozoic Carbonate Rocks. These stratigraphic and hydrogeologic units are
considered to be equivalent due to lack of information.

The Paintbrush Tuff {is mostly unsaturated in the near vicinity of Yucca
Mountain. The Topopah Spring Member, which is unsaturated in the repository
block, but saturated east of Yucca Mountain as shown on Figure 4-1, consists
mostly of moderately to densely welded tuffs. The Crater Flat Tuff (Prow Pass,
Bullfrog, and Tram members) consists of partially to moderately welded tuffs.
The tuffaceous beds of Calico Hills and Lithic Ridge Tuff are predominantly
nonwelded and bedded tuffs. 1In addition, bedded tuffs commonly separate the
major ash-flow tuff units. Partial alteration of vitric tuffs to zeolites or
clays reduces their permeability substantially. As shown on Figure 4-2, the
thickness of the zeolitic facies of the tuffaceous beds of Calico Hills
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increases from southwest to northeast, and the entire unit is altered beneath
the northern and northeastern parts of the Yucca Mountain repository block
(Montazer and Wilson, 1984).

The Tiva Canyon and the Topopah Springs members are part of the welded
tuff aquifer described by Winograd and Thordarson (1975). The Calico Hills,
the Crater Flat Tuff, the Lithic Ridge Tuff, and the Older Flows and Rocks are
part of Winograd and Thordarson's (1975) tuff aquitard. Also, beneath Yucca
Mountain are Paleozoic carbonate rocks, equivalent to the regional “lower
carbonate aquifer" of Winograd and Thordarson (1975). These rocks occur at a
depth of 1,200 m in drill hole UE-25p#1 and probably much deeper elsewhere
(Craig and Robison, 1984). These carbonate rocks are permeable, but at Yucca
Mountain the potentiometric head, as measured at drill hole UE-25p#1 (which 1is
the only drillhole penetrating the Paleozoic rocks), is greater in the
Paleozoic rocks than in overlying rocks. Therefore, the DOE believes that
groundwater moving through the shallow part of the saturated zone in the
vicinity of the Yucca Mountain repository block probably does not have
significant local interaction with water from the Paleozoic rocks.

4.2 HYDRAULIC CHARACTERISTICS i

This section presents information on the hydraulic characteristics of the
saturated zone in and around Yucca Mountain. Values for parameters such as
hydraulic conductivity, transmissivity, porosity, and storage coefficients for
each hydrogeologic unit are presented and discussed. The effect of fractures
on the hydraulic conductivity and effective flow porosity of the units is also
described.

4.2.1 Transmissivity and Hydraulic Conductivity Values of Stratigraphic Units
Much of the information on the hydraulic characteristics of the site
saturated zone has come from analysis of well tests. These tests have included
pump (drawdown and recovery), injection, and tracer surveys. As a result of
these tests, the DOE has concluded that stratigraphic controls on the
distribution of permeability cannot be readily established or predicted with
confidence for untested areas. The heterogeneity of the permeable zones can be
seen in Figures 4-3 and 4-4, which show the distribution of permeable zones
within the wellbores for selected wells near Yucca Mountain. The productive
intervals are determined by the depths at which holes intercept transmissive
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fractures. In the following several paragraphs, the saturated hydraulic
characteristics (as presented by the DOE) of each major stratigraphic unit
beneath the Yucca Mountain site is discussed.

' The Topopah Spring Member of the Paintbrush Tuff, which 1ies below the
water table east of the repository block (see Figure 4-1), has a relatively
high bulk hydraulic conductivity. The matrix hydraulic conductivity, however,
is extremely low. Again, the productive zones appear to be controlled by
fractures; many of which have been observed in cores and in television
surveys. Another indication of high bulk conductivity are the problems related
to loss of drilling fluids while penetrating this unit. Thordarson (1983)
reported hydraulic conductivities from cores at well J-13 that range from 2 x
10"4 to 8 x 10'7 m/d. The average in situ hydraulic conductivity is about 0.7
m/d and the Topopah Spring Member is the most productive unit penetrated by the
well.

The tuffaceous beds of Calico Hills are above the water table in most
hydrologic test holes near Yucca Mountain. In drillhole UE-25p#1 the unit is
mostly saturated but poorly permeable. The DOE (CDSCP,1988) reported that
during a pumping test, a borehole-flow survey indicated the unit yielded less
than 2 percent of the total amount pumped. Craig and Robison (1984) concluded
that the 41 m of saturated Calico Hills penetrated by UE-25p#1 has a
transmissivity of about 0.5 mzlday. In contrast, Figure 4-5 {llustrates that
in drillhole UE-25b#1 the tuffaceous beds of Calico Hills yielded 32 percent of
the production during pumping of the entire hole (Lahoud et al., 1984). 1In the
vicinity of UE-25b#1, the unit is zeolitized which would indicate low matrix
hydraulic conductivity. Therefore, the relatively high values of hydraulic
conductivity as determined from in situ tests and reported in Table 4-1
probably are due to nearby normal faults or shear fractures (Waddell et al.,
1984).

The Prow Pass and Bullfrog Members of the Crater Flat Tuff are generally
considered to be similar in hydrologic properties. As shown on Figures 4-3 and
4-4, these units are commonly the most productive units penetrated by
drillholes in the vicinity of Yucca Mountain with their in situ bulk hydraulic
conductivity being largely controlled by fractures (Waddell et al., 1984). In
addition, Figure 4-5 {llustrates that nearby 68% of the total production from
drillhole UE-25b#1 originated in these two units.
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In situ (field) analyses

Laboratory analyses (coreg{
" Well

Transmis- Average Well Saturated matrix Matrix e or
Saturated T hydraulic or _ hydraulic conductivity porosit hole -
Stratigraphic Typleal thickness ":‘t’ conductivity  hole Reler o. of Ho. "o  anal- Relerd
unit character (») {n"/d) (n/d) tested ence s/d samples % samples yszed ence
Topopsh Moderately 167 120 0.7 J13 7 M0 to2107) 5 4-33 5 113 7
Spring to densely 7x10_, to 5x10 18 6 -230 24 UB-25sft 1
Hesber welded tuff 8x10 1 12 1 UE-25L1 4
Tuffaceous Zeolitiged, 148 (82) 0.5 UE-25bf1 4  4x10"° to 3x107! 6 20 - 34 7  UR-25af1l 1}
beds of nonwelded
Calico tuff, vit-
fills ric tufl
Prow Pass  Nonwelded to 116 187 144 USYR-1 2 6x107} Lo Ixl0T) 3 28 - 20 3 useh1 6
MHember of moderately 135 160 { 1.1 t usw f-1 8 2:!0_' to lxlo-. 8 10 - 2% 12 UE-25a)1 1
Crater welded tuff 174 38 - 142 0.2-0.8 Usw n-4 0 6x10° to Ixl0 5 17 - 30 18 Uswy C. 4 )
Flat Tuff : 150 (65) 0.4 UB-25b41 4
11 14 0.1 UE-25pf1 23
Dullfrog Nonwelded to 125 0.8 , 0.006, USYM-1 6 3x107, to1x107] 10 10 - 34 o uswn1 8
Member densely 119 70 - 276" .0.6-2.3" -USW N-4 ° 2-10_‘ to lxlo_‘ 3 17 - 3 UB-25af1 1
of Crater welded tuff 150 (85) 0.4 UR-25bf1 4 2x107" to Bx10 2 4-27 a UsY G-4 5
FPlat Tulf 132 (7) 0.05 UE-25pft 3 .
Tran Nonwelded to 284 2x10"3 710%  uswma 6 4x107* wo axto™ 0 18- 26 o uswp-l1 6
Heaber moderately as4 0.7 t 0.002‘ usy n-3 8
ol Crater welded ash- 352 70 - 276 0.2-0.8 Usw -4 ]
Flat Tull flow and 183 (3.3) 0.02 UE-25pf1 3
. bedded ,
tulfs
Lithic Ridge Partially 504 0.001  2:1073  USWH-1 8 exi0 P o0t 2 9 -7 2 USYH-1 6
Tuf{ and welded ash- 110 0.1 I1x10 usy -3 8 :
older fall tufls an >10 >0.03 UB-25pf1 3

tuffs

01-%
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In sity (field) analyses Laboratory analyaes (corgg}
Well
o 4 Trlns-i:- hA;ert%z Well Saturated matrix Matrix e or
aturate ydraulie or hydraulic conductivity porositly hole
Stratigraphic Typieal thickness 'i;i" conductivityc hole Refer- Ro. ol o. of anal- leler;
unit character (») (m" /d) (m/d) tested ence =/d sanples X sanples ysed ence
Lone Moun- Carbonate 561 108 0.2 UB-25pf1 3
tain Dole- rocks
mite and Paleo-
Roberts soic age
Mountain (lower)
Formatjion carbonate
aquifer of
Yinograd and
Thordarson,
1076)

