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1  INTRODUCTION

Yucca Mountain, Nevada, has been studied for more than 20 years as a potential location for a
geologic repository for high-level nuclear waste.  Yucca Mountain is located approximately
160 km [100 mi] northwest of Las Vegas, Nevada, in an area with little rainfall and hot summers. 
The potential repository would be located in the thick unsaturated zone roughly 250 m [825 ft]
above the current water table, with even greater thicknesses of unsaturated rock overlying the
repository horizon.  The thick unsaturated zone and the anticipated small net infiltration rates for
the climatic conditions during the compliance period were desirable features in selecting the
potential site.  Assessments of the potential performance of the repository indicate that water
fluxes contacting waste can strongly influence repository performance (NRC, 2004).  The
importance of water fluxes on performance is evidenced by the significance of performance
features such as waste package longevity and the distribution and magnitude of seepage fluxes
into drifts.  Since net infiltration is the ultimate source of water at the repository horizon, the
amount and distribution of net infiltration above the repository footprint in turn strongly
influences potential repository performance in performance assessments (e.g., NRC, 2004).

Net infiltration, mean annual infiltration, deep percolation, and recharge are terms that are often
used interchangeably.  Net infiltration and mean annual infiltration are synonymous, referring to
the net fluxes passing below the zone of active evapotranspiration, and are most readily
measured somewhat below the rooting zone, out of the reach of evapotranspiration.  In the
Yucca Mountain program, net infiltration is specifically associated with the bottom of the rooting
zone.  Deep percolation is liquid water flux intermediate between the rooting zone and the water
table, and is specifically associated with the repository host horizon in the Yucca Mountain
program.  Recharge is the liquid water flux passing out of the vadose zone into the saturated
zone at the water table.  The magnitude and distribution of deep percolation crossing the
repository horizon is particularly important for potential repository performance, as fluxes at this
horizon determine the magnitude and distribution of seepage into drifts containing waste
packages.  Since the rock forming Yucca Mountain is fractured, faulted, and tilted, water is
unlikely to travel in a straight vertical path downward through the mountain in perfect pistonlike
fashion, with younger water overlying older water.  Instead, water in fractures will move faster
than water in the matrix, and some fractures will transmit water faster than other fractures,
mixing waters of different ages and chemical compositions, and some lateral redistribution may
occur.  Areal-average percolation fluxes will decrease slightly from below the rooting zone to the
water table, primarily due to vapor losses caused by upward geothermal-gradient-induced vapor
transport and by air moving through the upper part of Yucca Mountain in response to barometric
fluctuations and wind blowing over the mountain.  Nevertheless, net infiltration, deep
percolation, and recharge will be quantitatively quite similar when averaged over sufficiently
large space and time scales, even though they may have different spatial patterns and respond
to climate change at different rates.

Recognition of the critical role of net infiltration in repository performance has resulted in a wide
variety of studies attempting to quantify net infiltration at Yucca Mountain.  Most of the work has
focused on estimating net infiltration under present-day interglacial conditions, with a significant
amount of work also considering how net infiltration might respond to climatic conditions during
other stages of a glacial cycle.  Proposed revisions to the governing regulations for Yucca
Mountain [Code of Federal Regulations, Title 10, Part 63 (10 CFR Part 63)] contemplate a much
longer compliance period, 1 million years, than has been used thus far.  Glacial cycles have
recurred on a roughly 100,000-year period for approximately 1 million years and on a roughly
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40,000-year period for the preceding 2 million years.  The geologic record indicates that
conditions have been wetter and cooler at times during previous cycles than at present. 
Evidence for wetter and cooler conditions includes higher lake stands, expanded glacial activity,
and altered biotic distributions.  Performance assessments have considered climatic variability
over several glacial cycles since the viability assessment using the Total System Performance
Assessment code (DOE, 1998), but the implications of climatic changes over such long periods
recently have begun to receive more attention.

While various lines of evidence make it possible to estimate net infiltration at Yucca Mountain
under present-day conditions, evidence is sparse when estimating net infiltration under previous
conditions.  Some portion of perched water and waters recharging the aquifer may have
infiltrated more than 10,000 years ago, but little evidence remains from the different climatic
conditions during other stages in the glacial sequence.  To balance the paucity of direct
observational evidence, one may trade space for time by looking at analog sites with climatic
conditions mimicking previous stages of the glacial cycle.  Despite the utility of analog studies,
caution must be used when applying observations from analog locations to Yucca Mountain,
because it is exceedingly difficult to match all factors affecting net infiltration at a single
analog location.

Climatic patterns in the Yucca Mountain region have been generally arid to semiarid over the
previous few glacial cycles, generally dominated by winter precipitation but with
summer-dominated (monsoonal) conditions over some relatively small fraction of the record
(Bechtel SAIC Company, LLC, 2004).  This document summarizes literature estimating
recharge from arid and semiarid locations around the world with both winter- and
summer-dominated precipitation, as well as wetter locations with a strong summer precipitation
signal, to examine a broad range of potential analog sites.  The literature review provided in this
report includes studies ranging from the plot scale to the basin scale, with particular focus on
the western United States.  These studies are analyzed to draw inferences regarding how
recharge is influenced by climate across a wide variety of locations.

It is clear from the review that site-specific conditions strongly influence recharge, and the
studies from around the world cannot be directly applied to Yucca Mountain because the
variability in recharge estimates is even wider than the variability in estimates of present-day net
infiltration at Yucca Mountain.  Literature from locations in western North America, while more
useful, requires interpretation.  Nevertheless, a careful reinterpretation of a regional study yields
a relationship between mean annual precipitation and mean annual recharge for mountain
ranges that is consistent with estimates of recharge at Yucca Mountain, providing an
empirical basis suitable for assessing how infiltration models respond to elevation-dependent
climate change.

This report is the first of a series addressing the topic of net infiltration under present and
potential future climates at Yucca Mountain.  In this report, net infiltration estimates at Yucca
Mountain are given a world-wide and regional context with an extensive literature review.
Specific estimates of long-term average net infiltration at Yucca Mountain are developed in the
second report (under preparation) using several sources for estimates of future climatic
conditions, and using abstractions for net infiltration developed specifically for Yucca Mountain 
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with the Infiltration Tabulator for Yucca Mountain code.  The third report (under preparation)
documents the technical basis for the Infiltration Tabulator for Yucca Mountain code.

2  STUDIES FROM AROUND THE WORLD

2.1 Yucca Mountain Context

Net infiltration studies are typically performed over limited spatial and temporal scales.  Typically
only the top few meters of a soil column are considered in arid and semiarid systems, because
soil moisture only minimally changes lower in the column over typical study periods.  These
studies are at such short time scales that hourly or daily weather is typically used to interpret the
observations.  Infiltration fluxes can only be measured indirectly, and observation points tend to
measure relatively small volumes that may represent infiltration from a small fraction of
a watershed.

Recharge studies are performed over much larger spatial scales than net infiltration studies,
often considering entire hydrologic basins.  Changes in water levels within observation
boreholes directly indicates recharge over large areas, but typically the boreholes are widely
scattered.  Recharge also may be estimated from water balance studies considering
interactions with surface water and interbasin flow or from geochemical evidence.  Daily
weather may not be useful for recharge studies because of the large spatial and temporal
scale of interest; recharge often is estimated based on a climatic average over decades
of observation.

The thrust of Yucca Mountain studies is unusual for a hydrologic study, because neither net
infiltration nor recharge is of the most direct interest.  Rather, repository performance is directly
influenced by the magnitude and spatial patterns of deep percolation in the lower 250 m [820 ft]
of the vadose zone.  The spatial scale considered at Yucca Mountain is also unusual among
hydrologic studies, intermediate between typical small-scale infiltration studies and typical
hydrologic basin recharge studies.  The repository footprint is approximately 4.7 km2 [1.8 mi2],
with numerous small watersheds above the footprint, while Nevada hydrologic basins range
from 23 to 7,578 km2 [9 to 2,926 mi2].  And the temporal scale considered at Yucca Mountain, at
least 10,000 years, is much longer than usual for a hydrologic study.

The particular requirements of the Yucca Mountain project have spawned a large amount of
literature on the subject of net infiltration and recharge at Yucca Mountain.  This first report in
the series sets aside the Yucca Mountain literature to examine evidence at other sites that may
provide insight into how net infiltration might vary at Yucca Mountain with potential future
climates.  The second report in the series will combine Yucca Mountain site-specific information
with insights derived from the literature.

2.2 Literature Review

The intent of this wide-ranging literature review is to identify studies outside of the Yucca
Mountain site that might provide insight into recharge processes in arid locations and in wetter
areas with the predominant rainy season at a warm time of year.  A total of 741 estimates
linking mean annual precipitation to mean annual recharge was collected.  These studies are
summarized in this chapter and collected in Appendix A.  The wide collection of studies
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provides a large representative sample of the work addressing arid and monsoonal locations,
although there are undoubtedly relevant studies that were not identified.  Note that most studies
consider recharge rather than net infiltration.

A total of 18 journal articles were identified describing sites in Africa, Australia, India, and Saudi
Arabia, with a total of 173 precipitation/recharge pairs identified.  The recharge estimates
represented scales from individual wadis (ephemeral stream channels) to entire basins. 
Summer-rain conditions dominated in 139 of the precipitation/recharge pairs, and winter-rain
conditions dominated in the remaining 34 pairs.  Very few of these precipitation and recharge
pairs had any indication of temperature, but the site locations were sufficiently well identified
that independent estimates of temperature could be made from other sources.

Another 28 articles or reports were identified describing sites in the western United States at
scales smaller than an entire hydrologic basin, including locations in Arizona, Nevada,
New Mexico, Texas, Utah, and Washington.  Some of the sources summarized collections of
other reports.  A total of 79 precipitation/recharge pairs were identified, of which 51 were
classified as summer rain (Arizona, New Mexico, and Texas pairs) and the remaining 28 were
classified as winter rain.  Four additional sources were identified considering a total of
309 studies at scales of an entire hydrologic basin or larger, including locations in Idaho,
Nevada, New Mexico, Oregon, Texas, Utah, and Washington; one report collected studies for
each Nevada basin.  Temperature was not reported for many of these pairs.  Temperature
systematically varies with both elevation and latitude in the western United States, and there is
a large elevation range in many western basins.  Because both precipitation and temperature
vary systematically with elevation and temperature is not known for many studies, each of the
western United States sites was also located by latitude.

The set of studies is summarized in a series of six figures sharing a similar format.  The studies
in each figure are color coded to denote one category, and partitioned using filled and open
circles to denote a second category.  Some recharge values are reported as zero or very small
values; these values are assumed to be below detection limits and are set to a small nonzero
value for plotting and regression calculations.  The geometric mean of the observations in each
color-coded category is indicated with a large color-filled black circle.  Log-log regression lines
provide a qualitative visual reference to indicate the trend of the observations, although the data
sets exhibit such variability relative to the range of observations that the slope of the lines may
not be statistically significant when a category has relatively few observations.  Each
color-coded regression line corresponds to the matching color-coded category, with the
regression line extending over the range of precipitation values within the category.  The black
line indicates the overall regression line for all pairs.  The slope of each regression line is
indicated in the figure legend.  The coefficient of determination between regressed and
observed values for each category, R, is indicated in the figure legend as R2, with zero and one
indicating no and perfect explanation of variability, respectively.

Figure 1 shows precipitation and recharge pairs from all studies that have mean annual
temperatures associated with them from around the world, partitioned into temperature ranges. 
The same studies are plotted as precipitation and recharge fraction pairs in Figure 2, where
recharge fraction is defined as the fraction of precipitation that ultimately becomes recharge.  All
studies from outside the western United States are included in Figures 1 and 2, but a large
number of studies in the western United States do not report temperatures (mostly Nevada
basin-scale estimates) and are not included.  Note that mean annual temperature observed at 
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Figure 1.  Recharge at Locations Around the World With Either Arid Climates or
Summer-Dominated Precipitation.  Open and Filled Circles Represent Locations

Dominated by Winter and Summer Precipitation, Respectively.  Regression Lines Are
Shown for Each Group of Temperatures, as Well as All Studies Considered Together.

[1 mm = 0.039 in]
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Figure 2.  Recharge Fraction at Locations Around the World With Either Arid Climates or
Summer-Dominated Precipitation.  Open and Filled Circles Represent Locations

Dominated by Winter and Summer Precipitation, Respectively.  Regression Lines Are
Shown for Each Group of Temperatures, as Well as All Studies Considered Together. 

[1 mm = 0.039 in]
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Yucca Mountain Project weather stations from 1993 through 2004 ranged from approximately
15 through 18 °C [59 through 64 °F].

Studies with very low or zero recharge are assumed to have nonzero recharge, which is
arbitrarily set to 0.1 percent of precipitation for plotting and regression purposes.  The
regression line for the pooled set of studies suggests that recharge increases as approximately
the square of precipitation, implying that recharge fraction increases approximately
proportionately to precipitation.  Note that the slope of each line in Figure 2 is exactly one less
than the slope of the corresponding line in Figure 1, but the R2 values are consistently smaller in
Figure 2.

Studies denoted as summer-rain sites come from India, Africa, and the western United States.
Studies from India have precipitation values between 262 and 1,454 mm/yr [10 and 57 in/yr]
and temperatures between 25 and 30 °C [77 and 86 °F].  Studies from southern Africa,
including Botswana, South Africa, and Zimbabwe, have precipitation values between 150 and
1,511 mm/yr [5.9 and 60 in/yr] and temperatures all flagged as 20 °C [68 °F] except for one
Botswana site at 25 °C [77 °F].  All studies from Sudan are denoted by precipitation values of
225 mm/yr [8.9 in/yr] and temperature values of 30 °C [86 °F].  Studies from the Sahel, a
semiarid band south of the Sahara Desert, have precipitation values between 290 and
690 mm/yr [11 and 27 in/yr] and temperatures between 25 and 30 °C [77 and 86 °F].  All of the
Arizona, New Mexico, and Texas studies are grouped as summer rain, with precipitation values
between 174 and 538 mm/yr [6.9 and 21 in/yr] and temperatures between 10 and 21 °C
[50 and 70 °F].

The remaining studies, denoted as winter-rain sites, came from Australia, Saudi Arabia, and the
western United States.  Australian studies have precipitation values of either 340 or 775 mm/yr
[13 or 31 in/yr] and corresponding temperature values of 30 or 25 °C [86 or 77 °F].  The studies
from Saudi Arabia largely consider wadis, which collect water from a large area but receive rain
only rarely, or sand dunes, which allow rapid penetration of wetting pulses below the
evapotranspiration zone.  Saudi Arabian sites have precipitation between 25 and 300 mm/yr
[1 and 12 in/yr] and temperatures of 29 to 30 °C [84 to 86 °F].  The recharge fraction within the
wadis is quite high relative to other arid locations, but because wadis are essentially the only
source of regional recharge and the area of wadi recharge is only a very small fraction of the
total hydrologic basin area, areal-average basin recharge is only a tiny fraction of the reported
values.  No between-wadi studies were found to balance the wadi recharge estimates.  The
winter-rain sites from the western United States are located in Idaho, Nevada, Oregon, Utah,
and Washington, with precipitation values ranging from 74 to 922 mm/yr [2.9 to 36 in/yr] and
temperature values ranging from 3 to 16 °C [37 to 61 °F].

The wide variability of recharge fraction for any given precipitation is perhaps the most striking
characteristic of the studies as a group.  The range between highest and lowest recharge
fraction spans about two orders of magnitude at any given precipitation level, presumably due to
different soil and bedrock characteristics, different vegetation, different seasonality, and different
time and space scales, and in most categories there is a significantly smaller range in
precipitation than in recharge fraction.  Regressions between precipitation and recharge fraction
shown in the following figures are not statistically significant due to the wide variability between
studies.  Further, there is a physical constraint not considered with the regression relationships,
in that recharge cannot exceed precipitation except in local areas where lateral flow provides 
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additional water, such as in stream channels or playas.  Nevertheless, regressions serve as
rough visual indicators of how precipitation and recharge are related over many locations.

As might be expected, Figure 1 shows a distinct tendency for recharge to be larger at larger
precipitation values.  All temperature categories, as well as the entire group, have upward
trending patterns; the overall group has a trend for recharge to increase as approximately the
square of precipitation.  There is also a consistent upward trend in the fraction of precipitation
becoming recharge in the same studies, as shown in Figure 2.  It is expected that recharge
would tend to be greater for higher levels of precipitation, because more precipitation provides
more water available for recharge.  It also makes physical sense that wetter conditions allow a
greater fraction of precipitation to overcome evapotranspiration and become recharge; under
very dry conditions, essentially all precipitation is lost to evaporation, while under very wet
conditions, a substantial portion of precipitation may become recharge.

Regression lines in Figures 1 and 2 represent pooled groups of summer- and winter-rain
studies, with the winter-rain studies tending to plot to the left of the summer-rain studies.  This
offset suggests that winter precipitation is more effective than summer precipitation at inducing
recharge.  The two sets of studies are separated in Figures 3 and 4 to examine trends within
each set.  In these plots, western United States studies are indicated with open circles, and all
other studies are indicated with filled circles.

The winter-rain studies are generally consistent with the full collection of studies, with all
temperature categories and the dataset as a whole all showing increasing trends in recharge
with precipitation.  The slope of the hottest category is much flatter than the other categories in
the winter-rain figure, in part because the atypical Saudi Arabian values form a large subset of
the category.  With the Saudi Arabian studies omitted, the composite group of winter-rain
studies has a slope of 2.2 and an R2 value of 0.32, and each category has both a greater slope
and a larger R2 value than the composite.

The summer-rain studies are less clear cut, with a trend of increasing recharge fraction with
precipitation in the warm studies and a trend without statistical significance of decreasing
recharge with precipitation in the moderately cool studies.  The studies in the coldest category
are from Black Mesa, Arizona, borderline between winter- and summer-rain dominated.  The
slope of the regression line appears to increase with temperature, which may reflect a sampling
bias in hot deserts toward studying areas that would be expected to have the largest recharge. 
The negative by sloped regression line in the 12 to 18 °C category has no explanatory power
(R2 is zero) and should be interpreted with caution.  The trend is likely a result of the extremely
narrow range of precipitation relative to the range of recharge fraction.  Note that the seven
studies with largest recharge in this category are from unvegetated lysimeters.  With the
lysimeter studies omitted, the composite group of summer-rain studies has a slope of 2.7 and
an R2 value of 0.63.  Omitting the Saudi Arabian and lysimeter studies from Figure 1 would
result in a composite slope of 2.5 with an R2 value of 0.50.

To consider those studies that are most directly relevant to Yucca Mountain, only the
predominantly small-scale studies in the western United States from the literature review are
plotted in Figure 5, using latitude rather than temperature to form climate categories.  The 29° to
33° N studies are from New Mexico and Texas.  The 45° to 48° N studies are Hanford,
Washington.  The 34° to 42° N studies are from Arizona, Nevada, New Mexico, and Utah.  Note
that all sites south of 34° N are dominated by summer rain, all sites north of 38° N are 
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Figure 3.  Recharge Fraction at Locations Around the World Dominated by Summer
Precipitation.  Open and Filled Circles Represent Locations in the Western United States

and Elsewhere, Respectively.  Regression Lines Are Shown for Each Group of
Temperatures, as Well as All Studies Considered Together.  [1 mm = 0.039 in]
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Figure 4.  Recharge Fraction at Locations Around the World Dominated by Winter
Precipitation.  Open and Filled Circles Represent Locations in the Western United States

and Elsewhere, Respectively.  Regression Lines Are Shown for Each Group of
Temperatures, as Well as All Studies Considered Together.  [1 mm = 0.039 in]
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Figure 5.  Recharge Fraction at Locations in the Western United States, Not Including
Basin-Scale Studies.  Open and Filled Circles Represent Locations Dominated by Winter

and Summer Precipitation, Respectively.  Regression Lines Are Shown for Each Group of
Latitudes, as Well as All Studies Considered Together.   There Is Only One Study in the

38 to 42 °N Study.  [1 mm = 0.039 in]
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dominated by winter rain, and there is a mixture of summer- and winter-dominated sites
between 34° and 38° N.  It is striking that quite similar regression slopes are obtained when the
winter and summer categories are not mixed.  As with the world sites, flattening of the
regression curve is a symptom that summer-rain sites are less efficient at recharge than
winter-rain sites.  The regression curve for the group as a whole is considerably flatter than any
of the subgroups, suggesting that latitude (the surrogate for mean annual temperature) has a
significant influence on recharge fraction.  While there are too few studies to provide reliable
estimates of how recharge at any particular location might respond to climate change,
evidenced by the wide scatter in recharge estimates for any given precipitation level, recharge
does appear to be sensitive to both latitude and seasonality in the studies from the western
United States.

Four additional sets of studies are included with the other western United States studies in
Figure 6.  One set is hydrobasinwide estimates of recharge on the Columbia Plateau, covering
parts of Idaho, Oregon, and Washington, using computer simulations (Bauer and Vaccaro,
1990).  A large-scale study of recharge to the Southern High Plains is included, using a chloride
mass-balance approach, which is the sole large-scale study dominated by summer rain.  The
High Plains study suggests that about half of recharge comes from playas.  Another study
considers recharge in the Dugway Valley basin in Utah.  The final set consists of basin-scale
studies in Nevada collected by Lopes and Evetts (2004) predominantly using variations of the
Maxey-Eakin method (Maxey and Eakin, 1949) to estimate recharge, although some of the
basins also have estimates using independent techniques.  Avon and Durbin (1994) compare
independent studies to Maxey-Eakin predictions in 27 basins and subbasins, finding that they
generally provide comparable estimates of recharge.  Note that many of the Nevada studies
collected by Lopes and Evetts (2004) are from the 1960s and 1970s, with recharge estimated
using precipitation maps that may have been several inches per year drier than present-day
maps (Lopes and Evetts, 2004).  Some of the driest studies in Figure 6 reflect such dry periods.

The differences between Figures 5 and 6 are striking.  The inclusion of hydrobasin-scale studies
with the more local-scale estimates in the three higher latitude categories completely changes
the regression relationships.  The hydrobasin-scale relationship is derived by integrating
precipitation and recharge over the entire hydrobasin.  A large fraction of the area is at low
altitudes, with low precipitation and low recharge efficiency, but most of the recharge occurs at
high altitudes, with high precipitation and high recharge efficiency.  Because hydrobasin-
average precipitation is dominated by low-precipitation zones while hydrobasin-average
recharge is dominated by high-precipitation zones, the relationship between
hydrobasin-average precipitation and hydrobasin-average recharge is different than
the local-scale relationship.

2.3 Conclusions

In summary, several conclusions can be drawn from the set of precipitation/recharge studies.

• Quantitative predictions of how recharge at a location would respond to climate change
are not reliable, because there is a wide variability in recharge estimates at any given
precipitation level, but qualitative indications of climatic influences on recharge can
be inferred.
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Figure 6.  Recharge Fraction at Location in the Western United States, Including
Basin-Scale Studies.  Open and Filled Circles Represent Locations Dominated by Winter

and Summer Precipitation, Respectively.  Regression Lines Are Shown for Each Group of
Latitudes, as Well as All Studies Considered Together.  [1 mm = 0.039 in]
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• The studies in the western United States suggest that annual precipitation, latitude, and
precipitation seasonality all affect recharge.

• Winter precipitation appears to be more efficient than summer precipitation at inducing
recharge, and high-latitude precipitation appears to be more efficient than low-latitude
precipitation.  Both trends are manifestations of the principle that precipitation is more
efficient at causing recharge in cooler locations, where potential evapotranspiration
is smaller.

• The relationship between basin-average precipitation and basin-average recharge
appears to differ from the relationship between precipitation and recharge at a smaller
scale, particularly in mountainous regions.  Since Yucca Mountain covers only a small
fraction of the area of a typical Great Basin hydrologic basin, estimates of recharge as a
fraction of precipitation at the scale of an entire hydrologic basin may be a misleading
basis for estimating recharge at Yucca Mountain.

3  REGIONAL METHODS IN NEVADA

Nevada hydrologic basins are hydrographic areas generally defined by surface topography,
including both upland areas (mountain ranges) and lowland areas (flats and other areas with
deep alluvial fill).  Hydrologic basins determined by natural topography are closed to overland
interflow between basins, but may have substantial groundwater interflow.  Overland flow and
groundwater flow may be significant within hydrobasins.  The standard set of Nevada hydrologic
basins (Bureau of Land Management, 1999), used in part for determining water rights, may
have overland interflow for some hydrobasins defined in part by political boundaries and roads. 
Nevada hydrologic basins range from 23 to 7,578 km2 [9 to 2,926 mi2] in size, and elevations
range widely within most hydrologic basins.  Most hydrologic basins feature a wide range of
climatic conditions, since both mean annual precipitation and mean annual temperature are
strongly elevation-dependent, and basin-scale variation provides a special type of analog for
climate change.

Large-scale recharge estimates accounting for elevation-dependent climate variation have been
developed for Nevada hydrologic basins since at least the work of Maxey and Eakin (1949).  A
typical approach to estimating recharge over a hydrologic basin divides up the basin into
different climate zones (usually by precipitation), applies a local-scale relationship between
precipitation and recharge fraction for each climate zone, and sums recharge over all of the
climate zones to obtain total recharge over the hydrologic basin.  The local-scale relationship
between precipitation and recharge fraction used for hydrologic basin estimates does not
consider variability from individual channels, washes, and ridges.  Estimates of mean annual
infiltration at Yucca Mountain can be cast into a comparable scale by averaging over
representative areas (e.g., the entire model domain).

There are several factors that tend to vary systematically with elevation in Nevada that also
strongly affect recharge.  Precipitation increases with elevation, and temperature decreases
with elevation, with both trends tending to enhance recharge.  Soil profiles also tend to be
thicker as elevation decreases.  Thick soils tend to reduce recharge by providing storage
for wetting pulses, enabling additional time for evaporation and plant uptake.  Based on
the literature reviewed in Section 2 and Appendix A, recharge processes in thick soils
(i.e., significantly thicker than the rooting zone) tend to be dominated by focused infiltration,
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such as channels and depressions, while recharge in thin soils may be more widely distributed. 
At the scale of regional studies, Yucca Mountain above the potential repository is dominated by
thin soils even though some washes have thick soil; thus, regional relationships for upland
zones are more applicable to Yucca Mountain.

In this section, local-scale climate and recharge relationships in regional studies are examined
to gain insights into how areal-average recharge might vary at Yucca Mountain under different
climate scenarios.  Several existing models for estimating local-scale recharge are considered,
with different treatments for soil thickness.  Upland areas with thin soils are termed mountain
ranges or ranges, while lowland areas with thick soils are termed alluvial basins or basins, using
the Basin and Range province as a mnemonic.  Hydrographic areas containing both upland and
lowland areas are interchangeably called hydrologic basins or hydrographic areas.

3.1 Linearized Maxey-Eakin

The Maxey-Eakin empirical method for estimating recharge was derived in a study area where
the three intermediate zones between 200 and 510 mm/yr [8 and 20 in/yr] predominate, thus
these three zones dominate the calibration.  A wider range of mean annual precipitation is found
outside the Maxey and Eakin (1949) study area.  Note that an extended dry period across the
western United States started in the mid-1920s with significantly less precipitation than has
occurred over the last 40 years, so precipitation zones are at different elevations today.

The Maxey-Eakin relationship can be transformed into a linear equation between the logarithm
of precipitation and the logarithm of recharge fraction in the form

log( ) log( )f A B P= + (1)

where f is recharge fraction (fraction of precipitation becoming recharge), P is mean annual
precipitation, and A and B are fitting coefficients.  If the three values of precipitation fraction are
assumed to perfectly represent the midpoint of the three Maxey-Eakin precipitation ranges, the
points line up on a log-log plot.  The values of A and B can be determined using any two f and
P pairs.  Using the first and last segment midpoints yields B = 2.876 and A = !4.399 (for P in
in/yr) or A =  !8.439 (for P in mm/yr). Very similar values are obtained with the other two
combinations of segment midpoints.

Assuming that Yucca Mountain has a representative mean annual precipitation of 170 mm/yr
[6.7 in/yr], the three relationships predict mean annual infiltration between 1.52 and 1.64 mm/yr
[0.059 and 0.064 in/yr].  Over the range of 150 to 200 mm/yr [5.9 to 7.9 in/yr] for mean annual
precipitation, the log-log Maxey-Eakin relationship yields mean annual infiltration ranging from
1 to 3 mm/yr [0.04 to 0.12 in/yr].  Note that the Maxey-Eakin relationship is typically interpreted
to have zero net infiltration in this range of precipitation, although abundant field evidence
suggests that net infiltration is larger than 1 mm/yr [0.04 in/yr] across Yucca Mountain and may
be more than 10 mm/yr [0.4 in/yr] in some locations (NRC, 2005).

3.2 Modified Methods

The Maxey-Eakin method was developed to estimate mean recharge over hydrologic basins. 
The method was not developed to represent the spatial distribution of mean recharge except in
a general way, leading later researchers to seek better representations based on modifications
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to the general Maxey-Eakin method.

D’Agnese, et al. (1996) discuss the limitations of the Maxey-Eakin method in their regional study
of the Death Valley aquifer system, citing findings from several other studies.  D’Agnese, et al.
(1996) use four indicators to modify the Maxey-Eakin relationship, including (i) altitude,
(ii) slope-aspect, (iii) relative rock and soil permeability, and (iv) vegetation.  Altitude replaces
mean annual precipitation in the Maxey-Eakin relationship, with no recharge occurring below
5,000 ft [1,524 m].  D’Agnese, et al. (1996) recognize that plant community composition is highly
correlated to precipitation, and suggest that the lowest plant community where recharge occurs
is the mixed-shrub transition zone where blackbrush (Coleogyne ramosissima) flourishes. 
Slope-aspect strongly affects recharge in the D’Agnese, et al. (1996) model, as does soil type. 
Soil type is based on source bedrock, with the Yucca Mountain soil type assigned a low
recharge rating.  The altitude criterion suggests that no recharge occurs over almost all of
Yucca Mountain above the repository footprint, except for limited areas north of the North Portal. 
The blackbrush association may be found above elevations of 1,100 m [3,600 ft] in the
Yucca Mountain area (CRWMS M&O, 1999) and is found to the north of the North Portal within
the repository footprint, suggesting that recharge may occur at lower altitudes than the
D’Agnese, et al. (1996) criterion.

Nichols (2000) evaluated recharge for the sixteen hydrologic basins in east-central Nevada
shown in Figure 7.  Most or all of the basins considered by Maxey and Eakin (1949) are
included in the Nichols (2000) study.  Nichols (2000) proposed a revised Maxey-Eakin
relationship for these basins, dividing precipitation into slightly different ranges.  This revised
distribution is due in part to higher estimates of mean annual precipitation; the period from the
mid-1920s through the mid-1960s was significantly drier than the period from 1961 to 1990 used
to develop the map of mean annual precipitation used by Nichols (2000).  Nichols (2000) used a
balancing scheme to regress the recharge coefficients in these ranges, with the objective of
matching interflows between the basins with estimates of recharge and evapotranspiration.

3.3 Analysis

The Maxey-Eakin approach combines all factors related to recharge into a simple step
relationship between mean annual precipitation and fraction of precipitation becoming
recharge.  The approach was derived for hydrologic basins at a significantly higher elevation
than Yucca Mountain, hence the basins are both wetter and cooler than Yucca Mountain.  Of
the 16 basins considered by Nichols (2000), the lowest altitude in one basin is 4,700 ft
[1,430 m], another is 5,200 ft [1,580 m], and the remainder are between 5600 to 6500 ft [1710 to
1980 m].  Mountains bounding the valleys range from 7,000 to 13,000 ft [2,130 to 3,960 m].  In
contrast, Yucca Crest is about 5,000 ft [1,520 m], with surrounding flats at around 3,000 ft
[910 m].

The Nichols (2000) study is a more recent study of many of the hydrologic basins used in the
Maxey and Eakin (1949) study using updated information.  Each of the basins consists of large
areas covered with alluvium, many feature a playa, and each has relatively small areas with
exposed or shallowly covered bedrock.  Nichols (2000) estimated recharge fraction for six
precipitation ranges {<200, 200 to 300, 300 to 410, 410 to 510, 510 to 860, and >860 mm/yr 
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Figure 7.  Hydrologic Basins Used for Analysis of Mountain-Range Recharge.  Yucca
Mountain Is Shown for Reference.  The Projection Is Universal Transverse Mercator

Zone 11, Units of Meters, Datum NAD 27.  The Background Is From
<http://www.nationalatlas.gov>, North American Color Shaded Relief.  Basins Are From

<htttp://sagemap.wr.usgs.gov>, File ha750NM.E00.
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[<8, 8 to 12, 12 to 16, 16 to 20, 20 to 34, and >34 in/yr]} using individual water balances for
15 of the basins to fit recharge fractions appropriate to all basins simultaneously.  The recharge
fraction for these zones are 0, 0.008, 0.130, 0.144, 0.158, and 0.626, respectively.  While
70 percent of the total area is mapped as having precipitation between 150 and 300 mm/yr
[6 and 12 in/yr], only 0.2 percent of the area is mapped as having > 860 mm/yr [> 34 in/yr].

3.3.1 High-Elevation Regression

The recharge fractions estimated by Nichols (2000) are derived from a mixture of alluvial-basin
and mountain-range zones.  Within Nevada, about 42 percent of the land surface is considered
range and the remainder is basin (Dohrenwend, et al., 1996).  It is reasonable to assume that
zones with annual precipitation above 300 mm/yr [12 in/yr] are dominated by mountain ranges
for these sixteen hydrologic basins.  A log-log relationship between recharge fraction and mean
annual precipitation can be derived using Eq. (1) with midpoint values for the recharge zones. 
For example, the recharge fractions are 0.130 and 0.158 for mean annual precipitations of 250
and 690 mm/yr [10 and 27 in/yr], respectively, using the midpoints of the 300 to 410 and 510 to
860 mm/yr [12 to 16 and 20 to 34 in/yr] segments.  Using the first and last segment midpoints
yields B = 0.2970 and A = !1.2265 when P has dimensions of inches per year.  Very similar
values are obtained with the other two combinations of segment midpoints.

Because the relationship is based on precipitation ranges between 12 and 34 in/yr [300 and
860 mm/yr], extrapolation beyond this range must be done cautiously.  Extrapolating to
170 mm/yr [6.7 in/yr], representative of Yucca Mountain, yields estimates of 16 to 20 mm/yr
[0.63 to 0.79 in/yr] depending on which pair of precipitation zones is used.  Over a range of
mean annual precipitation between 150 and 200 mm/yr [5.9 and 7.9 in/yr], the best-estimate
range in mean annual infiltration is 15 to 22 mm/yr [0.59 to 0.87 in/yr].

3.3.2 Total System Regression

The Nichols (2000) study provides estimates of hydrologic-basinwide evapotranspiration
and net groundwater discharge for each hydrologic basin, as well as total area in each 1-in
[25.4-mm] precipitation zone for each hydrologic basin, sufficient to perform additional analyses. 
Nichols (2000) estimates evapotranspiration using satellite spatial data, while interbasin flow is
estimated in part from previous studies and in part to balance estimated evapotranspiration. 
Note that estimated interbasin flow is more than 50 percent of evapotranspiration in 6 of the
16 basins, which strongly affects the hydrologic balance for these basins, and interbasin flow is
difficult to measure.  The issue of interbasin flow can be largely avoided if the entire collection of
hydrologic basins is considered as a whole, with only the flux across the outer boundaries
affecting the analysis.  Total estimated outer-boundary flux is only 6.4 percent of the total
estimated evapotranspirations; hence it does not strongly affect the regression.

Generalization of both the Maxey and Eakin (1949) and the Nichols (2000) results leads to a
log-linear relationship between precipitation and recharge fraction over a wide precipitation
range.  With the assumption that the relationship has a log-linear form, it makes sense to
determine parameters directly from the Nichols (2000) study rather than abstracting them from 
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intermediate results.  To enforce the physical constraint that the recharge cannot exceed
precipitation, the log-linear relationship is defined in the form

log )] min[ ( log ( ),log )maxf(P A B P f= + (2)

where f(P) is the recharge fraction as a function of precipitation and fmax is the maximum
recharge fraction.  Following Nichols (2000), fmax is set to 0.626 and P is defined in inches
per year.