11-%

% nterpretive onalyses from In- sltu testing at some drillholes are not completed yet, Including those from
driltholes USW C~4, USW H-6, and UE-25¢#1,2,3.
bDerrmlnod from pumping tests, borehole—flow surveys, and slug-injectlion tests; parentheses Indicate
approximate vaiue because reported values reflect more than one stratigraphic unit. See references clted
for details of Individual drillholes tested.
€obtained by dividing transmiesivity be saturated thickness, which In some cases may not agree with values
reported In the cited reference. Productive zonea are typically thin, fractured Intervals rather than a
generally-unliform rock matrix; therefore, the porous-media concept of hydraullc conductivity is not
necessarily appropriate.
1, Anderson (1981); 2, Barr (1983); 3, Cralg and Robison (1984): 4, Lahoud et al. (1984); 5, Peters ot al.
1984); 6, Rush ot al. (9184); 7, Thordarson (1983); 8, Thordarson et al. (1984); 9, Whitfield et al.
1983).
®Chapter 2 - of the CDSCP Geoengineering.
fLower value based on straight-line method of pumping-test analysls; higher value based on Thels~recovery
method (see Whitfleld ot al. (1983).




Subtask 1.4 Conceptual Model Evaluation
WWL #4001 4-12 October 17, 1988

The DOE considers the Tram Member of the Crater Flat Tuff generally to be
much less permeable than any of the overlying saturated units. As an example,
at drill hole UE-25b#1, the Tram yielded no measurable production during
pumping of the entire hole (see Figure 4-5; Lahoud et al., 1984). (The deepest
productive zone included the zeolitized bedded and reworked unit at the base of
the Bullfrog Member and produced 30 percent of the water from UE-256#1). In
addition, the total transmissivity at drillhole USW H-3 is only about 1 mzld,
virtually all of it from the Tram Member (Thordarson et al., 1985). Drillhole
USW H-3 is 1located on the western edge of the repository block in an area
relatively undisturbed by fracturing and faulting and where the Topopah Spring
Member, tuffaceous beds of Calico Hills, Prow Pass Member, and most of the
Bulifrog Member are unsaturated. However, an exception occurs at drillhole USW
G-4, where about 98 percent of the water production was from the Tram Member.
Table 4-1 shows that hydraulic conductivity for the Tram Member is as low as 7
X 10"6 m/d (drillhole USW H-1) and as high as 0.2 to 0.8 m/d (drillhole USW H-
4).1

Hydraulic conductivity of Tertiary rocks older than the Crater Flat Tuff
ranges from about 2 x 10'6 to 3 x 10'2 m/d (Table 4-1). Pre-Tertiary age rocks
have been penetrated in only one drillhole in the vicinity of Yucca Mountain,
at drillhole UE-25p#1 (see Figure 4-1), where Paleozoic carbonate rocks of the
Lone Mountain Dolomite and Roberts Mountains Formation were observed (Craig and
Robison, 1984). They reported an average hydraulic conductivity value of 0.2
m/day.

Porous-media solutions were used in calculations of bulk values of in situ
transmissivity and hydraulic conductivity shown in Table 4-1 (in which
transmissivity for individual stratigraphic units ranges from 0.001 to 276
mé/day and hydraulic conductivity ranges from 2 x 1075 to 2.3 m/day). Where
appropriate, data will be reevaluated by the DOE as outlined in the CDSCP using
alternative approaches, such as those based on fracture-flow concepts.

1HWL Comment - Transmissivity Differences

The DOE has pointed out that there are significant differences in the
transmissivity within the same units between different wellbores. The reason
presented for these differences are (1) the fractures become "closed" at
greater stratigraphic depth, and (2) the units at some drillholes are not as
fractured. Further work is needed to understand the mechanisms which cause the
transmissivity differences. In addition, the implications (if any) this
phenomena has on the unsaturated units should be investigated.
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In situ values of parameters such as transmissivity or hydraulic
conductivity were determined from single-hole tests, the limitations of which
are recognized by the DOE. Observations holes were not used because none were
close enough to show responses that would be separable from normal background
variations due to earth tides and barometric affects. However, Moench (1984)
evaluated responses from an observation hole, 100 m from UE-25b#1 with a
double-porosity conceptual model. Moench (1984) concluded that fracture skin
may be important and calculated fracture system hydraulic conductivity to be
about 10'5 m/s and block system hydraulic conductivity to be about 2 x 10'6
m/s. As the precision of water-level measurements is increased, aquifer tests
that include responses in observation holes at substantial distances from the
pumped well may be feasible. Plans for these tests are outlined in the CDSCP.

4.2.2 Hydraulic Conductivity with Respect to Fractures
The importance of flow in fractures is indicated by two 1ines of evidence:

(1) Hydraulic conductivity of the matrix, as measured on cores
and by packer tests of nonproductive parts of drill holes,
is much lower than in situ conductivity measurements in
productive parts of the drill holes.

(2) Productive zones, as determined by borehole-flow and
temperature surveys performed during pumping tests,
correlate with fracture zones determined from televiewer
and caliper logs.

Preliminary interpretations indicate that conductivities of fractures are
several orders of magnitude greater than matrix conductivities. In addition,
fractures at Yucca Mountain have preferred orientations (Scott et al., 1983).
Therefore, a high degree of anisotropy, with respect to hydraulic conductivity,
probably also exists.

Two sets of faults and fractures are currently believed to be present at
Yucca Mountain (Scott et al., 1983). The first set strikes north-northwest and
the second strikes north-northeast. Both sets dip steeply to the west. The
minimum compressive stress is coincident with the regional direction of
tectonic extension (Carr, 1974) which is oriented N. 50 to 60 degrees W.
Therefore, fractures with these orientations may tend to be closed by tectonic
stresses and fractures with orientations of N. 30 to 40 degrees E. may tend to
be more open. The DOE recognizes that this may cause the system to be
hydraulically anisotropic because the north-northeast-striking fracture set may
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be more transmissive. Multiple well hydraulic tests in the vicinity of
drillhole UE-25c#1 are planned by the DOE in the site characterization process
to test the hypothesis that fracture orientation may tend to control the
direction or rate of ground-water flow.z

Preliminary 1interpretation of the anisotropy has been performed by
Erickson and Waddell (1985) using fracture frequency and orientation data from
drillhole USW H-4. They calculated the probable shape and orientation of the
hydraulic-conductivity ellipsoid at that site and determined that the plane
containing the two larger principal axes strikes northeast and is nearly
vertical. They concluded that the hydraulic conductivity in this plane is 5 to
7 times that of the smallest principal hydraulic conductivity.

Other controls on fracture density are not clear. Besides being a
function of rock type, fracture density is a function of structural setting. A
zone of increased fracturing and faulting on the southeastern and eastern sides
of Yucca Mountain has been mapped (Scott and Bonk, 1984). Another feature
evident from surface mapping is that fracture density decreases in the northern
part of Yucca Mountain, where displacement and number of faults are less than
in the southern part. Fracture density is presumed to increase near faults of
large displacement and a corresponding increase in local bulk hydraulic
conductivity could be expected. Plans to examine this hypothesis are presented
in the CDSCP.

Analogies to the flow regime at Yucca Mountain have been investigated at
other locations at the NTS as part of the nuclear bomb testing program.
Claassen and White (1979) studied the possible extent of fracture control on
the Rainier Mesa groundwater system and concluded that the hydraulic
characteristics of the Paintbrush Tuff are controlled by secondary (fracture)
porosity. Blankennagel and Weir (1973) observed that welded tuff and rhyolite

2USGS Comment - Multiple Well Tests (p. 180).

The DOE states on page 8.3.1.2-295 of the CDSCP that although single well
tests are useful for determining aquifer properties on a local scale, multiple
well test will be required to understand the nature and areal distribution of
bulk aquifer properties. However, even the proposed multiwell tests are at a
scale which is minute compared with the travel distance form the repository to
the 'accessible environment'. Thus multiple well testing may shed 1ittle light
on the large-scale flow and transport of which understanding is required to
satisfy design criteria. In particular, measurement of local dispersion
coefficients with tracer tests will 1ikely give values unrelated to dispersion
at the large scale of the design criteria.
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have higher permeabilities than nonwelded or bedded tuffs through extensive
hydrologic testing of rocks beneath Pahute Mesa. Hydraulic conductivity
measurements in test holes beneath Pahute Mesa are shown on Figure 4-6. Welded
tuffs and rhyolite lavas are brittle and fracture readily. Nonwelded and
bedded tuffs commonly contain fractures, but the fracture systems generally are
less extensive. Interconnection of some fractures in welded tuffs, both
beneath Pahute Mesa and Yucca Mountain, was demonstrated by hydrologic tests in
holes that included slug-injection or withdrawals of water of isolated depth
intervals, pumping tests, and borehole-flow surveys to determine fntervals that
yield water. These tests indicated that the volumes of water removed during
pumping tests are many times the volumes of the fractures near the drill holes
(Blankennagel and Weir, 1973; Rush et al., 1984), which may indicate that these
fractures are connected to more distant ones, although there may also be some
contribution from the rock matrix.

Hydraulic conductivity of tuffs may decrease with 1increasing depth.
However, welded tuffs are generally less conductive than rhyolites at the same
depth (Waddell et al., 1984). At greater depths, formation of minerals in
fractures (commonly clays, silica, calcite, zeolites, or iron and manganese
oxides) or closing of fractures because of greater lithostatic stresses tend to
decrease the aperture of fractures. Rush et al. (1984) show that, in drillhole
US¥ H-1, bulk hydraulic conductivity (determined from pumping tests) 1is
substantially greater than matrix hydraulic conductivity (determined from
cores) for the shallower rocks, but at greater depths the bulk and matrix
hydraulic conductivity are approximately equivalent. They concluded that there
may be no fracture flow below a depth of 790 m in rocks penetrated by drillhole
USW H-1 because the greater overburden pressure decreases fracture porosity.
However, the DOE does not know if these conditions prevail throughout the Yucca
Mountain area.

The DOE concluded that vertical and horizontal {interconnectivity of
fractures was demonstrated by a pumping test of drillhole UE-25b#1, which was
pumped for 29 days at about 12 L/s from the interval 853 to 914 m (lower
Bullfrog to upper Tram Member). A sodium bromide tracer was placed in
drillhole UE-25a#1, which is 107 m away from drillhole UE-25b#1 and is open to
the formation from the water level (470 m) to total depth of 762 m (tuffaceous
beds of Calico Hills to upper Bullfrog Member). Breakthrough of the tracer 1in
UE-25b#1 occurred in two days, and above-background concentrations continued
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for the next 26 days of pumping (Waddell, 1984; Waddell et al., 1984) (see
footnote number 1).

The DOE has concluded that knowledge of the role of fractures 1in
controlling paths and velocities of groundwater flow at Yucca Mountain is as
yet insufficient to characterize the flow system adequately. A further
understanding is also needed of the applicability of the concepts of porous-
media equivalents for describing the flow system. Improved understanding of
these factors is expected to come from planned tracer tests at Yucca Mountain,
as presented in the CDSCP.

The dip of most fractures is very steep, and drillholes are nearly
vertical. Therefore, a statistically significant number of fractures are not
1ikely to be intercepted by a vertical drilling program of reasonable design.
The DOE believes that this bias will be better understood through data gathered
from horizontal boreholes extending off the exploratory shaft.3

4.2.3 Porosity and Storage Coefficients

Laboratory results of porosity testing on cores are shown in Table 4-1.
Porosities reported by Anderson (1981) and by Thordarson (1983) were determined
by water-saturation techniques while the values reported by Lahoud et al.
(1984) and Rush et al. (1984) were estimated with helium pycnometer methods.
Lahoud et al. (1984) and Rush et al. (1985) reported generally similar values
for porosity calculated from dry-bulk and grain densities.

Erickson and Waddell (1985) determined that fracture porosity at drillhole
USW H-4 1s 1074 to 1 x 1073 by using a method that involves calculating
equivalent fracture apertures. They concluded that, if most water moves
through fracture rather than the rock matrix, fracture porosity approximates
effective porosity. Although results from single-hole tests are not
necessarily reliable, Rush et al. (1984) used slug-injection tests to estimate
storage coefficients that range from 2 x 103 to 6 x 1076 among the
stratigraphic units penetrated at drillhole USW H-1. Using the same data from

3NWL Comment - Fracture Frequency and Orientation

It should be pointed out that the horizontal boreholes and the shafts will
be in the unsaturated zone. In addition, these holes and shaft will primarily
be in the Topopah Springs unit. The units below the Topopah Springs therefore
may not be adequately sampled as to the fracture frequency and orfentation.
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drillhole USW H-1, Barr (1985) calculated values for storativity (storage
coefficient) that are about an order of magnitude lower.

Based on breakthrough of a tracer placed in drillhole UE-25a#1 while
drillhole UE-25b#1 was being pumped, Waddell (1984) estimated effective
porosity between two drill sites to be on the order of 1 x 1074 to 1 x 1073,
various hydraulic tests are planned by the DOE in the vicinity of drillholes
UE-25c#1, UE-25c#2, and UE-25¢#3 to obtain more values for effective porosity
and storage coefficients that will give a range of values that may be expected
in the vicinity of the Yucca Mountain site.

4.3 GROUNDWATER FLOW MECHANISMS

The proposed repository horizon at Yucca Mountain 1is within the
unsaturated Topopah Springs unit about 250 meters above the water table and
ranging from about 80 meters to 140 meters above the underlying Calico Hills
unit. The DOE states that the most credible pathway for 1iquid-water movement
(and hence, radionuclide movement) from the repository horizon enroute to the
accessible environment (located beyond 5 km from the outer boundary of the
repository underground facility) depends to a large extent on the flow
mechanisms within the Topopah Spring unit. The DOE currently believes liquid-
water movement to be restricted to the matrix of the TSw unit and therefore
will tend to be directed vertically downward. This vertical flow would then
continue through the CHn unit to the water table. If this scenario is correct,
then the 1ikely path of a radionuclide entering the site saturated zone begins
at the vertical footprint of the repository horizon on the underlying phreatic
surface.