Two performance criteria were used to estimate parameters.  The linear performance criterion
for optimization is

u R f P PA i i i= −∑ [( ( ) ]2

i
(3)

where Pi is the total precipitation for precipitation zone i and Ri is the total recharge for
precipitation zone i, while the logarithmic performance criterion for optimization is

{ }u R f P PB i i i
i

= −∑ log ( ) log [ ( ) ]
2

(4)

The linear criterion emphasizes the overall recharge balance, while the logarithmic criterion
weights more evenly across all precipitation ranges.

It is straightforward to estimate a log-linear regression between mean annual precipitation and
the fraction of precipitation becoming recharge for the entire set of basins, side-stepping the
issue of interflow between individual hydrologic basins.  In this case, a single relationship
between precipitation and recharge is assumed to apply everywhere, lumping together alluvial
basins and mountain ranges into the same category.  The parameter values obtained using the
linear performance criterion are A = !4.459 and B = 2.854, while using the logarithmic
performance criterion A = !4.486 and B = 2.889.  The linear performance criterion yields a line
that lies slightly below the equivalent Maxey-Eakin line with almost exactly the same slope, and
the logarithmic performance criterion line is almost identical.  The agreement is remarkable
considering the differences in the information available today relative to 1949.  The lines are
brought closer to the Maxey-Eakin line by reducing fmax.  Both relationships predicts recharge of
0.8 to 2.5 mm/yr [0.03 to 0.08 in/yr] as mean annual precipitation increases from 150 to
200 mm/yr [5.9 to 7.9 in/yr] (typical of Yucca Mountain).

An alternative estimate of interbasin flow between several basins was derived to improve the
estimates with separate basin and range regressions, as described in the next section.  The
alternative slightly increased outflows from the overall system.  The estimate using the linear
convergence criterion (uA) was unchanged in the range of 150 to 200 mm/yr [5.9 to 7.9 in/yr],
but the estimate using the logarithmic criterion (uB) increased slightly, to 0.9 to 2.7 mm/yr [0.035
to 0.11 in/yr].  This alternative relationship is almost indistinguishable from the log-linear curve
derived from the Maxey-Eakin steps.

3.3.3 Separate Basin and Range Regressions

Only one overall relationship can be considered if all of the individual hydrologic basins are
collected into one total system.  This overall relationship lumps together upland and lowland 
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areas into the same category.  However, it is quite possible that an alluvial basin responds
differently to changes in precipitation than do the mountain ranges surrounding the basin.

Individual regression lines for basin and range can be estimated from the 16 hydrologic basins
considered by Nichols (2000) if the hydrologic basins are considered individually.  This provides
16 points to find 4 coefficients.  To estimate separate regressions for basin and range, the
precipitation zones in each hydrologic basin must be partitioned into a basin fraction and a
range fraction.  One reasonable assumption simply assigns the lower precipitation zones to
basin and the higher ones to range.  For example, each hydrologic basin might have 58 percent
of the area partitioned to basin and 42 percent to range, giving a basin fraction of 0.58.  The
fraction of each precipitation zone assigned to basin and range is shown in Figure 8, showing
that there is a wide range of precipitation levels associated with the ranges and only a narrow
range associated with the basins.  The difference in partitioning implies that a range regression
will be more robust to precipitation extrapolation than a basin regression.

Nichols (2000).  The last change is much smaller than the adjustment made by Nichols (2000)
to better balance interbasin fluxes after estimating recharge.  The total adjustment is a modest
change totaling only 1.5 percent of the estimated evapotranspiration over the system.  Without
the modification, mean annual precipitation of 150 to 200 mm/yr [5.9 to 7.9 in/yr] yields
estimated recharge of 3.3 to 6.8 mm/yr [0.13 to 0.27 in/yr] and 0.6 to 1.7 mm/yr [0.024 to
0.067 in/yr] for the linear and logarithmic criterion, respectively.  With the modification,
estimated recharge is 3.1 to 6.2 mm/yr [0.12 to 0.24 in/yr] and 2.4 to 5.3 mm/yr [0.094 to
0.21 in/yr], respectively.

3.4 Discussion

Figures 9 and 10 depict several relationships between mean annual precipitation and recharge
(Figure 9) or recharge fraction (Figure 10).  The Maxey-Eakin relationship, the staircase-like
function labeled “Maxey-Eakin,” was reported by Maxey and Eakin (1949), while all others are
derived from the Nichols (2000) study.  The Nichols high elevation curve denotes an
extrapolation between midpoints of the 300 to 410 mm/yr [12 to 16 in/yr] and 510 to 860 mm/yr
[20 to 34 in/yr] segments from Nichols (2000), with a heavier line between 300 to 860 mm/yr
[12 and 34 in/yr].  The Total system curve is essentially a linearized Maxey-Eakin curve, derived
by lumping all hydrologic basins together without considering differences between upland and
lowland.  The Range (with basin) curve is the mountain-range curve when two recharge curves
are derived, one for the upland areas and another for the lowland areas, while the Range
(without basin) curve assumes that no recharge occurs in alluvial basins.  All regressions use
the logarithic convergence criterion with modified interbasin fluxes.  Each of the log-linear
curves is described in Table 1.

Three collections of observations are included in Figures 9 and 10 for comparison.  One set
consists of the Nevada hydrologic basin estimates collected by Lopes and Evetts (2004). 
Another set consists of the Columbia Plateau hydrologic basin simulator-derived estimates
calculated by Bauer and Vaccaro (1990).  The final set consists of all other observations within
Nevada obtained from the literature review.  Note that some recharge estimates fall outside the
plot limits.
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Figure 8.  The Fraction of Each Precipitation Zone Assigned to Basin and Range.  Ranges
Have a Wide Range of Precipitation Zones, While Basins Have a Much More Compressed

Range of Precipitation Zones.  [1 in = 25.4 mm]
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Figure 9.  Relationships Between Elevation-Dependent Precipitation and Mean Annual
Infiltration Inferred From the Nichols (2000) Basins, With Estimates at Other Locations in

Nevada and the Columbia Plateau for Comparison.  Each Curve and Estimate Set Is
Described in the Text.  [1 mm = 0.039 in]
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Figure 10.  Relationships Between Elevation-Dependent Precipitation and Recharge
Fraction Inferred From the Nicholas (2000) Basins, With Estimates at Other Locations in

Nevada and the Columbia Plateau for Comparison.  Each Curve and Estimate Set is
Described in the Text.  [1 mm = 0.039 in]
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Table 1.  Log-Linear Relationships for Nevada Basins.  A and B Are Defined for Mean
Annual Precipitation in Units of Inches per Year, and uB Is the Log Performance

Measure.  For Comparison, the Performance Measure 
Using the Nichols* Result Is 0.366.

Description A B uB

Mean Annual Infiltration
(mm/yr)†

MAP = 150
mm/yr†

MAP = 200
mm/yr†

Maxey-Eakin
linearization

!4.399 2.876 1.0 3.0

Nichols high elevation !1.227 0.297 15.1 21.9

Total system !4.449 2.886 0.34 0.9 2.7

Range (with basin) !3.190 1.798 0.199 2.4 5.3

Range (without basin) !3.448 2.170 0.446 2.5 6.3
*Nichols, W.D.  “Regional Ground-Water Evapotranspiration and Ground-Water Budgets, Great Basin, Nevada.” 
U.S. Geological Survey Professional Paper 1628.  2000.
†[1 mm = 0.039 in]

A striking feature of the plot is how well the Nevada basin-scale estimates parallel the
high-elevation relationship derived from the Nichols (2000) analysis (this alignment may be
coincidental).  Another striking feature is how well observations tend to fall on the appropriate
relationship.  The estimates for Rainier Mesa (Russell, et al., 1987) and the more-reliable
chloride-mass-balance recharge estimates in the Kawich Range (Lichty and McKinley, 1995),
which are the Nevada observations with recharge fraction greater than 0.08, fall close to the
Range (without Basin) relationship, while the observations for Nevada flats tend to align with the
total system Maxey-Eakin-like curve.

The strong influence of averaging can be clearly seen by comparing the Maxey-Eakin
relationship with the Nevada hydrologic basin estimates, since the Maxey-Eakin relationship
was used to derive most of those estimates.  Recharge predicted by the Maxey-Eakin
relationship increases by about four orders of magnitude for one order of magnitude increase in
precipitation, while the basin-scale average recharge only increases by roughly an order of
magnitude over the same range.  The flatter slope in the basin-scale averages is due to the
small fraction of the basin area contributing high recharge.  Precipitation, while strongly
elevation-dependent, is much less elevation-dependent than recharge so areal-average
precipitation is much less strongly dominated by high-elevation zones.
The Columbia Plateau recharge estimates provide a revealing contrast to the Nevada
estimates.  The Columbia Plateau basins may be somewhat more efficient at producing
recharge than the Nevada basins, as might be expected with the cooler temperatures found at
higher latitudes.  The Columbia Plateau basin-scale estimates also tend to be more sensitive to
precipitation than the Nevada basins, with a trend intermediate between the Nichols high
elevation curve and the Range (with Basin) curve.  The Columbia Plateau has a more
subdued topographic relief than Nevada, which would induce less basin-scale averaging due
to topography than is found in Nevada, implying that the basin-scale relationship between 
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precipitation and recharge should be closer to the local-scale relationship in the
Columbia Plateau.

It is interesting that observations at Yucca Mountain are reasonably consistent with
areal-average mean annual infiltration derived from basin-scale balances.  Previous workers
have taken the zero-recharge limit of the Maxey-Eakin approach at face value, rather than
addressing the limitations of the original studies.  While it is recognized that extrapolating
beyond the support of the original data introduces uncertainty, the alternative approach
reasonably extends recharge relationships slightly outside the range of observation, providing
improved estimates of mountain-range recharge at low elevations in Nevada that are generally
consistent with observations at Yucca Mountain, Rainier Mesa, and the Kawich Range.

The partitioning procedure does not produce a robust lowland relationship even though the
mountain-range relationship is reasonably well determined.  Relatively little increase in
mountain-range recharge is needed to compensate for the assumption of zero alluvial-basin
recharge.  For example, using adjusted interbasin flows and allowing basin recharge, a
regression using the logarithmic convergence criterion predicts mountain-scale recharge of
2.4 to 5.3 mm/yr [0.094 to 0.21 in/yr] as mean annual precipitation varies from 150 to 200 mm/yr
[5.9 to 7.9 in/yr].  If lowland recharge is assumed to be zero, the corresponding mountain-range
recharge at Yucca Mountain increases only slightly, 2.5 to 6.3 mm/yr [0.98 to 0.25 in/yr],
although at high elevations recharge increases more significantly.

Two different interpretations of mountain-range recharge result from different assumptions
about alluvial-basin recharge.  On the one hand, if mountain-range recharge is described using
the high-elevation relationship derived from Nichols (2000) recharge estimates, then
areal-average recharge at Yucca Mountain would be relatively insensitive to climate change. 
On the other hand, if mountain-range recharge is described using the new mountain-range
relationships, then areal-average recharge at Yucca Mountain is more sensitive to climate
change.  Areal average recharge at Yucca Mountain would be even more sensitive to climate
change if it were described by the Total system curve, but this curve predicts recharge
several times lower than is generally estimated for Yucca Mountain (see appendixes for
representative values).

One feature not often acknowledged about the relationships that relate precipitation to recharge
is that temperature as well as precipitation varies with elevation.  All Maxey-Eakin-inspired
approaches tacitly incorporate temperature variation into the precipitation relationship, and it
may be reasonable to directly apply a Maxey-Eakin-like method to estimate recharge when
temperature and precipitation gradients are similar to the basins where it was developed. 
However, it is difficult to directly achieve the objective of interpreting the relative influence of
precipitation and temperature on recharge.

One can quite readily use the relationships developed here to evaluate whether
numerical-model predictions respond to climate change in a way that is consistent with
elevation-dependent climate change.  Both precipitation and temperature change with elevation
in a predictable way in Nevada, so one could readily alter both precipitation and temperature in
the climate input files for a simulator to reflect a different elevation.  If the resulting
areal-average recharge roughly parallels the mountain-range relationship developed here, this
suggests that the simulator response to climate is reasonable.  Agreement between such
independently derived relationships and data sources provides confirmation for both models.
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4  SUMMARY

Using analog site data is a useful method for estimating how net infiltration at Yucca Mountain
might change as the local climate changes.  In other words, examining how infiltration differs at
locations with present-day climates analogous to possible future climates at Yucca Mountain
provides insights into what infiltration might be like at Yucca Mountain in the future.  Past
climates at Yucca Mountain generally have been arid to semiarid over at least several glacial
cycles, with most of this period having cooler conditions than at present.  Winter precipitation
has dominated summer precipitation most of the time, but the record suggests that summer
precipitation has been more important occasionally during transitions between glacial and
interglacial conditions.

Two types of future-climate analog sites are relevant to Yucca Mountain:  (i) arid and semiarid
climates with winter-dominated precipitation and (ii) climates with summer-dominated
precipitation.  An extensive literature review examining recharge in such locations is
documented in the appendixes to this report.

A key aspect of this review is that infiltration is not directly measured (except in weighing
lysimeters); hence any estimate of recharge is inherently indirect.  However, infiltration is
inherently variable in both space and time, particularly in dry environments, and most studies
are too limited in spatial scale and duration of observation to provide robust mean annual
recharge estimates.  In addition, many of the data sources have limited information to draw firm
conclusions about either the climate or the recharge at the study location.

Nevertheless, several broad conclusions can be drawn from the literature review.

• Site-specific conditions may play a much larger role in determining recharge than
climatic conditions, as evidenced by the large variability in recharge estimates at any
given climatic condition.

• Inferred relationships between climate and recharge depend on the spatial scale of
observation.  In other words, areal-average recharge and areal-average precipitation
have a different relationship when the averaging area is at a local scale, such as an
individual experimental plot or hillslope, than when it is at the basin scale, with the
sharper response occurring at the local scale.  Since Yucca Mountain is intermediate
between the two scales, inferred sensitivity to climate should be intermediate between
the two scales.

• As might be expected, recharge efficiency is reduced as mean annual
temperature increases.

• Inferred relationships between precipitation and recharge become blurred when
temperature is not accounted for.

In general, these conclusions suggest that future efforts should be focused on analog sites in
the western United States that bridge the local scale {e.g., 1 to 1,000 m2 [10 to 10,000 ft2]} and
the hydrobasin {e.g., 10 to 10,000 km2 [4 to 4,000 mi2]} scale.
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The study by Nichols (2000) explicitly accounts for the spatial variability of precipitation in
estimating basin-scale recharge over 16 hydrologic basins in east-central Nevada and provides
information sufficient for further interpretation.  The seasonal climatic patterns in these
hydrologic basins are similar to Yucca Mountain, although these basins are northeast of Yucca
Mountain and may be less affected by the Sierra Nevada rain shadow.  The information
provided in the Nichols (2000) report was sufficient to derive independent relationships between
precipitation and recharge for alluvial basins and mountainous areas.  The total system
relationship does not differentiate between basin and range, and ends up linearizing the widely
used relationship derived by Maxey and Eakin (1949) for Nevada basins.  This linearized
relationship suggests that present-day recharge at elevations typical of Yucca Mountain would
be between 1 and 3 mm/yr [0.04 and 0.12 in/yr].  Another relationship, the Nichols high
elevation relationship, simply assumes that basin and range are partitioned by elevation, with
the partitioning occurring at precipitation levels of about 300 mm/yr [12 in/yr].  As it turns out,
basin-scale estimates collected by Lopes and Evetts (2004) for Nevada and estimated by Bauer
and Vaccaro (1990) for the Columbia Basin all tend to parallel the high-elevation recharge trend
from Nichols (2000).  The high-elevation relationship provides estimates for present-day
areal-average recharge at Yucca Mountain between 15 and 22 mm/yr [0.59 and 0.87 in/yr]. 
Two alternative approaches developed in this report partition each hydrologic basin separately
into basin and range.  One estimates separate basin and range relationships, and the other
estimates a range relationship assuming the lowland areas have no recharge.  These
independent reanalyses of the Nichols (2000) data yield intermediate relationships between
precipitation and recharge and suggest that present-day areal-average recharge at
Yucca Mountain in upland areas (e.g., over the repository footprint) would be between 4 and
7 mm/yr [0.16 and 0.28 in/yr].

The new mountain–range relationships developed using the partitioning approach may be the
most representative relationships for estimating areal-average recharge at Yucca Mountain
based on data outside of the Yucca Mountain project.  The relationship considers terrain and
climatic conditions reasonably consistent with Yucca Mountain, while averaging over a number
of geologic provinces.  It is not expected that actual site-specific recharge should fall exactly on
these relationships, although site-scale estimates from Yucca Mountain should be reasonably
consistent with the relationship.  The new mountain–range relationships reasonably indicate
how recharge at Yucca Mountain would vary if the Yucca Mountain climate was representative
of different elevations within Nevada.  This provides an important method to demonstrate that
numerical simulations representing Yucca Mountain respond appropriately to climate change. 
Simply running a numerical model with climatic input conditions representative of different
elevations provides corroborating evidence that climate change is captured in the numerical
model if the change in areal-average recharge parallels the mountain–range relationships.
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APPENDIX A



1Mean Annual Precipitation (MAP) is referenced frequently throughout this appendix.  Consequently, the acronyms will
be used.

2Mean Annual Temperature (MAT) is referenced frequently throughout this appendix.  Consequently, the acronyms will
be used.

3Mean annual infiltration (MAI) is referenced frequently throughout this appendix.  Consequently, the acronyms will
be used.

A–1

LITERATURE REVIEW OF RECHARGE, INFILTRATION, AND
PERCOLATION STUDIES

Understanding the relationships among mean annual precipitation (MAP)1, mean annual
temperature (MAT)2, and mean annual infiltration (MAI)3 in a variety of arid to semiarid
environments may provide insight into assessing these factors for Yucca Mountain.  The terms
MAI, recharge, infiltration, deep percolation, and percolation are generally assumed to be
equivalent in the literature unless specifically noted otherwise.  Numerous studies have
attempted to quantify recharge in many different climatic, geologic and hydrologic environments. 
Multiple methods have been employed in these efforts, including water balance methods, direct
measurement with lysimeters, hydrograph and water level methods, tracer techniques based on
chloride, tritium, and environmental isotope mass balance methods, numerical modeling,
hydrograph separation, and others.  Scanlon, et al. (2002) provide an overview of recharge
estimation techniques and limitations.  While a large range of methods exist for assessing
recharge, selection of an appropriate and applicable method is complex for any system and is
even more so for arid and semiarid regions where water fluxes are small, recharge is generally
a very small portion of precipitation and, thus, uncertainties are large.  Some aquifers have
highly episodic recharge, where recharge occurs predominantly as a result of very high
precipitation events.  Many methods to assess mean annual recharge are not applicable in
such a system (van Tonder and Bean, 2003).  For some arid and semiarid sites where MAP is
significantly less than potential evapotranspiration it has been proposed that no diffuse
infiltration may occur below a recharge threshold under certain climatic and vegetation
conditions (Small, 2005).  Whreas studies at some arid locations suggest little to no diffuse
recharge occurs, focused recharge may occur where surface water flow is concentrated
(e.g., Izbicki, et al., 2000).

There have been multiple efforts to estimate recharge/infiltration/deep percolation rates in the
Yucca Mountain region and elsewhere in the arid to semiarid southwestern United States.  The
Maxey and Eakin (1949) empirical method is based on the water balance of multiple Nevada
basins and estimates recharge as a portion of MAP.  The U.S. Geological Survey model INFIL
Version 2.0 (U.S. Geological Survey, 2001) estimated the spatial and temporal distribution of
net infiltration at Yucca Mountain for three different climate stages considered to be plausible for
the next 10,000 years:  modern, monsoon, and glacial transition.  A study conducted by Sandia
National Laboratories (CRWMS M&O, 2003) developed weighting factors to assess infiltration
uncertainties for the glacial transition climate state (lower bound, mean, and upper bound
scenarios) as defined and modeled in U.S. Geological Survey (2001).  The Electric Power
Research Institute has also undertaken a series of assessments (Electric Power Research In,
1998), including approaches for estimating infiltration for Yucca Mountain using their Integrated
Multiple Assumptions and Release Code.  The results of these studies are compared in



4All figures are located at the end of this appendix.
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Figures4 A–1 and A–2 (MAP/MAI versus MAP and MAI versus MAP, respectively).  The legend
for Figures A–1, A–2 and A–4 through A–11 is shown in Figure A–3.  Values for the fraction of
precipitation that becomes infiltration (i.e., MAI) vary markedly, ranging from 0.6 to 24 percent,
although this range encompasses all climate states.  In general, both MAI and MAI/MAP
increase with increasing rainfall, although variably, thus the different slopes evident on
Figures A–1 and A–2.

Infiltration is a complex process influenced by a large number of highly interrelated factors, and
is neither spatially nor temporally constant.  Net infiltration varies spatially as a result of
variability in climatic properties (e.g., timing and amount of precipitation, temperature),
vegetation, surficial characteristics (e.g., surface relief and soil thickness), geologic
characteristics, and soil and bedrock hydraulic characteristics.  Infiltration varies temporally as a
result of climate change and concomitant changes in precipitation, hydrology, and other factors. 
Precipitation is perhaps the most readily identified climatic parameter that directly influences
infiltration of a specific setting.  Below are brief summaries of studies from the literature that
assess and quantify recharge for a broad range of climates and hydrologic systems (values are
detailed in Appendix B).  While the approaches and locations detailed in these studies have
variable applicability as potential analogs for the Yucca Mountain region, they nonetheless
provide a large range of measured values of recharge/infiltration, which allows the relationship
between precipitation and infiltration to be constrained.  Carbonate and karst groundwater
systems which may exhibit very high MAI/MAP values do not represent feasible analogs for
recharge processes at Yucca Mountain and studies of these systems are generally excluded. 
Specific studies of recharge for the Yucca Mountain area are addressed first, followed by
studies of the desert southwest of the United States, and lastly studies around the globe, with
an emphasis on arid to semiarid climates.  Studies of high rainfall, monsoon climates are
considered for MAI/MAP relationships in wet regions. It should be noted that there may be
considerable variability in errors associated with recharge estimates and with discrepancies
between different methods applied to the same area as a result of inherent limitations and
uncertainties (e.g., Gee and Hillel, 1988).  Studies using different methods for recharge
assessment at the same site may yield significantly different values.  For example, Sukhija,
et al. (1988) compare chloride mass balance and injected tritium methods to determine
recharge for a sedimentary sand and alluvial aquifer system in monsoonal India.  For their
study, reproducibility of the chloride mass balance approach is within 30 percent and the mean
difference between the two methods is about 25 percent. 

Figures A–4 and A–5 show complete results of MAI/MAP and MAI versus MAP, respectively, for
studies described below (unless otherwise indicated), and illustrate the highly variable nature of
recharge estimates from global to local scales in both time and space.  Figures A–6 and A–7
include only the lower range of these data representing more arid and semiarid climates {MAP
values up to 600 mm/yr [24 in/yr], MAI/MAP up to 0.3, and MAI up to 100 mm/yr [3.9 in/yr]}. 
Figures A–8 and A–9 include only studies focused on the southwestern United States, including
Yucca Mountain.  Figures A–10 and A–11 include only studies for Nevada and the Yucca
Mountain area.  Results from all studies are given herein in the manner they are presented in
the literature:  some results represent a range of MAI values determined for a site, some
represent a mean value only, some represent individual determinations.  The large number of
studies summarized herein document the high variability of recharge estimates.  The variability
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is so large that it is difficult to discern a clear global relationship between MAP, MAT, and MAI
other than the general observation that MAI and MAI/MAP tend to increase with increasing
MAP.  A systematic relationship may exist at the local scale, however, constrained by site
specific processes and controls.  The lack of a global relationship between MAI and MAP
indicates that site-specific estimates may provide the best mechanism to assess MAI as a
function of MAP, or that other variables (e.g., temperature) also may need to be considered to
better constrain MAI. 

Some general observations are possible from a review of the literature.  Recharge along
preferential flowpaths can greatly contribute to spatial variability as well as total recharge
(Wood and Sanford, 1995; Wood, et al., 1997; Sukhija, et al, 2003; Sharma and Hughes, 1985;
Shurbaji and Campbell, 1997; Coes and Pool, 2005).  Preferential flow paths can develop at
multiple scales as a result of fractures, joints, bedding planes, faults, and karst features
(e.g., conduits) as well as macropore features such as burrows, root paths, soil structures, and
soil heterogeneities.  Vegetation plays an important role in the uptake of water that might
otherwise become recharge and variations in vegetation can significantly affect recharge
(Gee, et al., 1994, 1992; Phillips, 1994; Walvoord and Phillips, 2004; Scanlon, et al., 2005). 
Increased recharge is often observed at sites where vegetation has been removed (e.g., Allison,
et al., 1985; Bekele, et al., 2003).  Soil variability, which may co-vary systematically with
vegetation, as well as geomorphology, may also be an important influence on recharge
(Scanlon, et al., 1999; Gee, et al., 1992).  Higher recharge rates are often associated with
sands relative to more clay-rich or compact sediments (Edmunds and Gaye, 1994; Dincer, et
al., 1974; Gee, et al., 1994).  Because recharge in arid and semiarid areas may be episodic,
and dominantly result from large, infrequent, and/or extreme events, clear correlations between
MAI and MAP may be difficult to infer (Gee and Hillel, 1988; Bazuhair and Wood, 1996).  Some
site-specific estimates suggest that a precipitation threshold exists—a value for precipitation
that must be met or exceeded in order for recharge to occur (e.g., Houston, 1990; Foster, et al.,
1982; Selaolo, et al., 2003; Stephenson and Zuzel, 1981).  This threshold concept explains
temporal variability where recharge may be limited to short periods within a year, and suggests
that years with greater than average precipitation may be disproportionately more important
contributors to recharge (Houston, 1990).  Antecedent conditions may also be an important
variable in controlling recharge.  Two consecutive years of recharge (1984 and 1985) were
analyzed by Athavale and Rangarajan (1990) for a semiarid hard-rock region of southern India. 
Although total annual rainfall values were very similar, considerable difference exists in the
temporal pattern of rainfall influencing antecedent conditions and resultant annual recharge. 
Recharge was about 50-percent lower in the second year when two large storms occurred
2 weeks apart late in the monsoon season.  The authors hypothesize that this pattern led to
greater runoff and correspondingly less recharge than if the rain had been more evenly
distributed, or if the large rainfall events were further apart.

Studies of Yucca Mountain and Southern Nevada

The Issue Resolution Status Report (NRC, 1999) on the Key Technical Issue of Unsaturated
and Saturated Flow Under Isothermal Conditions, included a thorough literature review on net
infiltration at Yucca Mountain through early 1999.  Newer citations for Yucca Mountain are
included here, as well as a few of the citations from the earlier review for context.
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Flint, et al. (1996)

Flint, et al. (1996) developed a numerical model of infiltration processes for the Yucca Mountain
area, accounting for the effects of precipitation, evapotranspiration, runoff, and water
redistribution on net infiltration.  The numerical model uses stochastic simulations of
precipitation, and a distributed-parameter, water-balance model to simulate the spatial
distribution of infiltration.  The model was calibrated using a variety of field data from
1984–1995.  Local values of infiltration range from 0 to >80 mm/yr [0 to 3.1 in/yr], with
MAI of 6.5 mm/yr [0.26 in/yr] over the repository area.  The model considers conditions of a
wetter climate, with approximately 330 mm/yr [13 in/yr] MAP, which produces MAI of 30 mm/yr
[1.2 in/yr].  Fracture flow is considered only when the soil-tuff interface is fully saturated.  The
model is especially sensitive to processes of precipitation (timing and rate), soil and bedrock
properties, and evapotranspiration.  Result are summarized in Table A–1.

U.S. Geological Survey (2001)

The U.S. Geological Survey model INFIL V2.0 (U.S. Geological Survey, 2001) enhances the
Flint, et al. (1996) model to estimate the spatial and temporal distribution of net infiltration over
a model domain that encompasses the Yucca Mountain site.  The model is a 
distributed-parameter, water-balance model which more explicitly incorporates
evapotranspiration from the root zone and the infiltration of surface run-on in channel washes. 
The model also incorporates updated inputs for bedrock geology and soil depth, and was
calibrated using simulated and measured daily mean discharge data for 1994–1995 at five
stream gages at Yucca Mountain.

Net infiltration at Yucca Mountain generally occurs under wet (i.e., wetter than average)
conditions and/or as a result of intense storm events (Flint, et al., 1996, Flint and Flint, 1995;
Hevesi, et al., 1994).  The model identifies three important environmental factors that exhibit
significant influence on net infiltration at Yucca Mountain.  In order of significance, these are
effective precipitation (the ratio of precipitation to potential evapotranspiration), soil depth, and
bedrock permeability.  On an annual basis, effective precipitation is low because precipitation is
much less than potential evapotranspiration.  On a short-term basis, however, for example
during winter storms, effective precipitation may be high because of a combination of lower
evapotranspiration and greater precipitation.  Soils with thickness greater than 6 m [20 ft] have
sufficient storage capacity to hold most water from precipitation in the root zone where it is
removed by evapotranspiration.

Table A–1.  Results for Temporal Variability in Precipitation and Recharge* 
Condition MAP (mm)† MAI (mm)†

Dry years <170 0
Present-day average 170 4.5
Wet years >300 >20
Future wet climate ~330 ~30
*Flint, A.L., J.A. Hevesi, and E.L. Flint.  “Conceptual and numerical model of infiltration for the Yucca Mountain
area, Nevada.”  U.S. Geological Survey.  Water-Resources Investigation Report.  Milestone 3GUI623M. 
MOL.19970409.0087.  1996.
†[1 mm = 0.039 in]
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The model considers three different climate scenarios based on cyclicity in paleoclimate records
(U.S. Geological Survey, 2000):  the modern climate (present to +600 years), a monsoon
climate (warmer and wetter than today, +600 years to +2,000 years), and a glacial-transition
climate (cooler and wetter than today, +2,000 years to +10,000 years).  For each scenario, a
lower bound (dryer), mean (the mean of the upper and lower bounds), and upper bound 
(wetter) are considered.  Results yield a set of nine, two-dimensional, maps of time-averaged
infiltration.  Changes in vegetation density and vegetation type were assumed for future
climates, represented by changes in the root-zone model parameters.  The 1980–1994 model
calibration period was considered a rather short period for representing the mean modern
climate (U.S. Geological Survey, 2001); a 100-year stochastic simulation of daily precipitation
provided a longer term record.

Results for these nine scenarios over the 123.7-km2 [47.8-mi2] area of the infiltration model
domain are detailed below in Table A–2.  These results are within the range of independent
recharge estimates for the region for precipitation rates on the order of 350 mm/yr [14 in/yr] or
less.  However, for higher precipitation rates estimated for the monsoon and glacial transition
climates these results are low, for example relative to Maxey and Eakin (1949) method
recharge estimates.

Sandia National Laboratories developed net infiltration weighting factors to assess infiltration
uncertainty for the glacial transition climate stage (lower-bound, mean, and upper-bound
scenarios) as defined and modeled in U.S. Geological Survey (2001) (CRWMS M&O, 2003). 
The results provide spatially averaged values of infiltration for these scenarios within the region
approximating the repository footprint.  The report provides a direct analysis of uncertainty using
the U.S. Geological Survey (2001) infiltration model in a Latin Hypercube Sampling scheme with
100 realizations to generate corresponding net infiltration maps.  For each realization, a single
representative net infiltration rate was obtained by calculating the spatially averaged net
infiltration rate over the region of the repository footprint (data presented herein is for the
footprint without the contingency area).  The climate record used as input was derived from a
49-year record of daily precipitation and temperature from Tule Lake on the Oregon–California
border {MAP is 278 mm/yr [10.9 inyr] and  MAT is 8 °C [46 °F]}.  For comparison, as noted
previously, the U.S. Geological Survey (2001) model estimated 198, 323, and 455 mm/yr
[7.8, 12.7, and 17.9 in/yr] MAP, respectively, for the lower, mean, and upper bound, and 9 to
10 °C [48 to 50 °F] MAT for the glacial transition climate.  The results yield an estimate of mean

Table A–2.  Results for Climate Scenarios Over a 123.7-km2 [47.8-mi2] Area Around Yucca Mountain*
MAP

(mm/yr)†
MAP

(mm/yr)†
MAP

(mm/yr)†
MAI

(mm/yr)†
MAI

(mm/yr)†
MAI

(mm/yr)†
MAI/
MAP

MAI/
MAP

MAI/
MAP

Modern Monsoon
Glacial

Transition Modern Monsoon
Glacial

Transition Modern Monsoon
Glacial

Transition

Lower 185.8 188.5 201 1.2 3.6 2.2 0.01 0.019 0.011

Mean 188.5 300.5 316.1 3.6 8.6 13.4 0.019 0.029 0.042

Upper 265.6 412.5 431.1 8.8 13.6 24.6 0.033 0.033 0.057

*U.S. Geological Survey.  “Simulation of Net Infiltration for Modern and Potential Future Climates.”  NL–NBS–HS–000032. 
Rev 00 ICN 01.  Reston, Virginia:  U.S. Geological Survey.  2001.
†[1 mm = 0.039 in]
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annual infiltration for each of the realizations (Table A–3).  These values for MAI/MAP are
greater than estimates from the U.S. Geological Survey (2001) model, and are also slightly
greater than Maxey and Eakin (1949) estimates.

Electrical Power Research Institute (1998)

Electric Power Research Institute has undertaken a series of total system performance
assessments for Yucca Mountain using their Integrated Multiple Assumptions and Release
Code.  Electric Power Research Institute (1998) includes a discussion of approaches for
estimating potential infiltration rates based on paleoclimatic data as well as model results for net
infiltration.  The Integrated Multiple Assumptions and Release Code model results characterize
climate by average annual precipitation for greenhouse,interglacial, and full glacial maximum
conditions, as well as two intermediate climates representing 1/3 and 2/3 full glacial maximum. 
The greenhouse scenario considers the impact of anthropogenic greenhouse gases on global
climate and corresponding rainfall in the Yucca Mountain area.  Based on General Circulation
Model results, the greenhouse scenario assumes an increase in precipitation in all seasons
(Electric Power Research Institute, 1992).  These scenarios cover a range of approximately
40 mm [12.6 in/yr] MAP between interglacial and glacial conditions, and a range in MAI from
1.11 to 35.4 mm/yr [0.044 to 1.39 in/yr] (Table A–4).  The model is a one-dimensional finite
difference code based on the Richards equation for unsaturated zone flow that incorporates
source and sink terms for plant water uptake.  For each climate scenario, average net infiltration
is calculated using 122 years of climate input data previously generated by stochastic models
for winter and summer conditions (Electric Power Research Institute, 1992).  Three
soil/hydrologic units are used  shallow soils at the top of Yucca Mountain, moderately deep soils
on the side slopes, and deep soils in the basin areas.  Input parameters are detailed in Electric
Power Research Institute (1998).  The “base” model results are estimated to represent
90-percent probability.  The model is sensitive to precipitation and also to runoff leaving the
modeled area.