In the saturated zone, differences in potentiometric levels 1indicate
general directions of groundwater flow. In general, groundwater flow beneath
Yucca Mountain probably is southward through the site and then southeastward
away from the site into the Fortymile Wash area. Because of the nearly flat
potentiometric surface under parts of Yucca Mountain, and the uncertainty about
the degree of anisotropy, specific flowpath directions are currently difficult
to define. Therefore, the DOE has planned additional water-table holes and
extensive multiple-well and single-well tracer tests to help define anisotropy,
hydraulic connections, and probable flow paths in the saturated zone. Plans
for these tests are outlined in the CDSCP.
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The upward component of groundwater flow that is indicated by higher heads
in the deeper part of the saturated zone may be the result of the position of
Yucca Mountain within the regional groundwater flow system. Simple models of
groundwater basins consist of an area where recharge occurs (vertical flow 1is
downward) and where discharge occurs (vertical flow is upward). Figure 4-7
illustrates that higher head can be observed at depth at Yucca Mountain, as
indicated by the lines of force. In intermediate areas, flow is transitional
from downward, to strictly horizontal, to upward (Figure 4-7). Although the
Alkali Flat-Furnace Creek Ranch subbasin (of which Yucca Mountain is a part) is
not simple, these concepts generally apply. Thus, Yucca Mountain may be in an
area where local vertical flow can be either up or down (Waddell et al., 1984).
Erickson and Waddell (1985) observed slight upward and downward movement among
different intervals of the same drillhole (USW H-4). This upward and downward
movement may also be due to differences in horizontal and vertical hydraulic
conductivity beneath Yucca Mountain.

4.4 BOUNDARY CONDITIONS
4.4.1 Potentiometric Levels

A network of 27 test holes from which water level measurements of the
saturated zone are obtained currently exists in the vicinity of Yucca Mountain
as shown on Figure 4-8. Ten of the holes are monitored continuously and the
remainder are measured periodically. Those being measured periodically are
being converted to continuous monitoring. At least eight additional water
table drill holes are planned by the DOE for future drilling to further define
the gradient of the potentiometric surface. Based on available data, the DOE
concludes that seasonal variations in water levels probably are a fraction of a
meter, and no long-term trends have been discerned yet.

The monitored sites (most of those shown on Figure 4-8 are part of the
monitoring program) include two geologic test holes, which were drilled as deep
as 1,800 m to obtain data on 1ithology and stratigraphy; seven hydrologic test
holes, in which pumping and other tests were performed to determine hydraulic
characteristics of the formations, and 14 water-table holes, which were planned
to penetrate the water table only a minimum amount. The water-table holes are
aerfally distributed to enable definition of the potentiometric surface at
Yucca Mountain so that gradients and probable flow paths can be determined.
The DOE has pointed out that the planned principal purpose of the drillholes
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now being observed was not for baseline monitoring and there was no formal
selection process for their locations or depths. However, they are situated
for general coverage of the upper part of the saturated zone. The construction
of the geologic and hydrologic series of test holes was such that the first
early measurements of head were composites. These composite heads reflect
averages of all the members of the Paintbrush and Crater Flat Tuffs that were
penetrated below the water table.

At Yucca Mountain, high accuracy and precision are needed in the
measurement of water levels in wells. This accuracy and precision are required
as in parts of the area the water table is nearly flat and calculation of the
gradient is sensitive to small errors in water-level measurements. The DOE
states that for comparison of levels among wells, true depths must be
calculated, which involves a correction for hole deviation from vertical.

Measured head values used to construct the saturated zone potentiometric
map (Figure 4-8) are mostly composite heads, reflecting heads similar to those
in the zones of higher transmissivity. The figure was modified from Robison
(1986), the most recent source of published data. However, the figure contains
revisions based on resurveying in 1984 of land-surface altitudes at most of the
well sites. The water levels range in altitude from about 1,030 to 730 m above
sea level and generally represent water-table or unconfined conditions.

The potentiometric surface in the Yucca Mountain area occurs principally
in members of the Paintbrush Tuff and underlying Crater Flat Tuff (the geologic
units, not the hydrostratigraphic units defined for the unsaturated hydrologic
zone). The slope of the potentiometric surface at Yucca Mountain, based on
gradients indicated by the contours, {is south to southeast, similar to the
regional topographic slope.

The gradient in the north 1s relatively steep compared with that in the
south. Water-level altitudes in Figure 4-8 are highest to the north at
drillholes USW G-2 and UE-25 WT#6. It is not known whether the southward slope
toward drillhole USW H-1 is uniform, or if there are abrupt flections. The
cause for this steep slope is not yet known by the DOE. One possibilities that
the southward movement of groundwater is {inhibited in this area by a low-
permeability formation, such as the tuffaceous beds of Calico Hills, or by a
fault or other unknown structural control. Test drilling to resolve these and
possibie alternate hypotheses 1s presented in the CDSCP.
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West of the crest of Yucca Mountain, in drillholes USW H-6, USW WT-7, and
USW WT-10 and also in USW H-5 on the crest, the water levels are about 775 m
above sea level. Water levels are as much as 45 m lower at drillholes USW G-3
and USW H-3, just east of drillhole USW WT-7. A fault in Solitario Canyon may
itself be poorly permeable and restrict eastward movement of groundwater, or
the fault may Jjuxtapose permeable zones against less permeable zones and
thereby restrict movement. Pumping tests in existing or proposed drillholes
are expected to be used by the DOE to determine the hydraulic effects of the
fault.t

From the eastern edge and southern end of Yucca Mountain to western
Jackass Flats, the potentiometric surface ranges from about 728 to 720 m 1in
altitude with a general southeastward slope (Figure 4-8 and Robison, 1986). As
previously stated, significant vertical hydraulic gradients have been observed
by the DOE in only a few drillholes. 1In drillhole UE-25p#1, the head in
Paleozoic carbonate rocks that occur below a depth of 1.2 km is about 19 m
higher than that observed in the shallow zone. In drillhole USW H-1 the head
is about 54 m higher in the older tuffs of Tertiary age, at a depth of 1.8 km.
Preliminary data from drillhole USW H-3 suggest that the head below 0.8 km
(Tram Member of Crater Flat Tuff) is about 40 m higher. These higher heads
occur only within or below intervals of low permeability. Semipermanent
packers are installed in lower sections of several drillholes (UE-25b#1, USW H-
3, USW H-4, USW H-5, and USW H-6) to enable comparison of water levels above
and below the packers. Except in drillhole USW H-3, vertical differences of
head within the Paintbrush and Crater Flat tuffs have been less than a meter.

Hydrographs of water-level data have not been presented by the DOE. The
DOE states that groundwater levels are not expected to show short-term or
seasonal fluctuations that can be correlated with precipitation. The DOE
believes there will be no fluctuations because of extremely low rates of net

4NRC Comment #13 - Site Saturated Zone Groundwater Flow System - (p. 25)

Activities presented for the study - Characterization of the Site
Saturated Zone Groundwater Flow System - do not appear to be adequate for
characterizing saturated zone hydrologic boundary conditions, flow directions
and magnitudes. The study to characterize the saturated zone should contain
activities for addressing the influence of faults within and east of the
repository block on flow directions and magnitudes. In addition, the study
should be integrated with the geophysical program and the systematic drilling
program for geologic characterization.
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infiltration and recharge attributable to local precipitation, the great depths
to the water table, and groundwater travel times through the unsaturated zone
that may be many thousands of years.

4.4.2 Recharge, Discharge, and Leakage

The DOE has estimated recharge to the saturated zone and the deep aquifers
within the region surrounding Yucca Mountain. As at all sites, the actual
value of recharge at Yucca Mountain depends on site-specific, local
microclimatic, soil, vegetative, topographic, and hydrogeologic conditions.
Wilson (1985) reviewed available site and regional hydrogeologic data in order
to set conservative upper limits on the present, net vertically downward
moisture flux below the repository horizon at Yucca Mountain and on the present
rate of net recharge to the saturated zone in the vicinity of Yucca Mountain.
Wilson (1985) concluded (1) that the liquid-water percolation flux, directed
vertically downward in the matrix of the TSw unit below the repository horizon,
probably is less than 0.2 mm/yr and (2) that the aerially averaged rate of net
recharge to the saturated zone in the vicinity of Yucca Mountain probably is
less than 0.5 mm/yr. Wilson (1985) considered a number of processes, such as
upward water-vapor flow in the fractures of the TSw unit at the repository
horizon. However, the DOE has concluded that these upper bounds on percolation
and recharge fluxes must be regarded as preliminary estimates which have as-
yet-unknown 1imits of uncertainty. These estimates are expected to be refined
using data obtained from borehole monitoring of ambient hydrologic conditions
within the unsaturated zone, from the surface-based infiltration experiments,
and from the in situ measurements and experiments within the exploratory shaft,
as described in the CDSCP.

4.5 GROUNDWATER TRAVEL TIME

Issue 1.6 of the 1issues hierarchy addresses the performance objective
defined in 10 CFR 60.113(a)(2): *The geologic repository shall be located so
that pre-waste-emplacement groundwater travel time along the fastest path of
11ikely radionuclide travel from the disturbed zone to the accessible
environment shall be at least 1,000 years...". Based on the proposed
amendments (NRC, 1986a) to 10 CFR Part 60, the accessible environment 1s
located beyond 5 km from the outer boundary of the repository underground
facility. The following discusston addresses this issue, focusing on that
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portion of the hydrogeologic system extending from the surface of the water
table beneath the repository to the accessible environment. The pre-waste-
emplacement groundwater travel time from the disturbed zone to the water table
was discussed in Chapter 3. 4

The components of the saturated pathway which must be considered include:
(1) the hydraulic'properties of the formations through which the water will
flow; (2) the present hydrologic conditions in the vicinity of the proposed
repository; and (3) the locations and lengths of the flow paths between the
disturbed zone and the accessible environment. The DOE states that the data
and finformation required to assess the influences of these components on
groundwater velocity and travel times are presently l1imited and will be
supplemented by hydrologic investigations discussed in the CDSCP. Therefore,
these are preliminary estimates of groundwater velocities and travel times.

Figure 4-9 presents the current conceptual model of the groundwater flow
system at Yucca Mountain. This model considers water moving downward beneath
the repository in the unsaturated zone until it reaches the water table. Once
it reaches the water table, the flow in the saturated zone 1is generally
horizontal to the accessible environment in a direction controlled by both the
hydraulic gradient and the properties of the fractured medium. The DOE expects
that some directional variability of groundwater flow may be 1induced by the
anisotropy of the fractured rock matrix. The travel time estimates presented
below are based on these concepts. As more data becomes available to the DOE
and understanding of the system improves, the model will be modified, and the
resulting travel time estimates adjusted accordingly.

4.5.1 Travel Time Estimates in the Saturated Zone

For the saturated zone, the DOE assumes that the flow path extends from
the eastern edge of the primary repository area southeastward for 5 km to the
accessible environment (see Figures 4-8 and 4-9) through the tuffaceous beds of
Calico Hills and the welded Topopah Spring Member or the welded Crater Flat
Tuff (Prow Pass or Bullfrog Member). Estimates for groundwater travel times
along this travel path have been made using the following assumptions (DOE,
1986):

1. Darcian flow applies;

2. Flow paths are parallel to the hydraulic gradient and are nearly
horizontal;
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3. The water-level measurements shown in Figure 4-8 (Robison, 1986)
provide a reasonable estimate for the hydraulic gradient along
the flow path;

4. The system is 1isotropic within each unit, and hydraulic
conductivity values obtained from hydraulic tests of wells in
the southeastern part of the Yucca Mountain area are
representative of the values along the flow path; and

5. Calculated effective porosities from Sinnock et al. (1984) are
of a magnitude that will tend to result in minimum travel times
calculated for flow in the saturated tuffaceous beds of Calico
Hills.

The hydraulic gradient has been estimated using water-level altitudes of
730.4 m at drillhole UE-25b#1 and 728.3 m at well J-13. An examination of the
data for well UE-25p#1 (Craig and Robison, 1984) suggests that the water table
is located approximately at the interface between the Calico Hills and the
Topopah Spring units at this point (approximately 3,000 m from both the edge of
the repository and well J-13). Using the principle of conservation of mass,
hydraulic gradients have been estimated for each of the units as shown in Table
4-2. The DOE considers that uncertainties in these estimates include the
following components:

(1) Mith very low gradients, small errors in the measurements of
water levels can have significant effects on the value of the
gradient;

(2) The measured water level at well J-13 could be expected to be
lower than the static water level because of pumping, thereby
resulting in a steeper estimated gradient; and

(3) Vertical components of flow may be present.

Because vertical flow would have the effect of lengthening the flow path, the
assumption of horizontal flow probably is conservative, although Waddell et al.
(1984) indicate the controls on vertical and horizontal flow at Yucca Mountain
are variable and generally unknown.

Table 4-2 shows these values and provides estimates for travel times
through the Calico Hills and the Topopah Springs units. On the basis of these
estimates, the cumulative travel time through the saturated zone is about 172
yr. This value is different from that presented in DOE (1986), due to the use
of well UE-25b#1 instead of USW H-4; the former was chosen in this analysis as
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TABLE 4-2
ESTIMATES FOR GROUNDWATER TRAVEL TIMES THROUGH THE SATURATED ZONE

Unit

Parameter Tuffaceous beds Topopah
of Calico Hills Spring Member

Length of path (m) 3,000 2,000
Hydraulic conductivity (m/hr)2 69 365
Hydraulic gradient? 5.9 x 1074 1.1 x 1074
Darcy velocity (m/yr)® 4.1 x 1072 4.0 x 1072
Calculated bulk effgctive -4 -3
fracture porosity 4 x 10 2.8 x 10

Particle velocity (m/yr)® 103 14

Travel time (yr)f 29 143

aH_ydraulic conductivity for Calico Hills from Lahoud et al. (1984)
and Thordarson (1983); Topopah Spring from Thordarson (1983).

bBased on water levels at drillhole UE-25 b#1 and at well J-13 (see
Figure 4-8). The estimates for the hydraulic gradient for each of
the units has been based on conservation of mass between drillhole
UE-25b#1 and well J-13.

cDarcy velocity = (hydraulic conductivity) x (hydraulic gradient).

dData from Sinnock et al. (1984).

€particie velocity = (Darcy velocity)/(bulk effective porosity).

Trravel time = (1ength of path)/(particle velocity).
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being more representative of regional trends in the hydraulic gradient (Figure
4-8).

The DOE believes this estimate of travel time to be conservative, based on
the assumptfons mentioned above and on the fracture effective porosities
reported by Sinnock et al. (1984). These effective porosities were calculated
by multiplying the fracture density from Scott et al. (1983) by the effective
aperture calculated from a relationship provided by Freeze and Cherry (1979).
The resulting effective porosities are considered to be reasonable estimates
for fracture flow in the saturated zone. However, empirical estimates of
saturated effective porosity for both matrix and fracture flow range from 8 to
12 percent for the Topopah Spring welded unit (Sinnock et al., 1984); 2.7 to
8.7 percent for Topopah Spring Member (Thordarson, 1983); and 20 to 30 percent
for the Calico Hills vitric unit (Sinnock et al., 1984). Use of more realistic
(1ess conservative) values of effective porosity would be 1ikely to lead to a
saturated groundwater travel time at 1least ten times greater (i.e.,
approximately 1,700 yr) than that indicated by Table 4-2.