Winograd (1981)

Winograd (1981) discusses advantages and concerns of using arid environments such as the
thick unsaturated zones in the southwestern United States for the potential disposal of nuclear
wastes.  Winograd and Thordarson (1975) established a regional hydrologic framework for the
Nevada test site, near Yucca Mountain, which provides a basis for subsequent work.  Winograd
(1981) applies this framework to the Nevada Test Site and estimates a downward vadose water

Table A–3.  Sandia National Laboratories Latin-Hypercube Analysis Summary Results
for Glacial-Transition Climate at Yucca Mountain*

MAP
(mm/yr)†

MAI
(mm/yr)† MAI/MAP

Minimum 167 1.2 0.006
Mean 278 24.4 0.083
Maximum 389 91.7 0.243
*CRWMS M&O.  “Analysis of Infiltration Uncertainty.”  ANL–NBS–HS–000027.  Rev. 01.  Las Vegas, Nevada: 
CRWMS, M&O.  <http://www.ocrwm.doe.gov/documents/amr/35638/35638.pdf>  2003.
†[1 mm = 0.039 in]
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Table A–4.  EPRI* Model Results

CLIMATE
MAP

(mm/yr)†

MAI
(mm/yr)†

Low

MAI
(mm/yr)†

Base

MAI
(mm/yr)†

High
MAI/MAP

Low
MAI/MAP

Base
MAI/MAP

High

Greenhouse 168.6 1.9 11.3 19.2 0.011 0.067 0.114

Interglacial 154.6 1.11 7.2 9.6 0.007 0.047 0.062

1/3 FGM‡ 169.1 2.8 11.6 19.2 0.017 0.069 0.114

2/3 FGM 183.7 4.9 16 28.6 0.027 0.087 0.156

FGM 194.5 6.8 19.6 35.4 0.035 0.101 0.182

*EPRI = Electric Power Research Institute.  “Alternative Approaches to Assessing the Performance and Suitability
of Yucca Mountain for Spent Fuel Disposal.”  TR–108732 Final Report.  Palo Alto, California:  EPRI.  1998.
†[1 mm = 0.039 in]
‡Full glacial maximum

velocity of 2 mm/yr [0.08 in/yr].  As detailed in his notes, the author elaborates that in calculating
this velocity he used the maximum recharge noted by Winograd and Thordarson (1975) of
65 acre-ft/yr [8.0 × 104 m3/yr] over an area of 170 km2 [66 mi2].  This yields a flux of 0.47 mm/yr
[0.019 in/yr].  MAP at this portion of the Nevada Test Site is 120 mm/yr [4.7 in/yr] (MAI/MAP is
0.0039).  The author notes that this MAP value is lower than would be anticipated at Yucca
Mountain due to the lower elevation of the Nevada Test Site.

Montazer and Wilson (1984)

Montazer and Wilson (1984) developed a conceptual model of unsaturated zone flow at Yucca
Mountain.  Based on a summary of previous work in the area and assessing the relationships
among precipitation, recharge, and altitude, they propose a  range of net infiltration from 0.5 to
4.5 mm/yr [0.02 to 0.18 in/yr].  For MAP of 150 mm/yr [5.9 in/yr], corresponding MAI/MAP values
range from 0.0033 to 0.03.

Bodvarsson, et al. (2003)

Bodvarsson, et al. (2003), using unsaturated zone borehole temperature profiles, determine
percolation fluxes that fall in the range of 0 to 20 mm/yr [0 to 0.8 in/yr] for most of the
18 boreholes that Bodvarsson, et al. (2003) consider to have reliable estimates.  Estimated
fluxes range from 0 to 27 mm/yr [0 to 1.1 in/yr] with a mean value of 7.2 mm/yr [0.28 in/yr]. 
They use a multilayer, one-dimensional analytical solution, which compares well with results
using the numerical code TOUGH2.  Other boreholes that are near or intersect with major faults
yield values that are significantly higher, up to 63 mm/yr [2.5 in/yr], but Bodvarsson, et al. (2003)
consider these values unreliable.

Fabryka-Martin, et al. (2000)

Fabryka-Martin, et al. (2000) use Cl-36 data and the chloride mass balance technique to
estimate net infiltration at Yucca Mountain, assuming MAP is 170 mm/yr [6.7 in/yr].  Estimates
of average annual chloride concentrations in precipitation at Yucca Mountain range from 0.3 to
0.6 mg/L [0.3 to 0.6 ppm], with a value of 0.35 considered the best estimate for a long-term
average range from 0.01 to 10.4 mm/yr [0.0004 to 0.409 in/yr] for an average chloride
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concentration of 0.35 mg/L [0.35 ppm], and 0.01 to 17.9 mm/yr [0.0004 to 0.705 in/yr] for
average chloride concentration of 0.6 mg/L [0.6 ppm] (Fabryka-Martin, et al., 2000, Table 26). 
MAI/MAP values {based on average chloride concentration of 0.35 mg/L [0.35 ppm]} range from
0.0001 to 0.061 with an average value of 0.013.  Average values are higher at the North Ramp,
Main Drift, and Cross Drift relative to the South Ramp.  Based on their results, the authors
conclude that the presence of alluvium at Yucca Mountain acts as a barrier to water movement
with higher infiltration occurring where alluvium is thin or absent.  Figures in this report use
infiltration values based on an average chloride concentration of 0.35 mg/L [0.35 ppm], which
Fabryka-Martin, et al. (2000) suggests is the most likely value.

CRWMS M&O (2000)

CRWMS M&O (2000) estimates recharge for Yucca Mountain area boreholes using the chloride
mass-balance method.  The authors provide recharge values using 0.3 and 0.6 mg/L [0.3 and
0.6 ppm] as the two estimates of average chloride concentration in precipitation.  For the lower
chloride concentration, recharge rates range from 3.9 to 8.9 mm/yr [0.15 to 0.35 in/yr] with a
mean value of 7±1 mm/yr [0.28 ± 0.044 in/yr].  For the higher chloride concentration, recharge
ranges from 7.8 to 17.9 mm/yr [0.31 to 0.705 in/yr] with an average value of 14 ± 2 mm/yr
[0.55 ± 0.08 in/yr].  The authors suggest that the narrower range of fluxes for the saturated-zone
samples relative to the unsaturated-zone samples may result from their greater volume
averaging and groundwater mixing.  Rate-1 values, for the lower chloride concentration estimate
[which is believed to be a better long-term average estimate based on Fabryka-Martin, et al.,
(2000)] are included in figures A–4 through A–11 and Appendix B.

Zhu, et al. (2003)

Zhu, et al. (2003) estimated recharge for Yucca Mountain based on chloride mass balance of
5 mm/yr [0.2 in/yr] for the Holocene, with a three-fold increased value of 15 mm/yr [0.59 in/yr]
during the wetter and cooler Pleistocene.

Bagtzoglou (2003)

Bagtzoglou (2003), who previously proposed a fault-induced perched water model trap, applies
flow simulations to estimate recharge rates that would be necessary to form and sustain
perched water bodies with characteristics similar to the occurrences at Yucca Mountain.  He
suggests that recharge rate of 6.2 mm/yr [0.24 in/yr] is most consistent, among the three rates
considered, with respect to matching hydraulic properties while satisfying hydrological and
geochemical constraints.

Constantz, et al. (2003)

Constantz, et al. (2003) apply vertical temperature profiles to estimate percolation rates.  Using
a heat and water transport model, they estimate percolation rates for two boreholes at Yucca
Mountain with results of 0.2 and 11 mm/yr [0.008 and 0.43 in/yr].  Note that Bodvarsson, et al.
(2003) estimated 4 and 5 mm/yr [0.16 and 0.20 in/yr] for the same boreholes.
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Savard (1998)

Savard (1998) estimates recharge that occurs in Fortymile Wash near Yucca Mountain using
channel loss volume.  Fortymile Wash is an ephemeral stream, which may have no streamflow
for years at a time, but does flow at times and may provide a source of recharge during
streamflow.  Streamflows are associated with summer/fall convective storms as well as
winter/spring El Niño conditions.  Savard (1998) provides recharge estimates for four reaches of
Fortymile Wash:  Fortymile Canyon {27,000 m3 [22 acre-ft]}, upper Jackass Flats {1,100 m3

[0.89 acre-ft]}, lower Jackass Flats {16,400 m3 [13.3 acre-ft]}, and the Amargosa Desert reach
{64,300 m3 [52.1 acre-ft]}.  These recharge estimates are not readily convertible for comparison
with other estimates included herein without knowledge of the drainage basin areas for each
reach, so the Savard (1998) values are not included in Appendix B or in figures.  Regardless,
the Savard work documents that, while episodic and variable, recharge from ephemeral streams
may be an important contributor to overall recharge and deep percolation.

Xu, et al. (2003)

Xu, et al. (2003) investigate the relationship between measured calcite abundances in fractures
and lithophysal cavities at Yucca Mountain and percolation flux using reactive transport
modeling.  Modeling for calcite deposition under different infiltration conditions was performed
using the multiphase non-isothermal reactive transport model TOUGHREACT (Xu and Pruess,
2001, 1998).  A dual-permeability approach is used for fractures and matrix interaction.  Three
infiltration rates were modeled—a basecase rate of 5.92 mm/yr [0.233 in/yr] and bounding rates
of 2 and 20 mm/yr [0.08 and 0.8 in/yr].  Over the 2 to 20-mm/yr [0.08 to 0.8 in/yr] infiltration
rates, the simulations match well with measured data from borehole WT–24 well cuttings.  The
basecase infiltration rate of 5.92 mm/yr [0.233 in/yr] provides the closest match to the data and
the authors proposed that this value may thus represent the long-term mean infiltration rate for
this location.  The dependence on infiltration rate decreases at higher rates.  Note that the origin
of the 5.92-mm/yr [0.233-in/yr] value is unclear:  Xu, et al. (2003) cite Ahlers and Lui (2000)
when presenting the value for their base-case scenario.  However, a review of Ahlers and Lui
(2000) does not readily reveal the source of the 5.92-mm/yr [0.233-in/yr] value; their
Table 6-5 lists a basecase area-averaged infiltration rate for borehole WT–24 of 5.50 mm/yr
[0.217 in/yr] and further cites Wang (2002) as the table source.  Values for Xu, et al. (2003) are
not included in figures herein.

Marshall, et al. (2003)

Marshall, et al. (2003) use calcite distribution to estimate past seepage volumes in the Topopah
Spring Tuff at Yucca Mountain.  Measurements of calcite and opal coatings in the Exploratory
Studies Facility tunnel are used to estimate secondary mineral deposition.  The authors
estimate the volume of water required to precipitate measured volumes of calcite and determine
a range of 0.005 to 5 L/yr [0.0013 to 3 gal/yr] (median and 95th percentile, respectively).  The
authors divide this volume estimate by the area overlying a waste package {25 m2 [.02 ft2]} to
determine corresponding seepage fluxes of 0.0002 mm/yr to 0.2 mm/yr [0.000008 to 0.008 in/yr]
(corresponding to 95th percentile).  Values for Marshall, et al. (2003) are not included in
figures herein.
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Maxey and Eakin (1949)

Maxey and Eakin (1949) apply an empirical method based on the water balance of multiple
Nevada basins to estimate recharge as a fraction of MAP.  The Maxey and Eakin (1949)
breakdown of recharge fraction by MAP segments is shown in Table A–5.

The method has been refined and/or expanded in subsequent studies (Prudic, et al., 1995;
D’Agnese, et al., 1996; Hevesi and Flint, 1998; Nichols, 2000), none of which yield significantly 

different values.  Maxey and Eakin (1949) estimates have been shown in some studies to be
comparable to chloride mass-balance estimates (e.g., Dettinger, 1989; Zhu, et al., 2003).  Water
balance methods such as the Maxey and Eakin (1949) method for recharge determination in
arid/semiarid environments, however, have also been criticized for their large uncertainties
(Gee and Hillel, 1988; Allison, et al., 1994).

Lichty and McKinley (1995)

Lichty and McKinley (1995) apply both a precipitation-runoff modeling system as well as the
chloride mass-balance approach to two small basins in central Nevada, considered
representative analog sites for the range of paleoclimatic conditions experienced in the general
area of Yucca Mountain during the Quaternary period (i.e., last 1.8 million years).  Both sites are
wetter than the current climate at Yucca Mountain; MAP is 336 mm/yr [13.2 in/yr] for the
3-Springs Basin, and 639 mm/yr [25.2 in/yr] for the East Stewart basin (based on 5 to 7 years of
record).  Precipitation occurs largely as snowfall from October to May.  Estimates of MAI are
11.4 to 32.8 mm/yr [0.45 to 1.29 in/yr] for the 3-Springs Basin, and 295.1 to 321.6 mm/yr
[11.6 to 12.2 in/yr] for the East Stewart basin.  Corresponding MAI/MAP values are 0.034 to
0.098, and 0.46 to 0.50 for the two basins, respectively.  The authors conclude that their
independent methods yield reasonably consistent and accurate estimates of recharge for
these settings.  However, they consider the chloride mass balance model results {32.8 mm/yr
[1.29 in/yr] and 310 mm/yr [12.2 in/yr], respectively, for the two basins} to represent the more
reliable estimates because they reflect integrated basin-wide processes.

Gee, et al. (1994)

Gee, et al. (1994) investigate sites at Beatty, Nevada, in the arid Amargosa Desert and observe
no recharge for the 3.3-year period of study (70 percent of precipitation falls from October to 
April and both surface runoff and snow are rare).  The authors, however, concede that

Table A–5.  Maxey and Eakin* Method Infiltration Estimates

MAP (mm)†
MAI/MAP 

(Percent of Precipitation)
MAI 

(mm)† Bounds
<203 0 0

203 to 304 3 6 to 9
304 to 381 7 21 to 27
382 to 507 15 57 to76

>508 25 127
*Maxey, G.B. and T.E. Eakin.  “Ground Water in White River Valley, White Pine, Nye, and Lincoln Counties,
Nevada.”  Water Resources Bulletin No. 8.  Carson City, Nevada:  State of Nevada, Office of the State Engineer. 
1949.
†[1 mm = 0.039 in]
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depending on vegetation conditions, the potential for recharge exists at the site.  The Amargosa
Desert is bounded by ranges composed of lower Paleozoic carbonate and clastic sedimentary
and metasedimentary rocks (Nichols, 1987).  Valley fill deposits include alluvial-fan and fluvial
deposits of sand and gravel, playa deposits, and a thick unsaturated zone. 

Nichols (1987)

An earlier study of the low-level radioactive waste site near Beatty, Nevada, by Nichols (1987)
uses meteorological data and soil moisture profiles to estimate water balance and recharge. 
The study concludes that in spite of high evaporative demand, the potential for episodic
recharge exists and occurs in response to a combination of time of year, precipitation,
vegetation, and antecedent conditions.  Nichols (1987) estimates MAI is 0.036 mm/yr
[0.0014 in/yr] for MAP of 74 mm/yr [2.9 in/yr].  Precipitation was measured at Lathrop Wells,
30 km [19 mi] south of the waste site.  Corresponding MAI/MAP is 0.0005.

Russell, et al. (1987)

Russell, et al. (1987) estimate recharge over Rainier Mesa, on the Nevada Test Site, by
quantifying the drainage from N tunnel and relating this to precipitation.  Russell, et al. (1987)
estimate MAP of 220 to 338 mm/yr [8.7 to 13.3 in/yr] and MAI of 15 to 39 mm/yr [0.59 to
1.54 in/yr].  The area drained by the tunnel, the number of years of rainfall stored in the
rock above the tunnel, and to some extent the quantity of water removed are all
significant uncertainties.

Studies of Arid to Semiarid Regions of the Southwestern and Western
United States

Lopes and Evetts (2004)

Lopes and Evetts (2004) compile estimates of recharge that are available from previous
publications for most of the hydrographic areas of Nevada for the year 2000.  The primary
source of estimates are the Water-Resources Reconnaissance Series Reports and the
Water-Resources Bulletins published by the Nevada Department of Conservation and Natural
Resources.  As detailed in Lopes and Evetts (2004, Appendix 1) a variety of methods were used
in recharge estimates, including Maxey-Eakin, revised Maxey-Eakin (Nichols, 2000),
water-balance methods, and chloride-mass balance.  Values for precipitation and natural
recharge are presented in acre-feet and the area of each hydrographic area is used to convert
estimates to mm/yr available at <http://water.nv.gov/Water Planning/dict-1/appd-a1.cfm>. 
Compiled data include results from multiple previous studies, which are not otherwise noted
herein.  Precipitation and recharge data for each hydrographic area are often from different
studies.  For a total of 294 hydrographic areas with data available, MAP ranges from 0.3 to
2,402 mm/yr [0.01 to 94.6 in/yr], with a mean value of 196 mm/yr [7.72 in/yr].  MAI ranges from
0.01 to 153 mm/yr [0.0004 to 6.0 in/yr] with a mean value of 13.7 mm/yr [0.539 in/yr].  MAI/MAP
ranges from 0.0034 to 0.3 with a mean value of 0.0617.  One data point that is shown in
Appendix B is not included on any figures, as the very large MAP value {2,402 mm/yr
[94.6 m/yr]} plots far outside the field of the rest of the data and may be erroneous (for
hydrographic area number 23, Granite Basin).
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Gee, et al. (1994)

A lysimeter study in Las Cruces, New Mexico (Gee, et al., 1994), using a water balance
approach at a location with sandy soils that were kept free of vegetation, measures a broad
range in recharge of up to 0.55 MAI/MAP with a mean value of 0.25 and one negative value of
!0.19 (n = 9 for years 1984 to 1992).  The data from this site are somewhat bimodal, with about
half of the values falling within a range similar to a number of other studies (i.e., up to
20 percent of precipitation), and about half falling at much higher values (i.e., 45 to 55 percent
of precipitation).  The authors comment that the higher recharge values reflect initial storage
conditions when water was being accumulated in dry soil under above-normal precipitation
conditions.  Precipitation values for these high recharge years are variable, however, and higher
recharge years do not always correspond to higher precipitation years.  The authors note that
climatic variables (i.e., potential evaporation and rainfall distribution) and soil conditions may
help explain these high values.  The authors also note that their data may illustrate that
longer-term drainage data may be needed to more accurately predict recharge at desert sites.

Shurbaji and Campbell (1997)

Shurbaji and Campbell (1997) investigate rates and mechanisms of recharge in southeastern
New Mexico using both chloride and oxygen-18 tracers for three hand-augered holes in different
settings.  The three holes represent different sites:  (i) a sinkhole, (ii) a site with deep
unconsolidated sediments, and (iii) a trough between sand dunes.  Soils are predominantly
medium sands with some clay layers.  MAP at nearby Carlsbad is 380 mm/yr [15 in/yr];
dominant vegetation is mesquite with roots extending 1 to 2 m [3.3 to 6.6 ft] in depth. 
Corresponding MAI values for the three holes are 0.5, 0.81, and 2.4 mm/yr [0.02, 0.032, and
0.094 in/yr], respectively.  The highest value of 2.4 mm/yr [0.094 in/yr], for the trough between
dunes site, is attributed to a combination of less vegetation, the absence of a surficial clay layer,
and topography-induced infiltration during heavy rainfall events.  Corresponding MAI/MAP
values are 0.0013, 0.0021, and 0.0063, respectively.  Results suggest that preferential flow was
evident at all three sites, with as much as 85 percent of recharge occurring via preferential flow
pathways in the root zone.

Scanlon (1991)

Scanlon (1991) applies chloride mass balance methods from multiple soil profiles in the
subtropical arid Chihuahuan Desert of Texas.  The study area is in the Hueco Bolson, a 200-m
[660-ft] thick sediment-filled basin consisting of silty to gravelly loam underlain by clay with
interbedded silt and sand.   MAP is 280 mm/yr [11 in/yr] with large interannual variations from
110 to 440 mm/yr [4.3 to 17 in/yr].  Rainfall is dominated (60 percent) by convective summer
storms.  Measured chloride profiles yield a range of 0.01 to 0.7 mm/yr [0.0004 to 0.03 in/yr] MAI,
assuming a constant chloride flux.  Lower MAI values of 0.03 to 0.27 mm/yr [0.001 to 0.0011
in/yr] occur in interstream areas relative to ephemeral stream areas.  The profiles suggest a
change in the moisture flux from 9 ka to 6 ka, which is consistent with paleoclimatic data
suggesting wetter climates between 22 and 8 ka relative to the recent interval 8 ka to present.

Scanlon, et al. (1999)

Scanlon, et al. (1999) investigates the role of geomorphic setting in controlling infiltration fluxes
in the Chihuahuan Desert for a sediment filled basin with a thick unsaturated zone. 
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MAP is 320 mm/yr [12.6 in/yr] for a 25-year record.  Rainfall in this southwestern region is
dominantly from local intense summer convective storms, with minor contributions from long
duration low intensity winter frontal storm systems.  Large spatial variability of infiltration is tied
to variations in the geomorphic setting, with topographic depressions and drainage areas
exhibiting markedly greater infiltration values {0.23 to 13.4 mm/yr [0.009 to 0.53 in/yr] with a
mean of ~10 mm/yr [0.4 in/yr] for localized topographic depressions} than interdrainage areas
{0.02 to 0.06 mm/yr [0.0008 to 0.002 in/yr]; n = 8).  MAI/MAP values are generally low, and
range from 0.000063 to 0.04 (n = 15).  Although localized topographic depressions account for
less than 1 percent of the basin area, they contribute orders of magnitude more recharge, which
can markedly impact net infiltration.  All values noted above exclude run-on, which may also
impact areal average net infiltration.  The ranges of values noted above are themselves mean
values, each of which encompasses a larger range of fluxes {i.e., the total range of fluxes for
interdrainage areas is 0.01 to 0.36 mm/yr [0.0004 to 0.014 in/yr]} and the range for localized
topographic depressions is 0.4 to 32.9 mm/yr [0.016 to 1.3 in/yr]. 

Walvoord and Phillips (2004)

Walvoord and Phillips (2004) investigate using vegetation patterns to improve basin-floor
recharge estimates in the semiarid Trans-Pecos region of west Texas in the Chihuahuan
Desert.  They apply a combination of field data, chloride mass balance calculations, and
integrative modeling to assess recharge and soil-water flux patterns for four different vegetation
communities.  They find that vegetation communities include both nonrecharging and
recharging sites.  Desert scrub, grassland, and creosote sites {MAP is 250 to 280 mm/yr [9.8 to
11 in/yr]} are nonrecharging, and support, instead, small upward fluxes across the water table. 
Conversely, the woodland site supports episodic recharge with a MAI value of about 3 mm/yr
[0.12 in/yr] {MAP is 325 to 400 mm/yr [12.8 to 15.7 in/yr]}.  These results highlight the
important role of vegetation and acknowledge the role of soil moisture as both a cause and
consequence of vegetation type (Rodriguez-Iturbe, 2000).  Similarly, Walvoord, et al. (2002)
apply a modeling approach to address physical and chemical observations (i.e., matric potential
and chloride profiles) for flow in desert vadose zones.  They conclude that water transport in
thick desert vadose zones is generally dominated by upward vapor flow as a result of desert
vegetation.  They suggest that measurement of moisture fluxes below the root zone may not be
an applicable proxy for recharge in arid and semiarid regions and that, in the absence of
preferential flowpaths, a thick desert vadose zone may serve to effectively limit
groundwater recharge.

Zhu (2000)

Zhu (2000) combines hydraulic data and C-14 ages with flow and transport modeling to
estimate recharge for Black Mesa, Arizona.  Black Mesa is a modern semiarid climate with MAP
generally <300 mm/yr [<12 in/yr].  MAP increases at higher elevations {>1,800 m [>5,900 ft]} up
to 320 mm/yr [12.6 in/yr ].  Recharge is seasonal and largely occurs during the winter and
spring.  The Black Mesa basin is composed of sedimentary rocks, 300 to 3,000-m [980 to
9,800-ft] thick, which overlie granitic and metamorphic basement rocks.  Average recharge
measurements measure 13 and 19 mm/yr [0.51 and 0.75 in/yr], and vary depending on effective
porosity.  Corresponding MAI/MAP values are 0.04 and 0.06.  These values compare well with
estimates from the chloride mass balance method, but are higher than previous work employing
the Maxey and Eakin (1949) approach.  The study notes that significant variation of recharge
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rates over time is necessary to account for the distribution of groundwater age variability, and
proposes 2 to 3 times higher recharge rates between 31 and 11 ka.

Zhu, et al. (2003)

Zhu, et al. (2003) apply the chloride mass balance approach and C-14 age constraints to
groundwaters from Black Mesa, Arizona, to assess recharge in the Holocene and Late
Pleistocene.  Their results for late Holocene recharge (6 ka to present) range from 3 to
20 mm/yr [0.12 to 0.79 in/yr] with an average value of 9 mm/yr [0.35 in/yr].  MAI/MAP for these
values is 0.03.  For the Pleistocene, paleoclimatic and paleohydrologic data suggest that
recharge in the southwest may have been 2 to 3 times greater (e.g., Stute, et al., 1993; Zhu,
et al., 1998).  The study estimates glacial precipitation to be 538 mm/yr [21.2 in/yr], which yields
mean glacial MAI/MAP of 0.07.  Their recharge estimates for the Pleistocene range from 7 to
95  mm/yr [0.28 to 3.7 in/yr] with an average value of 35 mm/yr [1.4 in/yr ], and a peak period
between 14 and 17 ka with 60 mm/yr [2.4 in/yr].  An increased tendency for precipitation to
become recharge during the Pleistocene is consistent with the well documented cooler and
more humid climate of the southwest in this time period.

Lopes and Hoffman (1997)

Lopes and Hoffman (1997) apply geochemical techniques to improve the conceptual model of
the N-aquifer system of the Black Mesa, Arizona, area.  MAP in the area ranges from
180 mm/yr [7 in/yr] near Tuba City to about 460 mm/yr [18 in/yr] near Shonto and at higher
elevations.  Based on geochemical data the authors propose that most of the water in the
confined portion of the N aquifer is >10,000 years old and recharged during glacial periods. 
They estimate recharge rates were about 4 times greater during glacial periods.  Estimates for
modern recharge rates for the youngest waters in the Shonto area range from 3.1 × 106 to
4.3 × 106 m3/yr [2,500 to 3,500 acre-ft/yr].  These values convert to 11 to 16 mm/yr [0.43 to
0.63 in/yr] based on an area of 269 km2 [104 mi2] for the Shonto area.  This range is slightly less
than an independent estimate from a previous study of 5.9 × 106 m3/yr [4,800 acre-ft/yr]
recharge in the Shonto area (Eychaner, 1983), which converts to 22 mm/yr [0.87 in/yr].

Coes and Pool (2005)

Coes and Pool (2005) assess infiltration rates for both ephemeral stream channels and basin
floor areas for the Sierra Vista subwatershed of the Upper San Pedro Basin in southeastern
Arizona.  Previous studies had assumed that recharge occurs only along the mountain fronts via
stream channel infiltration near the contact between low-permeability mountain rocks and the
basin fill.  Based on more recent studies in alluvial basins of the southwestern United States,
which have shown significant recharge through ephemeral stream channels (e.g., Izbicki, et al.,
2000; Constantz, et al., 2003), the authors investigate recharge processes via a variety of
geochemical methods (chloride mass balance, tritium, and stable isotopes) for 16 boreholes;
4 on the basin floor and 12 within ephemeral streams.  Climate is arid to semiarid.  Precipitation
during the study period averaged 364 mm/yr [14.3 in/yr].  Soils are dominated by lithic, loamy,
and fine paleosols near the mountains, and clayey and calcium carbonate soils along the lower
reaches of the watersheds.  The basin fill overlies crystalline and sedimentary rocks.

Measured infiltration fluxes through the basin floor were 2 to 60 mm/yr [0.08 to 2.4 in/yr] for the
study period (2001–2002).  The study area includes the Walnut Gulch experimental watershed. 
The large range in fluxes partly reflects different drainage basins.  For example, low values {less
than 10 mm/yr [0.4 in/yr]} are from basin floor sites in the Walnut Gulch drainage basin, where
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data indicate long periods of no net deep downward flux beneath the basin floor and negligible
long-term recharge.  Conversely, fluxes in the Carr Canyon drainage basin were higher than at
other basin-floor sites.  A change (decrease) in infiltration at about 8 meters depth is attributed
to increasing silt and clay content.  Silt and clay soil contents are proposed to exhibit strong
controls on recharge.  Infiltration values for ephemeral-stream channels when streams are
flowing ranged from 0.1 to 2.8 m/hr [0.33 to 9.2 ft/hr].  Results suggest that recharge is
temporally variable.  Results suggest long periods of no net downward flux beneath the basin
floor for some sites.  Ephemeral stream channel recharge was estimated by upscaling the
calculated fluxes and weighting:  the estimated annual rate for ephemeral stream channel
recharge is 2.95 hm3/yr [2,390 acre-ft/yr] for the 2001–2002 study period.  This value converts to
1.2 mm/yr [0.047 in/yr] based on an area of 2,460 km2 [950 mi2] for the Sierra Vista
subwatershed.  Total recharge is 3.2 to 61.2 mm/yr [0.13 to 2.4 in/yr] , a combination of
ephemeral stream {1.2 mm/yr [0.047 in/yr]} and basin floor {2 to 60 mm/yr [0.08 to 2.4 in/yr]}
mechanisms.  Note that this range combines a range of basin floor values with an average
value of ephemeral stream recharge.  The authors compare their estimates for ephemeral
stream channel recharge {2.95 hm3/yr [2,390 acre-ft/yr]} to independent estimates of total
recharge for the Sierra Vista subwatershed of 15 to 23 hm3/yr [0.24 to 0.37 in/yr]} (Freethey,
1982; Corell, et al., 1996; Goode and Maddock, 2000) and determine that ephemeral stream
recharge is 12 to 19 percent of total basin recharge.  Thus, although streamflow may only occur
a few days per year, it is a significant contribution to total annual recharge.  It should be noted
that these independent estimates convert to 6.1 to 9.3 mm/yr [0.24 to 0.37 in/yr] based on an
area of 2,460 km2 [950 mi2] for the Sierra Vista subwatershed, which is a considerably lower
range than the Coes and Pool (2005) combined estimates. 

Stephens, et al. (1991)

Stephens, et al. (1991) use field measurements to quantify recharge and soil-water flow through
a sandy soil in a desert landscape near Socorro, New Mexico, for an annual period (July 1988
to July 1989) with 174 mm/yr [6.85 in/yr] precipitation.  They estimate recharge equals 4 mm/yr
[0.16 in/yr].  Corresponding MAI/MAP is 0.023.

Stephens and Knowlton (1986)

Stephens and Knowlton (1986) estimate recharge for a site about 30 km [18.6 mi]
north-northwest of Socorro, New Mexico, for 1982–1984.  MAP for this time period was
179 mm/yr [7.0 in/yr].  The study site is a sparsely vegetated flood plain of an ephemeral
tributary of the Rio Grande River.  Sediments are mostly unconsolidated fine sand with some
discontinuous thin silt layers to about 4-m [13-ft] depth, with a coarsening texture and gravel
with depth.  Using both pressure head and water content data, they determine a range of
recharge values, from 7.0 to 37 mm/yr [0.26 to 1.5 in/yr] (the authors discount high recharge
calculations of 97 mm/yr [3.8 in/yr] via water content measurements due to possible error
associated with neutron probe measurements).  Corresponding MAI/MAP values are 0.037
to 0.195.

Phillips, et al. (1988)

Phillips, et al. (1988) compare Cl-36 and tritium methods of determining recharge for three sites
in central and southern New Mexico.  Two of the sites are in the Sevilleta National Wildlife
Refuge, approximately 20 km [12 mi] north of Socorro, with MAP of 200 mm/yr [7.9 in/yr].  The
remaining site is approximately 200 km [120 mi] to the south at the New Mexico State University
Ranch Site, 40 km [25 mi]  northeast of Las Cruces {MAP is 230 mm/yr [9.1 in/yr]}.  MAI
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estimates for the Socorro site are 2 to 8.4 mm/yr [0.08 to 0.33 in/yr] (MAI/MAP is 0.010 to
0.042), and estimates for the Las Cruces site are 1.5  to 9.5 mm/yr [0.059 to 0.37 in/yr]
(MAI/MAP is 0.007 to 0.041).  Soils at the two sites range from fine sand to sandy clay loam. 
Vegetation is mostly scattered scrub.

Wood and Sanford (1995)

Wood and Sanford (1995) apply geochemical and isotopic methods to evaluate recharge,
runoff, and the spatial and temporal variability of recharge for the semiarid southern High Plains
of Texas and New Mexico.  The Southern High Plains aquifer is largely composed of the
Ogallala formation, which is a series of alluvial fans composed of clay, silt, sand, and gravel.  It
is capped by a resistant calcrete, which controls plateau topography, and the calcrete unit
underlies up to 27 m [89 ft]  of fine sand, silt, and calcrete.  The area contains numerous
shallow ephemeral (playa) lakes with lacustrine deposits.  MAP increases from southwest to
northeast, ranging from 330 to 560mm/yr [13 to 22 in/yr], respectively.  The area experiences
essentially no surface water flow and 98 percent of the area is drained by playa lakes.  Prior to
significant groundwater development in the 1930s, groundwater discharged to springs along the
eastern escarpment.  A number of previous quantitative recharge fluxes yield values of 1.5 to
13 mm/yr [0.08 to 0.51 in/yr].  Wood and Sanford (1995) estimate MAI is 11 mm/yr [0.43 in/yr],
and MAI/MAP is 0.02 {for MAP of 485 mm/yr [19 in/yr] the northern half of the Southern High
Plains}.  Integrated geochemical results suggest that approximately half of the recharge occurs
as piston flow through playa lake floors (covering about 6 percent of the area), and that
macropore recharge immediately surrounding the playa floors may also be important for the
remaining recharge.  These estimates are further detailed in Wood, et al. (1997), who suggest
that 60 to 80 percent of the 11 mm/yr [0.43 in/yr] recharge flux is through macropores, 15 to
35 percent occurs by interstitial recharge through the basin floors, and only 5 percent of the total
recharge occurs via interstitial or matrix recharge between the basin floors (which represents
about 95 percent of the area).  Wood, et al. (1997) conclude that their approach is applicable to
other arid and semiarid areas that focus rainfall into depressions or valleys. 

Phillips (1994)

Phillips (1994) presents a review of data from multiple studies applying tritium and/or Cl-36
tracers to assess water movement in desert soils in the southwestern United States.  The study
lists values for Cl-36 velocity that range from 5 to 32 mm/yr [0.2 to 1.3 in/yr].  The Phillips review
presents several relevant implications.  They note the importance of vapor transport in desert
soils and suggest it warrants further study.  The chloride mass balance results suggest that the
deep soil moisture flux in the region has decreased by a factor of roughly 20; that is to say, that
prior to about 15 ka, soil-water fluxes were approximately 20 times higher, and shifted to a dry
regime during 16 to 13 ka.  This suggests that much of the groundwater in aquifers of the
southwest may have recharged during the Pleistocene, and that deep vadose zones are not
currently in equilibrium with overlying soils.  Phillips observes a uniformity of the water and
solute transport processes across the region for relatively flat sites (areas of observed
preferential flow aside) and suggests that this may reflect the water extraction efficiency in the
root zone, thus highlighting the important control of vegetation.
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Bauer and Vaccaro (1990)

Bauer and Vaccaro (1990) estimate recharge values for both predevelopment and current land
use conditions for the Columbia Plateau regional aquifer system in a U.S. Geological Survey
Regional Aquifer-System Analyses Program study.  The study area covers 85,000 km2

[32,800 mi2] in eastern Washington, north-central and eastern Oregon, and a small portion of
northwestern Idaho.  The study presents a deep-percolation model, which calculates water
budgets for discrete land areas on fine grid.  The model determines recharge for 53 zones,
which vary in size and attribute (e.g., precipitation, temperature, and land cover), by summing all
of the fine grid estimates within each zone.  The area is a structural and topographic basin
composed of Columbia River Basalt Group rocks and Holocene intercalated sediments (both
Miocene-aged), covered by Miocene to Holocene unconsolidated sediments.  Agriculture is a
dominant activity on the plateau, and recharge was estimated for both predevelopment and
current conditions (only predevelopment values are reported here).  Precipitation and recharge
vary considerably over the plateau.  For the 53 modeled zones, MAP ranges from 168 to
956 mm/yr [6.6 to 37.7 in/yr] for the 22-year period considered (which is slightly less than the
100-year MAP), with a mean value of 302 mm/yr [11.9 in/yr].  Predevelopment recharge
estimates range from 0.3 to 383 mm/yr [0.01 to 15.1 in/yr], with a mean value of 48.1 mm/yr
[1.89 in/yr].  The authors estimate a maximum error of about 25 percent for most zones (with
larger errors in the more arid zones).  MAI/MAP values for individual basins range from 0.0013
to 0.46, with a mean value of 0.1225.  Higher recharge values correspond to higher altitudes,
where precipitation also is high.  The authors note that recharge and precipitation are more
strongly correlated for higher altitude areas.  Recharge estimates for current conditions are on
average higher than for predevelopment conditions.  The study also provides estimated
recharge for land-use conditions  forest area has the greatest recharge, followed by sand/barren
areas, grasses, and sage.  Grassland is interpreted to allow greater recharge than dryland
agricultural areas due to its shallower root system.  Sagebrush, with a deep root system, is
believed to allow little recharge due to its ability to tap a large quantity of stored moisture.