4.5.2 Factors Affecting Travel Times and Flow Paths

The groundwater travel times estimated for the saturated and unsaturated
zones at Yucca Mountain are presently based on Darcy's law and Richards'®
equation, respectively. However, the DOE believes that groundwater flow
through fractured unsaturated media 1is in fact dominated by the matrix
hydraulic conductivity. Water moving through a fractured system may travel
into and out of the matrix from the fractures as it moves down gradient (DOE,
1986). This is due to the differences in matrix, osmotic, thermal, and
pressure potentials across the fracture-matrix interface. This leads to a
lengthening of the groundwater travel path for individual groundwater
molecules, thereby increasing groundwater travel times.

Other factors may affect groundwater travel time, including the existence
of faults or impermeable zones along the travel path, the vertical movement of
water in the saturated zone, and the upward movement of mojsture in the
unsaturated zone. The DOE {s uncertain whether some or all of these mechanisms
exist along the travel path at this time. Efforts will be made during site
characterization to determine the existence of these and other features and
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also to estimate the effect of these on pre-waste-emplacement groundwater
travel times.>

The possible effects of thermal gradients on the groundwater flow system
at Yucca Mountain are also unknown to the DOE at this time. However, as
described in Chapter 2, 1ittle information exists on thermal gradients in the
saturated zone. The information available is from isolated locations that give
11ttle indication of the thermal gradient in the vicinity of Yucca Mountain.
Such information will be collected during site characterization, and its effect
on the groundwater flow system will be evaluated at that time.

4.5.3 Groundwater Flow Modeling Results

Groundwater flow modeling studies of the saturated zone at Yucca Mountain
and vicinity have been conducted by Waddell (1982), Czarnecki and Waddell
(1984), Rice (1984), and Czarnecki (1985). These two-dimensional models have
considerable areal varjation in hydrologic properties, but vertically combine
the properties of hydrogeologic units. Results from a three-dimensional
steady-state groundwater flow model as outlined in the CDSCP will be used to
gain a better understanding of the flow system. The groundwater flow modeling
performed thus far has been only for regional and subregional saturated
systems.

The subregional model of Czarnecki and Waddell (1984) describes
groundwater flux through Yucca Mountain as part of the overall subregional
flow. At this level of discretization, adequate resolution of the flow beneath
Yucca Mountain 1s uncertain. However, results of this model showed that
vectors of simulated vertically-integrated groundwater flux vary in direction
from southeast to south, through and away from the Yucca Mountain repository

5USGS Comment - Overview of the Geohydrology Program (p. 178)

The DOE states within the CDSCP that "Hydrologic modeling produces the
velocity field essential for defining flow paths and computing ground water
travel time. Such modeling requires sufficiently detailed knowledge of the
hydrologic framework and the three-dimensional distribution of potential values
and conductivity properties.” A velocity field defined in this way only give
some mean picture of actual flow paths and values. Water seeks to flow in the
path where it loses least energy. Thus, a single preferred large scale flow
path from the repository to the accessible environment may be made up of a
series of connected and non-connected fractures and permeable zones with
internal velocities orders of magnitude greater than a local modeled average of
the area. Therefore, hydrologic modeling probably does not define velocities
and flow paths accurately enough to satisfy the design criteria.
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block, and have a magnitude of about 2 to 3 mzld. As stated in Chapter 2, this
is a unit flux. These model-derived fluxes result from a parameter-estimation
approach, in which an estimated transmissivity of 3,340 mzld was applied. This
value of transmissivity is somewhat greater than obtained from pumping tests,
however, it is not outside the expected range of agreement.

4.5.4 Hydrochemistry of the Saturated Zone

Analyses of groundwater from drillholes that penetrate the host rock where
it 1s below the water table and surrounding units in the area of the
exploration block indicate that they are principally sodium bicarbonate water
(Benson et al., 1983; Ogard and Kerrisk, 1984) with low contents of total
dissolved solids (200 to 400 mg/L). However, water from the carbonate aquifer
(drillhole UE-25p#1) contains over 1000 mg/L total dissolved solids. These
results indicate that principle water chemistry is derived by reaction with
tuffaceous rocks (Waddell et al., 1984).

Tables 4-3 and 4-4 summarize the geochemical data reported on groundwater
samples from Yucca Mountain and its v1c1n1ty.6 The analytical techniques and
sampling procedures by which these data were obtained are reported by Ogard and
Kerrisk (1984). The locations of these wells are shown on Figure 4-10.

Figure 4-11 presents stiff diagrams of the major-ion data from six wells
on or immediately adjacent to the site, which sample water from the tuff
formations. The stiff diagrams 1illustrate that sodium bicarbonate water
prevails throughout the area.

6USGS Comment - Sampling of Water Table Wells (p. 118)

Activities delineated within the CDSCP propose drilling additional water
table (WT) holes and sampling existing WT boreholes. Chemical and isotopic
analyses are proposed for new holes after geophysical logging. These wells
(both existing and new) should be sampled for complete chemical and isotopic
analyses. This is an item that should be given extremely high priority, since
they provide the only presently available access to the unsaturated-saturated
zone boundary. In addition, the holes should be packed off a short distance
above the water table and pumped for gas sample collection. The gas samples
should be analyzed for composition and for C-13, C-14, deuterium, and 0-18.
The information gained would appear to be critical to establishing boundary
conditions for both unsaturated and saturated zone hydrochemical modeling.
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TABLE 4-3
ELEMENT CONCENTRATIONS IN GROUNDWATER FROM THE VICINITY OF YUCCA MOUNTAIN
b Field concentra?ions (ng/L) _
Yell pE Ca ¥g Na K Li Fe Mn Al Si
USW VE-1° 7.5 10 1.5 8 1.9 o0.090 -4 .. - 23
US¥ E-6 7.4 5.5 0.22 74 2.1 -0.10 0.12 0.04 0.12 20.0
US¥E-3 9.4 0.8 0.01 124 1.5 0.22 0.13 0.01 0.51 16.9
USWB-5 7.1 1.1 0.03 54 2.3 004 0.01 -- 0.17 17.4
USK G-4 7.1 9.2 0.5 56 2.5 0.08 0.0¢ 0.02 0.02 19.6
USW BE-1° 7.5 6.2 <0.1 51 1.6 0.04 -- -- - 19
USKE-4 7.4 10.8 O0.19 8 2.6 0.16 0.03 0.005 0.04 25.9
UE-25b§1 7.7 19.7 0.68 5 3.3 0.28 0.04 0.004 0.03 31.5
UE-25b#1° 7.2 18.4 0.68 4 2.5 0.30 0.69 0.36 0.04 28.7
vE-2sb21f 7.3 179 o0.66 37 3.0 0.17 0.08 0.07 0.06 28.8
" J-13 6.9 11.5 1.76 45 5.3 0.06 0.04 0.001 0.03 30.0
UE-29222 7.0 11.1 0.3¢ 51 1.2 0.10 0.05 0.03 0.04 25.8
J-12°¢ 7.1 14 2.1 38 51 - - - - 2
UE-25p£18 6.7 87.8 31.8 171 13.4 0.32 <0.1 <0.01° 0.1 30

3concentrations from Ogard and Kerrisk (1984) unless otherwise noted.

bsamples are integral water samples unless otherwise noted.
See Figure 4-10 for locations.

Cpata from Benson et al. (1983).

d--1nd1cates the element was not detected.

f

From dolomite aquifer.

€Bu11frog zone, 4th day of pumping.
Bullfrog zone, 28th day of pumping.

Al
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TABLE 4-4

ANION CONCENTRATIONS AND OTHER MEASUREMENTS FOR GROUNDWATER
FROM THE VICINITY OF YUCCA MOUNTAIN

Concentration™ (zg /L)

Well® F- c1” soZ” Ec0; N0 KO; O, Detergemt Eb°
uswvE-ld 27 11 44 187 - - - - -

USW E-6 4.1 7.7 27.5 -  --* 5.3 5.6 -+ - 395
USW E-3 5.4 8.3 312 245 <0.10 0.2 0.1  <0.02 -123
USKE-5 1.3 5.7 146 -- -- 8.6 6.3  0.005 353
USWG-4 2.4 5.5 157 -- - 55 6.4  -- 402
usk B¢ 10 58 19 122 - - - -
USK E-4 4.5 6.2 23.9 -- -- 4.7 5.8 32 216
UE-25b81 1.2 7.1 20.6 -- - 0.6 1.8 - 220
vE-2sbg1f 1.5 9.8 210 - 0.5 2.2 <o.1 2.7 -18
UE-25b318 1.2 6.6 203 -~ -- 45 1.8 0.02 160
3-13 2.1 6.4 181 143 - 10.1 5.7 - -
UE-2922  0.56 8.3 22.7 - - 18.7 5.7 - 305
J-12¢ 2.1 7.3.922 118 - - e - — .
E-2sp1® 3.5 37 129 698 - <01 - 0.2 360
@Concentrations from Ogard and Kerrisk (1984) unless otherwise noted.

bsamples are integral water samples unless otherwise noted.

See Figure 4-10 for locations.

d

CData from Benson et al. (1983).
--1nd1cates the element was not detected.

fBullfrog zone, 4th day of pumping.
Bullfrog zone, 28th day of pumping.
From dolomite aquifer.

All
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4.5.4.1 Isotopic Data of the Saturated Zone

Environmental {sotopic data are available for groundwater samples from
wells in the tuff aquifers beneath Yucca Mountain (Benson et al., 1983; Benson
and Mckinley, 1985). Both carbon-14 activity and “uncorrected, apparent
radiocarbon age" of the samples were reported. In areas where carbonate
minerals may contribute significant amounts of carbon, the DOE has stated that
it can be misleading to use these apparent ages in interpreting a flow system.
Therefore, such apparent ages, which can be off by more than a factor of two,
have been omitted in Table 4-5. Since corrected ages (determined by modeling
the finitial radiocarbon activity of the water; e.g., IAEA, 1983) are not
avajlable, only the sample activity measurements were used. The DOE considers
measured carbon-14 activities to be relatively homogeneous for an area this
size, particularly when accounting for sampling, sample preparation, and
analytical uncertainties. Table 4-5 presents results from samples obtained
from the two southernmost drillholes (USW H-3 and USW H-4). These have lower
carbon-14 content (mean value 11.1 percent modern carbon) than samples from the
other, more northerly drillhole (mean value 20.1 percent modern carbon). The
DOE believes that the significance of this difference cannot be fully assessed
without carbon-14 modeling. Nevertheless, groundwater residence times of the
southern samples may be on the order of 5,000 yr greater than the northern
samples. The DOE states that because significant amounts of carbonate minerals
do not occur in the tuff or {in tuffaceous valley fill with which these
groundwaters have come into contact, minimal radiocarbon dilution may have
occurred from such contact and apparent ages may be more realistic than at
other sites.

The & carbon-13 (6130) values may show a spatial variability similar to
those of the carbon-14. The values are consistent with recharge under very
poorly vegetated conditions. The 6130 value reported for sample USW H-3 fis
above the mean atmospheric value for carbon dioxide. The explanation of this
unusual phenomenon could shed 11ght on the differences in radiocarbon content
between this sample and the northern ones. The 6130 values below about -10
parts per thousand in dilute waters suggest that 1ittle carbonate rock/water
and soil gas/water exchange has occurred.

The DOE states that the three tritium values of <62 TU in Table 4-5 serve
only to indicate that no large amounts of bomb-test tritium have reached the
aquifer at those points. The other samples, which were analyzed by a more
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TABLE 4-5

ENVIRONMENTAL ISOTOPE DATA FOR GROUNDWATER SAMPLES FROM THE TUFF AQUIFERS

UNDER THE EXPLORATORY BLOCK AND ITS IMMEDIATE AREA®

Well Collection o ' g% . Mo nTo
designation date (o/oo SMOW)™ (o/oo SMOW) (o/oo PDD) (pmc) (TV)
UE-25b]1 08/07/81 -90.5 -13.4 -10.7 --8 --
UE-25hji1 00/09/81 -101.0 -13.4 -10.7 16.7 ¢62.0
UE-25bf1 07/20/82 -99.5 -13.5 -8.6 18.9 0.6
Usw ¢-4 12/09/82 -103.0 -13.8 -0.1 22.0 --
usw ft-1 10/20/80 -103.0 -13.4 - 19.9 <6.0
usw 11-1 12/08/80 -101.0 -13.5 -11.4 - 23.9 <6.0 JS
uUsw 11-3 03/14/84 - -101.0 -13.9 -4.9 10.5 0.6
USW 11-4 05/17/82 -104.0 -14.0 -7.4 11.8 ¢3.0
USW 11-5 07/03/82 -102.0 -13.6 -10.3 18.2 ¢62.0
USY 1I-5 07/26/82 -102.0 -13.6 -10.3 21.4 <62.0-

9Source: Benson and Mckinley (1885).

bwelt 1ocations Indlcated In Flgure 4-10,
¢503 and 6180 are reported In parts per thousand relatlive to Standard Mean Ocean Water (SMOW) standard.

d813¢ 14 reported In ports per thousand rejative to Poedes belemnite carbonate (PDB) standard,

140 activity is reported as a percent of the modern carbon (pmc) standard,
T T 1o reported In tritium units (TU),
9--indlicates no dota,
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sensitive method to give a more precise result, are consistent with trace
tritium contamination of samples of very old water (very old, in the context of
tritium dating implies several hundred years or more). Such contamination is
common and not unexpected at Yucca Mountain.

The deuterium and oxygen-18 data in Table 4-5 plot on and below the
meteoric 1ine of Craig (1961), occurring between a deuterium excess of +10
(mean continental meteoric water) to +5. Such a small deviation from the
world-wide average meteoric deuterium excess is within expected local
continental variation. The water is extremely depleted in heavy isotopes of
both oxygen and hydrogen, consistent with high altitude, cold (winter)
continental recharge or snow-melt. No evaporative enrichment or thermal
alteration is observed.

4.5.4.2 Hydrochemical Confirmation of Groundwater Behavior

This section presents information concerning hydrochemical evaluation of
the groundwater system and the question of whether the site will meet the
performance objective for pre-waste emplacement groundwater travel time as
required by 10 CFR 60.113(a)(2) (Issue 1.6). Summaries of the hydrochemical
characteristics of the water in the saturated zone in the Yucca Mountain area,
of the hydrochemical mechanisms controlling these characteristics, and of the
hydrochemical evidence for groundwater origin, aquifer mixing and groundwater
residence time are presented in Section 2.8 for the regional hydrogeoloegic
study area and in this section for the site saturated system. Only limited
data exist in the immediate vicinity of Yucca Mountain, and those data tend to
be mainly radiocarbon data.

Kerrisk (1987) has pointed out that at Yucca Mountain, gaseous CO2 from
the unsaturated zone may be added to or exchanged with the carbonate of the
saturated zone water. This process could lead to apparent ages that are
younger than the true ages of the water in the saturated zone.