Gee, et al. (1992)

Gee, et al. (1992) compare results for a range of studies at the semiarid Hanford site in
southeastern Washington.  Annual precipitation patterns are dominated by winter. 
Seventy-three percent of precipitation occurs October through April, and 38 percent of winter
precipitation (December through February) occurs as snow.  The site is within the Pasco Basin,
a large sub-basin of the Columbia Plateau consisting of a broad plain of basalt flows overlain by
sedimentary deposits.  Estimated recharge rates vary widely, ranging from 0 to >100 mm/yr
[0 to >3.9 in/yr].  Corresponding MAI/MAP values range from 0 to 0.59.  This wide range is
attributed to variations in precipitation, vegetation, and soil type.  Fine-grained, vegetated soils
yield the lowest values and bare gravelly soils yield the highest recharge rates.

Gee, et al. (1994)

Gee, et al. (1994) estimate recharge of 5 mm/yr [0.2 in/yr] for the Hanford site {MAP is 62 mm/yr
[6.4 in/yr]} with a resulting MAI/MAP of 0.08.  The authors note that vegetation exerts a primary
control on water balance.  Several other studies have investigated recharge at this location and
results have been quite variable.  For some of the study sites, hydrologic characteristics such as
vegetation have been recently disturbed, which has resulted in higher recharge (Gee, et al.,
1992).  Gee, et al. (1994) note that in previous studies with sand-filled lysimeters and shallow
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rooted grasses, very high drainage (i.e., recharge) occurred with above-normal winter
precipitation (20 to 50 percent; Gee, et al., 1989; Rockhold, et al., 1990).

Maher, et al. (2003)

Maher, et al. (2003) apply a novel technique using Sr isotope measurements to assess
recharge at the Hanford site.  Their infiltration flux of 7 mm/yr [0.28 in/yr] yields MAI/MAP
of 0.043.

Stephens and Sumsion (1978)

Stephens and Sumsion (1978) estimate recharge on the 2,300 km2 [890 mi2] Dugway
Valley-Government Creek area in west-central Utah as being 8.6 hm3 [7000 acre-ft] with total
precipitation of about 470 hm3 [380,000 acre-ft] over the study area.  Most of the recharge is
400 thought to occur in coarse alluvium in higher valleys and lower mountain slopes above
1,830 m [6,000 ft].

Heilweil and Solomon (2001)

Heilweil and Solomon (2001) estimate recharge in the 40 km2 [15 mi2] Sand Hollow Basin near
St. George, Utah, using the chloride mass balance method with trenches and boreholes. 
Recharge is estimated as 10 percent of precipitation, predominantly from exposed sandstone
outcrops rather than in ephemeral washes.  Areas with shallow soil, less than 1 m [3.3 ft],
contribute distributed recharge but at rates less than at exposed outcrops.  Mean annual
precipitation and temperature in Appendix B is estimated from the St. George COOP station.

Studies Around the Globe

De Vries, et al. (2000)

Numerous studies have been carried out in arid and semiarid regions of Africa for purposes of
water use management and sustainability concerns.  De Vries, et al. (2000) use a variety of
methods to investigate recharge in the semiarid Botswana Kalahari in southern Africa.  In this
closed basin with an internal drainage system, rainfall occurs in the southern summer from
September to April, and trends from 550 mm/yr [21.2 in/yr] in the northeast to 250 mm/yr
[9.8 in/yr] in the southwest.  Perched water bodies are found locally and the average annual
rainfall of about 400 mm [16 in/yr] supports a bush and tree savannah and alternating grass
steppe for most of the region.  The basin geology consists of unconsolidated Tertiary and
Quaternary sandy deposits with some mudstone and basalt overlying layers.  The region had
been the subject of some debate as to whether any recharge occurs in the modern climate. 
Using environmental tracers and flow modeling, the study estimates MAI values of 5 and
1 mm/yr [0.2 and 0.04 in/yr] corresponding to annual rainfall of 450 and <350 mm/yr [17.7 and
<13.8 in/yr].  These estimates yield MAI/MAP values of 0.0029 to 0.011.  

Selaolo, et al. (2003)

A study of the Letlhakeng-Botlhapatlou area on the fringe of the Kalahari Basin compares
recharge estimates via a variety of methods, and presents an overview of studies of southeast
Botswana toward the Kalahari Basin (Selaolo, et al., 2003).  The study notes a general
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decrease in recharge with decreasing rainfall, high spatial variability, and multiple modes of
recharge that encompass diffuse and fast flow pathways (Selaolo, et al., 2003).  The aquifer is
developed in Karoo sandstones.  MAP is 420 mm/yr [16.5 in/yr].  A broad range of recharge
values are indicated with an average of about 4 mm/yr [0.16 in/yr], resulting in MAI/MAP of
0.095.  Selaolo, et al. (2003) suggest that there is a threshold value of about 400 mm/yr
[16 in/yr] precipitation, below which little to no recharge/infiltration occurs.  Other studies of the
Kalahari basin yield similar results (Verhagen, 2003).

Sami and Hughes (1996)

A regional recharge study compares different methods for calculating recharge for the semiarid
Karoo aquifer in South Africa (Sami and Hughes, 1996).  The region is underlain by fractured
rock aquifers and covered by rolling grassland.  Drainage occurs via ephemeral streams on
bedrock with some alluvial or colluvial patches.  Mean annual rainfall of 460 mm/yr [18.1 in/yr]
occurs as short duration high intensity summer convective storms, as well as some longer
duration events.  Runoff is a small component of the water budget (3 percent) and occurs
associated with high rainfall.  For a comparison of methods, including chloride mass balance
and an integrated surface-subsurface model, results yield mean MAI/MAP of 0.0098 (n = 12)
and 0.012 (n = 12) for MAP values of 460 and 483 mm/yr [18.1 and 19.0 in/yr], respectively. 
The modeled relationship between precipitation and recharge exhibits greater variability during
wet years than dry years, based on a 35-year record.  These  results are notably less than a
previous study of the same system, which estimated MAI/MAP values of 0.03 to 0.05
(van Tonder and Kirchner, 1990).   

Edmunds and Gaye (1994)

Edmunds and Gaye (1994) use the chloride mass balance approach to assess recharge in the
coastal aquifer of the northwest of Senegal.  The region is underlain by Quaternary sands that
form a phreatic aquifer, typical of the Sahel region.  Soils are thin and support shrubs and
acacia.  The climate is semiarid, with summer monsoon rains and a dry winter.  Mean annual
rainfall is approximately 290 mm/yr [11.4 in/yr].  MAI/MAP values are spatially variable and
range from 0.0017 to 0.1186 (n = 12, covering 3 different areas).  The spatial variability is
attributed to variations in soil texture and to a lesser degree vegetation.  Recharge rates are
greatest where the Quaternary sands are thickest and decrease with clay-rich, more
compact sediments.

Edmunds, et al. (1992)

Edmunds, et al. (1992) apply the chloride mass balance approach to assess recharge and
sources of recharge in semiarid Sudan.  The town of Abu Delaig lies on the banks of a small
wadi, which flows several times a year for short periods.  The town sits on the Nubian
sandstone next to its border with a basement complex of granodiorite and some
metasediments.  Excluding the wadi beds, the area consists of flat grassland with a sandy soil. 
The soil, however, often has a clay matrix which creates a relatively impermeable surface. 
MAP is 225 mm/yr [8.9 in/yr].  Results suggest that direct recharge to the interfluve areas
(i.e., plains separating wadis) is nominal {0 to 3.1 mm/yr [0 to 0.052 in/yr ]; MAI/MAP is 0 to
0.014; n = 16} and that the soil clay matrix effectively limits infiltration.  Recharge through the
wadis during periods of flash floods, which occur several times a year, likely represents the
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fundamental source of recharge to the shallow aquifer system.  These results emphasize the
episodic nature and spatial variability that may characterize recharge in arid to semiarid regions.

Thiery (1990)

Thiery (1990) uses piezometric records and a lumped-parameter model to analyze recharge for
a granitic aquifer in Burkina Faso in the Sahel.  An observation well details the structure of the
aquifer system:  approximately 5 m [16 ft] of granitic sand overly 4 m [13 ft] of weathered
granite, overlying fresh granite.  For the study period (1978 though 1985), MAP was 690 mm/yr
[27.2 in/yr] {below the longer term average of 825 mm/yr [32.5 in/yr] for 1959 though 1985}.  The
model results are sensitive to values of storage coefficient and water retention capacity. 
Assuming reasonable values for these parameters yields MAI between 23 and 45 mm/yr [0.91
and 1.8 in/yr] (MAI/MAP is 0.033 to 0.065), which are likely low relative to the longer term period
for which rainfall records exist, reflecting the drought conditions during the period of study.

Nkotagu (1996)

Nkotagu (1996) applies the chloride mass balance approach to two semiarid basins in Dodoma,
Tanzania to assess recharge and recharge mechanisms {MAP is 550 mm/yr [21.7 in/yr]}.  A
regolith that is on average 60 m [200 ft] thick overlies fractured granite.  The regolith consists
largely of clay, sand, calcrete, and weathered granite.  The study further distinguishes
proportions of recharge occurring via preferred fractures and joints (63 percent) versus diffuse
matrix flow (37 percent).

Houston (1990)

Houston (1990) discusses efforts to assess recharge in Victoria Province, Zimbabwe, to a
weathered regolith aquifer (high storage, low permeability), which overlies fissured bedrock (low
storage, high permeability).  MAP over the study area is 728 mm/yr [28.7 in/yr], but annual
precipitation is highly variable.  Precipitation dominantly occurs in summer (second half of
October to end of March), dependent on the trade winds.  Most rainfall, and the greatest
intensity rainfall, occurs November through January.  Houston uses a recharge—runoff
simulation model to estimate recharge, which is based on a flow routing model and soil moisture
deficits, and estimates annual recharge for 9 years (1975 to 1983).  Resulting MAI /MAP values
range from 0.013 to 0.054, with a mean value of 0.025.  These values are consistent with
recharge estimates using the chloride mass balance method for the same region, which yield
MAI/MAP of 0.0018 and 0.0033 for granitic environments within the study area, and MAI/MAP is
0.025 to 0.065 for gneissic terrains.  Houston discusses the significant temporal variability of
recharge and suggests that below a particular rainfall threshold, recharge likely does not occur. 

Conrad, et al. (2004)

Numerous studies of recharge have been undertaken for aquifers on the west coast of South
Africa and are reviewed by Conrad, et al. (2004).  Early studies of this area indicate a wide
range of recharge values.  Conrad, et al. (2004) perform water balance calculations and apply a
variety of techniques and modeling efforts to obtain relatively consistent results that are lower
than previous recharge estimates, which they consider unrealistically high.  For MAP values of
150 to 267 mm/yr [5.9 to 10.5 in/yr] they obtain recharge values of 0.3 to 8.3 mm/yr [0.012 to
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0.33 in/yr] for four different wellfields (comparing methods for each) with MAI/MAP ranging from
0.002 to 0.034.

Asomaning (1992)

Asomaning (1992) assesses groundwater resources of the Birim basin in Ghana, West Africa. 
The subtropical region is a mix of virgin and secondary forest and farmlands.  Winters
(November though March) are dry and two wet periods occur in May though June and October,
separated by a small dry season in August.  Greater than 80 percent of precipitation and
recharge occurs March though October.  MAP for the basin is 1,578 mm [62.1 in/yr] and MAT is
27 °C [81 °F].  The lowland basin is composed largely of phyllite, schist, tuff, and greywacke,
and also contains granite and granodiorite, metamorphosed lava and pyroclastic rocks with
associated saprolites.  The rocks have little primary permeability, but jointing, fracturing, and
weathering have developed a secondary porosity and permeability.  Residual surface
weathered clay and sandy material thickness ranges from 1 to 70 m [3.3 to 230 ft].  Based on a
water balance approach, MAI is estimated at 172 mm/yr [6.8 in/yr] and MAI/MAP is 0.109.

Bazuhair and Wood, 1996

The chloride mass balance approach has been applied to small alluvial aquifer systems in the
wadis and mountains of arid western Saudi Arabia (Bazuhair and Wood, 1996).  Precipitation
occurs in spring, fall, and winter, but is heavily concentrated in the spring (50 percent in April
and May).  The geology consists of crystalline and high-grade metamorphic rocks of the
Precambrian Arabian shield.  Precipitation increases in the mountain regions proximal to the
wadi systems where it may exceed 200 mm/yr [7.9 in/yr].  Intense short-duration storms
generate runoff into the wadis, which is proposed to be the primary area of aquifer recharge
(Muller, et al., 1984).  Calculated values of MAI/MAP for 13 wadi systems range from <0.01 to
0.2; most values fall within 0.03 to 0.04, however two higher values result in a mean value
of 0.05.

Dincer, et al. (1974)

Dincer, et al. (1974) apply stable isotopes and tritium methods to assess recharge in the Dahna
arid-zone sand dunes in Saudi Arabia.  The sand dunes blanket a limestone aquifer.  MAI is
estimated to be 23 mm/yr [0.91 in/yr], yielding MAI/MAP of 0.33.  The authors suggest that
recharge via sand dunes is likely widespread for dunes with relatively large grain sizes. 
Subsequent work at the same site applied an infiltration-evaporation model and yielded similar
recharge values (Sonntag, et al., 1980).

Rangarajan and Athavale (2000)

Rangarajan and Athavale (2000) compile recharge studies for numerous watersheds in India
(n = 35, where each site represents an average of multiple measurements) conducted over the
last 25 years using the tritium tracer method.  The study locations include a broad range of
climatic and hydrologic conditions with annual rainfall ranging from 380 to 1,454 mm/yr [15.0 to
57.2 in/yr].  The Indian climate is largely monsoonal, with approximately 80 percent of the
annual rainfall occurring from June to September.  The data are divided into four
hydrogeological rock types  alluvium, basalts, sedimentary rocks (including sandstone, some
shale, quartzite, and limestone), and granites and gneisses.  For each of these rock types, a
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linear correlation exists between rainfall and recharge.  Analyses are typically based on only
1 year of seasonal (monsoon) data, so do not necessarily represent mean annual values over
longer time periods.  Nonetheless, this study accounts for a range of climatic and geologic
conditions.  MAI/MAP ranges from 0.04 to 0.20.

Raj (2004)

A more recent study in southeastern India uses well hydrographs in a largely hard-rock terrain
to estimate recharge and yields MAI/MAP of 0.18 (Raj, 2004).  This value is within the high end
range of Rangarajan and Altavale (2000).

Athavale and Rangarajan (1990)

Athavale and Rangarajan (1990) provide numerous examples of recharge in the hard-rock
regions of semiarid southern India using tritium injection methods.  Many of these studies also
are noted in Rangarajan and Athavale (2000), but several (n = 4) are additional examples. 
MAI/MAP values for these studies range from 0.012 to 0.080, which falls within the range noted
in Rangarajan and Athavale (2000).  For one of the sites, two consecutive years are analyzed
(1984 and 1985).  Although total annual rainfall values are similar for these two years,
considerable difference exists in the pattern of rainfall, and correspondingly in antecedent
conditions and the resultant annual recharge.

Sukhija, et al. (2003)

Sukhija, et al. (2003) investigate the relative contributions of recharge processes (preferential
flow versus piston flow) for various geological environments in India.  They conclude that
preferential flow recharge processes are very significant in cases of fractured granites
(average of 75 percent of total recharge).  Preferential flow recharge is less important for
semi-consolidated sandstones (average of 33 percent of the total recharge).  For
unconsolidated alluvial environments, the piston flow model is applicable and preferential flow
recharge is nominal.  They provide recharge data for the unconsolidated alluvial formation of the
Balol site, Gujarat, in westernmost India for two annual periods using tritium methods.  For
MAP values of 262 and 323 mm/yr [10.3 and 12.7 in/yr], MAI/MAP values are 0.035 and
0.059, respectively.

Sukhija, et al. (1996)

Sukhija, et al. (1996) apply and compare a variety of isotopic and geochemical methods in the
Neyveli area of southeastern India to assess recharge.  MAP is about 1,200 mm/yr [47 in/yr]. 
The region experiences both southwest and northeast monsoons in June though September,
and October though December, respectively.  The maximum rainfall contribution occurs
September though October, with maximum recharge in September though January.  The area is
important for large lignite deposits as well as groundwater resources of the Neyveli Aquifer.  The
aquifer is in the Cuddalore formation, which is composed of Tertiary sedimentary deposits of
semiconsolidated sandstone, sand, clay beds, and lignite, and has phreatic, semi-confined, and
confined conditions.  Cretaceous carbonates and granitic gneisses outcrop 15 to 30 km [9.3 to
19 mi ] to the west of the study area.  Results for the Neyveli area yield average MAI/MAP
values of 0.16 to 0.18.
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Sukhija, et al. (1988)

An earlier study by Sukhija, et al. (1988) also investigates recharge to the Cuddalore aquifer
and the alluvium aquifer in the Pondicherry area, comparing chloride and injected tritium mass
balance methods at five regional locations.  MAI/MAP values for the Cuddalore aquifers (three
sites) range from 0.14 to 0.25, and alluvium values range from 0.07 to 0.15.  The agreement
between the two methods is on average about 25 percent.