An accurate knowledge of initial carbon-14 activity is less important 1in
calculating relative groundwater ages or velocities than it is in determining
absolute chronologies. Groundwater velocities can be estimated by dividing the
distance between two points along a hydrologic flow 1ine by the carbon-14 age
difference of the water at the two points. Consistent errors in estimating
initial activity tend to cancel, resulting in relative ages which are more
accurate than are the individual absolute ages. This 1is not the case when
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calculating the velocity of water to 2 point where the carbon-14 age is known
from the assumed point of present day recharge (absolute age zero). Mixing
(i.e., the two points are not actually on the same hydrodynamic flow line or
the 1ine has moved during the transit of the parcel of water) is also not
considered in this calcuiation. These two difficulties apply to the results of
Claassen (1985) who states, "For example, assume recharge near the head of
Fortymile Canyon occurred 17,000 years ago and flowed to the lower end of the
Canyon, where i1t is sampled. The velocity that is calculated, 7 m/yr, must be
a maximum. Because recharge may occur anywhere but not necessarily everywhere
along surface drainageways, no probably minimum velocity can be calculated.
The absence of water older than about (apparent age) 10,000 yr. B.P. even near
the head of Fortymile Canyon, would favor velocities slower than 4 m/yr.* The
planned use of initial carbon-14 modeling and relative dating along flow paths
to resolve apparent difficulties of interpretation is described by the DOE in
the CDSCP.

4.6 PALEOHYDROLOGY

A summary of the paleohydrology of the south-central Great Basin,
including Yucca Mountain, is presented in Section 2.9. In this section, the
discussfon 1s 1imited to those past and probably future hydrologic conditions
that may directly affect a repository at Yucca Mountain.

Bish and Vaniman (1985) noted that nonwelded glass occurs both above and
below the welded zone in the Topopah Spring Member of the Paintbrush Tuff.
Bish and Vaniman (1985) state "the lower nonwelded vitric zone thins and
disappears to the east where stratigraphic dip and structural displacements
bring the basal Topopah Spring glassy zone closer to the static-water level.
The vitric nonwelded material may have important paleohydrologic significance
because the preservation of open shards and pumice made of nonwelded glass 1is
rare below past water levels (Hoover, 1968)." Where present, the base of the
lower nonwelded vitric tuff occurs about 80 to 100 m above the present water
table. On the basis of mineralogy, Bish and Vaniman (1985) concluded, *The
only apparent change in phase assemblage near the water table in Yucca Mountain
is the alteration of vitric tuff of Calico Hills and lower Topopah Spring
Member." The observations by Bish and Yaniman (1985) suggest that past water
levels beneath Yucca Mountain may never have been more than 100 m higher than
the modern water levels.
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To help assess the implication in Bish and Vaniman (1985) that the lowest
position of vitric nonwelded tuff might be related to a stand of a paleo-water
table, the DOE has stated that a contour map of the base of the lower vitric
nonwelded tuff (in both the Topopah Spring Member and in the tuffaceous beds of
the Calico Hills) will be prepared and contrasted with the modern water table.
If such a contour map indicates (1) a relatively smooth surface at the base of
the vitric nonwelded tuff, (2) & surface that locally cross-cuts stratigraphic
horizons in the tuffs, and (3) a surface that climbs sharply to the north as
does the modern water table beneath Yucca Mounta1n7, then it is possible that
the porous nonwelded vitric tuffs have indeed been altered below a paleo-water
table, as suggested by Bish and Vaniman (1985). Such a contour map would then
presumably mark the stand of water table at the time or times of alteration of
the tuffs. The occurrence of such a stand probably could not be dated, -but
might have occurred several million years ago. Even in the absence of a date
for the alteration, the case of the nonwelded vitric tuff shown on Bish and
Vaniman's (1985) cross sections is tens of meters to more than 100 m below the
base of the proposed repository horizon. Thus, if the previously discussed
work demonstrates the likelihood of a relationship of the paleo-water table to
the lowest occurrence of vitric tuff, a possible maximum (though undated) water
table stand would have been identified that is significantly lower than the
repository horizon under consideration.

Czarnecki (1985) addressed the issue of possible past, and by implication,
future pluvial-related water table rises beneath Yucca Mountain with a two-
dimensional finite element groundwater flow model of the region. Czarnecki
(1985) calculated a maximum increase in water table altitude of about 130 m
beneath the site of the proposed repository. Inundation of any part of the
planned repository would require a water table rise of more than 200 m. His
analysis also suggests a past shortening by two-thirds of groundwater flow
paths from Yucca Mountain to discharge areas in the southern Amargosa Desert.
These discharge areas are still beyond the boundary of the accessible
environment.

7WWL Comment - Paleo-water Table

The DOE states that a contour map will be prepared to show the lower
vitric nonwelded tuff. This contour map will be used to determine possible
paleo-water table configurations. The surface defined in this contour map does
not necessarily need to mimic the present water table beneath Yucca Mountain.
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The DOE considers that the analysis by Czarnecki (1985) may be
conservative for several reasons. A 100-percent increase in precipitation
. during pluvial periods was assumed. This resulted in a 15-fold 1increase in
recharge from the modern rate (0.5 mm/yr) to about 8 mm/yr at Yucca Mountain.
Czarnecki (1985) acknowledges that this recharge value, which was derived from
the empirical Maxey-Eakin water-budget method, probably is high. Half of the
calculated recharge flux in the model was applied directly east of the proposed
repository site, along a segment of Fortymile Wash. This flux causes about
three-quarters of the computed water table rise of 130 m. Czarnecki (1985)
notes, however, that under a 100-percent increase 1in precipitation, large
quantities of runoff might flow away from the area down Fortymile Wash and
other drainageways. This would have the effect of decreasing the effective
groundwater recharge to much less than the calculated values (Czarnecki, 1985).

Other considerations were noted by Czarnecki (1985) that might have
resulted in a greater simulated water table rise. Recharge into Fortymile Wash
was limited to the main stream channel near Yucca Mountain. If recharge had
been included along the full length of Fortymile Wash and its distributors,
then a greater water table rise would have been simulated.

Simulated development of discharge areas southeast of the town of Amargosa
Valley helped to 1imit the water table rise beneath the primary repository
area. If this discharge were decreased because of the possiblie existence of
marsh deposits or eolian silts or because of a greatly decreased ratio of
vertical hydraulic conductivity to horizontal hydraulic conductivity, then the
simulated water table rise might be greater.

The model used by Czarnecki (1985) derived 1its parameters from a model
presented in Czarnecki and Waddell (1984), which assumed that the groundwater
system was in steady-state conditions. If the groundwater system was still
equilibrating to recharge that may have occurred 10,000 to 20,000 years before
present, then the values of transmissivity used in the model 1in Czarnecki
(1985) might be too high. Large transmissivities used-in recharge simulations
would produce less water table rise than if smaller transmissivities were used.
The DOE {is planning extensive investigation to better quantify the parameters
of the hydrologic system in the Yucca Mountain area. These parameters will be
used to model the hydrologic system more effectively and any variations induced
by climatic or tectonic changes. Plans for these studies are outlined in the
CDSCP.
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During pluvial periods of the Pleistocene, perched springs and seeps could
have occurred along the flanks of Yucca Mountain and these might have resulted
from recharge along the exposed up-dip portion of tuff units, with water moving
down-dip to discharge sites along the flank of the mountain. No conclusive
evidence for former springs has been observed, but additional investigations
are planned by the DOE in the CDSCP.

Deposits along fault zones may provide additional evidence for changed
hydrologic conditions. Along portions of the Bow Ridge fault, 1 km east of the
eastern boundary of the proposed repository, Trench 14 has exposed deposits of
carbonate, opal, and minor amounts of sepiolite (Vaniman et al., 1985; Taylor
and Huckins, 1986; Veogele, 1986a,b). The origin of these deposits is under
study, and the following hypotheses are being considered:

1. The deposits are the result of groundwater discharge along the fault, from
the deep regional flow system and reflect former higher water levels,
tectonic uplift of the deposits, or a combination of both.

2. The deposits are the result of discharge along the fault zone from a
shallow groundwater flow system along the flank of Yucca Mountain.

3. The deposits are shallow soil features that resulted from rain water that
moved downslope from the top of a nearby low hill, along the contact
between the soil zone and bedrock and accumulated at the fault zone. The
water would have evaporated slowly, leaving precipitates of the minerals
that were dissolved in the water.
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