Bekele, et al. (2003)

Bekele, et al. (2003) use a combination of borehole hydrograph data and chloride mass balance
to estimate recharge for the sandy Parmelia aquifer in the semiarid climate of the northern Perth
Basin in Australia.  This system has experienced rising groundwater levels, likely resulting from
increased recharge in response to native vegetation removal.  A thick unsaturated zone {up to
approximately 80 m [260 ft]} is comprised of weathered sand with discontinuous layers of clay. 
Annual rainfall in this region decreases inland with a range of approximately 400 to 570 mm/yr
[15.7 to 21.7 in/yr].  Pre-clearing estimates of recharge are 6.6 to 33.9 mm/yr [0.26 to
1.33 in/yr]], with individual MAI/MAP estimates ranging from 0.012 to 0.075.

Sharma and Hughes (1985)

Sharma and Hughes (1985) apply the chloride mass balance method to estimate recharge for
the coastal sandy aquifer of the Swan Coastal Plain near Perth, Australia.  The region is
underlain by highly conductive coastal eolian sand dunes.  The study site is vegetated with
native perennial Banskia woodland.  Runoff is negligible.  The region has a Mediterranean type
climate with distinct summer and winter seasons.  Precipitation occurs largely in winter {MAP is
775 mm/yr [30.5 in/yr]; approximately 50 percent occurs June though July, and >80 percent
occurs May though September}.  MAI/MAP values are approximately 0.15.  The system is
bimodal and results suggest that approximately 50 percent of annual recharge occurs via
preferential flowpaths, bypassing the soil matrix.  Results also suggest that considerable
transpiration occurs from depths >1 m [>3.3 ft].

Cook, et al. (1989)

Cook, et al. (1989) investigate spatial variability of recharge in a small field in the Western
Murray Basin in southern Australia.  MAP in this semiarid area is 340 mm/yr [13.4 in/yr], the
majority of which occurs April though October.  The geology consists of sand to sandy loams
overlying deep limestone at 50 m [160 ft].  MAI/MAP values, based on chloride profiles, for
areas of native vegetation are very low (0.00012 to 0.00018; n = 4).  MAI/MAP values are
markedly higher where the native vegetation is cleared and the surface is pasture (0.015 to
0.097; n = 8), pointing to the importance of vegetation in constraining recharge.

Moon, et al. (2004)

A study by Moon, et al. (2004) uses water table fluctuations to estimate recharge for four river
basins in South Korea and calculates MAI/MAP ratios of 0.061 to 0.10.  These values, however,
are based on rising water levels during the rainy season and thus represent maximum values
(Moon, et al., 2004).  The region has a summer monsoon climate with intense precipitation June



A–24

though August.  Values for this study are not included in figures herein as no precipitation or
recharge numbers are provided in the paper, only the MAI/MAP ratios.
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Figure A–1.  Recharge Fraction for Several Yucca Mountain Studies, With the
Maxey-Eakin Relationship Shown for Comparison.  Symbols Are Defined 

in Figure A–3.  [1 mm = 0.039 in]
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Figure A–2.  Mean Annual Infiltration for Several Yucca Mountain Studies,
With the Maxey-Eakin Relationship Shown for Comparison.  Symbols Are Defined

in Figure A–3.  [1 mm = 0.039 in]
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Figure A–3.  Legend for All Figures in Appendix A
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Figure A–4.  Recharge Fraction for Each Estimate in the Literature Review.
Symbols Are Defined in Figure A–3.  [1 mm = 0.039 in]
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Figure A–5.  Mean Annual Infiltration for Each Estimate in the Literature
Review.  Symbols Are Defined in Figure A–3.  [1 mm = 0.039 in]
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Figure A–6.  Recharge Fraction for the More Arid Estimates in the Literature
Review.  Symbols Are Defined in Figure A–3.  [1 mm = 0.039 in]
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Figure A–7.  Mean Annual Infiltration for the More Arid Estimates in the
Literature Review.  Symbols Are Defined in Figure A–3.  [1 mm = 0.039 in]
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Figure A–8.  Recharge Fraction for Each Estimate in the Literature Review
From the Southwestern United States.  Symbols Are Defined in

 Figure A–3.  [1 mm = 0.039 in]
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Figure A–9.  Mean Annual Infiltration for Each Estimate in the Literature
Review From the Southwestern United States.  Symbols Are 

Defined in Figure A–3.  [1 mm = 0.039 in]
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Figure A–10.  Recharge Fraction for Each Estimate in the Literature Review
From Nevada.  Symbols Are Defined in Figure A–3.  [1 mm = 0.039 in]
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Figure A–11.  Mean Annual Infiltration for Each Estimate in the Literature
Review From Nevada.  Symbols Are Defined in Figure A–3.  [1 mm = 0.039 in]



APPENDIX B



5Mean annual precipitation (MAP) is referenced frequently throughout this appendix.  Consequently, the acronyms will
be used.
2 Mean annual infiltration (MAI) is referenced frequently throughout this appendix.  Consequently, the acronyms will be
used.
3 Mean annual temperature (MAT) is referenced frequently throughout this appendix.  Consequently, the acronyms will
be used.

B–1

TABLE OF RECHARGE, INFILTRATION, AND PERCOLATION STUDIES

Appendix B provides all estimates of mean annual precipitation (MAP)5 and mean annual
infiltration (MAI)6 obtained from the literature review.  Both mean annual precipitation and
infiltration have units of mm/yr; to obtain units of in/yr, divide the tabulated value by 25.4. 
The column denoted MAI/MAP is simply the ratio of MAI to MAP.

The column entitled Label describes how the estimate is indicated in the figure legend
(Figure A–3).  It combines a short description and source citation corresponding to
legend entries.

Estimates of mean annual temperature (MAT)7 are provided in units of degrees Celsius; to obtain
a value in degrees Fahrenheit, use the formula F = 32 + (9/5) C, where F is the value in degrees
Fahrenheit and C is the value in degrees Celsius.  In many cases, temperatures were not
reported in the cited source.  Temperatures reported to the nearest 0.1 degree are from the cited
source, whereas temperatures reported to the nearest degree are independently estimated and
should be viewed as rough approximations.

Estimates of latitude are reported in decimal degrees north of the equator.  Latitude is rarely
reported in the cited source and almost all reported values were independent estimates of the
approximate middle of the source region.  Note that some hydrologic basins can cover nearly a
degree north and south.

The Note column provides a short explanation of some of the estimates, such as names of
hydrologic basins.



B–2

Label MAP MAI
MAI/
MAP MAT Latitude Note

India—Alluvium (Rangarajan
and Athavale, 2000)

460 56 0.122 25

470 70 0.149 25

990 195 0.197 25

491 62 0.126 30

750 82 0.109 30

740 107 0.145 30

1,147 137 0.119 30

1,454 198 0.136 30

850 105 0.124 30

1,004 161 0.160 30

India—Basalt (Rangarajan
and Athavale, 2000)

865 71 0.082 25

1,067 131 0.123 30

652 56 0.086 30

612 46 0.075 30

863 90 0.104 30

India—Sedimentary
(Rangarajan and Athavale,
2000)

935 113 0.121 27

929 103 0.111 25

863 135 0.156 30

1,250 117 0.094 30

615 29 0.047 27

1,398 181 0.129 30

India—Granite/Gneiss
(Rangarajan and Athavale,
2000)

1,240 179 0.144 30

935 97 0.104 27

805 98 0.122 25

1,100 159 0.145 30



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–3

India—Granite/Gneiss
(Rangarajan and Athavale,
2000) (cont’d)

1,250 166 0.133 30

750 105 0.140 30

445 46 0.103 30

380 24 0.063 27

550 42 0.076 25

565 39 0.069 25

615 25 0.041 25

460 61 0.133 25

715 69 0.097 27

1,320 61 0.046 27

India–Sedimentary
(Athavale and Rangarajan,
1990)

1,250 100 0.080 30

India–Granite/Gneiss
(Athavale and Rangarajan,
1990)

565 6.5 0.012 26

563 32 0.057 30

583 17 0.029 30

India, Gujarat (Sukhija,
et al., 2003)

262 9.2 0.035 30

323 19 0.059 30

India, Neyveli (Sukhija,
et al., 1996)

1,200 192 0.160 30

1,200 216 0.180 30

India, Neyveli (Sukhija,
et al., 1988)

1,200 300 0.250 30

1,200 185 0.154 30

1,200 170 0.142 30

1,200 185 0.154 30

1,200 165 0.138 30



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–4

India, Neyveli (Sukhija,
et al., 1988) (cont’d)

1,200 290 0.242 30

1,200 180 0.150 30

1,200 300 0.250 30

1,200 110 0.092 30

1,200 80 0.067 30

Saudi Arabia (Bazuhair and
Wood, 1996)

300 60 0.200 29

75 3 0.040 29

200 8 0.040 29

75 3 0.040 29

250 8 0.032 29

75 2 0.027 29

50 1 0.020 29

25 3 0.120 29

75 1 0.013 29

75 1 0.013 29

225 9 0.040 29

75 2 0.027 29

250 10 0.040 29

Saudi Arabia (Dincer, et al.,
1996)

70 23 0.329 30

292 1 0.003 -10

South Australia With
Vegetation (Cook, et al.,
1989)

340 0 0.000 30

340 0.1 0.000 30

340 0.1 0.000 30

340 0 0.000 30

South Australia Without
Vegetation (Cook, et al.,
1989)

340 20 0.059 30



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–5

South Australia Without
Vegetation (Cook, et al.,
1989) (cont’d)

340 9 0.026 30

340 33 0.097 30

340 15 0.044 30

340 29 0.085 30

340 9 0.026 30

340 19 0.056 30

340 5 0.015 30

West Australia (Sharma
and Hughes, 1985)

775 113 0.146 25

775 129 0.166 25

775 114 0.147 25

775 114 0.147 25

775 112 0.145 25

775 116 0.150 25

767 314 0.409 15

827 384 0.464 15

683 268 0.392 15

708 225 0.318 15

708 261 0.369 15

686 277 0.404 10

687 267 0.389 10

596 286 0.480 10

610 318 0.521 10

526 171 0.325 10

West Australia (Bekele,
et al., 2003)

449 18.8 0.042 20 Carnamah +
Eneabba

449 27.6 0.061 20 Carnamah +
Eneabba

449 10.6 0.024 20 Carnamah +
Eneabba



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–6

West Australia (Bekele,
et al., 2003) (con’t.)

449 16.5 0.037 20 Carnamah +
Eneabba

449 21.2 0.047 20 Carnamah +
Eneabba

399 16.6 0.042 20 Mingenew

399 10.7 0.027 20 Mingenew

399 12.0 0.030 20 Mingenew

449 33.9 0.075 20 Carnamah +
Eneabba

389 7.8 0.020 20 Three Springs

389 7.8 0.020 20 Three Springs

449 15.1 0.033 20 Carnamah +
Eneabba

376 7.1 0.019 20 Carnamah

392 20 0.050 20 Coorow

449 22.6 0.050 20 Carnamah +
Eneabba

449 15.1 0.033 20 Carnamah +
Eneabba

399 10.9 0.027 20 Mingenew

399 17.2 0.043 20 Mingenew

399 15.0 0.038 20 Mingenew

392 13.1 0.033 20 Coorow

569 11.4 0.020 20 Badgingarra

569 6.6 0.012 20 Badgingarra

Africa–Sudan (Edmunds,
et al., 1992)

225 0.8 0.004 30

225 0.6 0.003 30

225 0.5 0.002 30

225 0.5 0.002 30

225 0.6 0.003 30

225 3.1 0.014 30



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–7

Africa–Sudan (Edmunds,
et al., 1992) (con’t.)

225 1.3 0.006 30

225 0.6 0.003 30

225 0.8 0.004 30

225 0.9 0.004 30

225 1.1 0.005 30

225 0.5 0.002 30

225 0.3 0.001 30

225 0 0.000 30

225 0.6 0.002 30

225 0.6 0.003 30

South Africa (Sami and
Hughes, 1996)

460 5.0 0.011 20

460 3.6 0.008 20

460 6.4 0.014 20

460 3.0 0.007 20

460 3.9 0.008 20

460 7.4 0.016 20

460 7.8 0.017 20

460 0 0.000 20

460 8.0 0.017 20

460 3.2 0.007 20

460 3.2 0.007 20

460 0 0.000 20

483 5.8 0.012 20

483 6.4 0.013 20

483 7.0 0.014 20

483 8.2 0.017 20

483 4.7 0.010 20

483 3.0 0.006 20



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–8

South Africa (Sami and
Hughes, 1996) (cont’d)

483 4.7 0.010 20

483 3.2 0.007 20

483 6.9 0.014 20

483 7.2 0.015 20

483 7.4 0.015 20

483 6.0 0.012 20

South Africa (Conrad, et
al., 2004)

242 2.9 0.012 20

253 4.3 0.017 20

256 4.6 0.018 20

250 8.5 0.034 20

250 1.0 0.004 20

150 1.5 0.010 20

153 2.3 0.015 20

150 2.1 0.014 20

156 1.4 0.009 20

150 0.5 0.003 20

200 1.8 0.009 20

215 4.3 0.020 20

211 3.8 0.018 20

220 1.1 0.005 20

217 0.7 0.003 20

252 8.3 0.033 20

267 0.8 0.003 20

248 5.7 0.023 20

250 3.0 0.012 20

250 0.5 0.002 20

Africa—Senegal (Edmunds
and Gaye, 1994)

290 29.1 0.100 28



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–9

Africa—Senegal (Edmunds
and Gaye, 1994) (con’t.)

290 10.1 0.035 28

290 11.1 0.038 28

290 10.1 0.035 28

290 4.6 0.016 28

290 34.4 0.119 28

290 3.5 0.012 28

290 16.2 0.056 28

290 0.6 0.002 28

290 1.1 0.004 28

290 8.6 0.030 28

290 0.5 0.002 28

Africa—Burkina Faso
(Thiery, 1990)

690 23 0.033 30

690 45 0.065 30

450 5 0.011 25

Africa—Kalahari (DeVries,
et al., 2000)

350 1 0.003 25

Africa—Ghana
(Asomaning, 1992)

1,578 172 0.109 27

Africa—Tanzania (Nkotagu,
1996)

550 16 0.029 25

550 10 0.018 25

Africa—Zimbabwe
(Houston, 1990)

1,511 82 0.054 20

720 11 0.015 20

763 39 0.051 20

919 27 0.029 20

521 8 0.015 20

634 9 0.014 20

905 12 0.013 20

441 7 0.016 20



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–10

Africa—Zimbabwe
(Houston, 1990) (con’t.)

211 3 0.014 20

New Mexico—Las Cruces
(Gee, et al., 1994)

385 172 0.447 15.8 32.34

337 150 0.445 15.8 32.34

320 145 0.453 15.8 32.34

323 47 0.146 15.8 32.34

344 6 0.017 15.8 32.34

363 67 0.185 15.8 32.34

250 0 0.000 15.8 32.34

278 154 0.554 15.8 32.34

299 54 0.181 15.8 32.34

Washington—Hanford
(Gee, et al., 1994)

162 5 0.031 11.9 46.57

Nevada—Beatty (Gee,
et al., 1994)

104 0 0.000 15.0 36.83

Nevada—Beatty (Nichols,
et al., 1987)

74 0 0.000 15.0 36.83

Washington— Hanford
(Maher, et al., 2003)

162 7 0.043 11.9 46.57

Columbia Plateau (Bauer
and Vaccaro, 1990)

179 10.5 0.059 9.8 46.50 BWIP1

218 30.4 0.139 12.5 46.80 BWIP2

229 33.6 0.147 11.9 46.80 BWIP3

162 9.3 0.057 11.3 46.60 BWIP4

215 28.9 0.135 12.0 46.80 BWIP5

212 16.2 0.076 8.8 46.70 BWIP6

202 32.1 0.159 8.3 46.70 BWIP7

170 7.4 0.043 9.7 46.50 BWIP8

187 10.5 0.056 8.7 46.60 BWIP9

194 11.0 0.057 6.5 46.60 BWIP10

190 10.8 0.057 8.9 46.50 BWIP11



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–11

Columbia Plateau (Bauer
and Vaccaro, 1990)
(cont’d)

182 3.7 0.020 10.0 46.30 BWIP12

201 11.5 0.057 5.6 46.20 BWIP13

195 5.6 0.029 10.4 46.20 BWIP14

171 3.2 0.019 11.6 46.10 BWIP15

204 9.6 0.047 10.3 46.00 BWIP16

198 6.4 0.032 10.0 46.00 BWIP17

295 31.9 0.108 9.0 46.80 BWIP18

247 20.3 0.082 8.9 45.80 BWIP19

225 21.3 0.095 11.0 45.90 BWIP20

423 132 0.312 12.2 46.20 BWIP21

557 258 0.462 5.6 46.20 Ahtanum

547 147 0.269 9.7 46.23 Asotin

236 14.0 0.059 9.4 47.00 Bowars Coulee

253 33.3 0.132 9.2 47.50 Canniwai

309 56.4 0.182 10.4 47.20 Cow Creek

307 41.2 0.134 11.6 47.45 Crab Creek

246 28.4 0.115 10.6 46.60 Douglas Creek

534 86.0 0.161 10.0 46.15 Dry Creek

247 34.8 0.141 12.2 47.50 East Banks

213 17.9 0.084 6.7 47.30 East High Canal

191 14.2 0.075 8.7 47.00 Eastlow Canal

272 67.1 0.246 8.5 47.00 Ellensburg

251 25.5 0.102 8.0 46.35 Eureka Flat

219 5.9 0.027 9.0 47.15 Farrier Coulee

251 28.7 0.114 8.3 47.70 Jameson Lake

595 261 0.438 9.0 47.20 Naneum Creek

202 3.2 0.016 8.4 46.90 Providence Coulee

549 101 0.184 6.0 46.70 Pullman-Moscow



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–12

Columbia Plateau (Bauer
and Vaccaro, 1990)
(cont’d)

200 14.0 .0.70 10.1 47.10 Quincy

197 20.1 0.102 10.1 46.90 Royal Slope

223 20.6 0.092 7.8 46.65 Rye Grass Flat

221 0.2 0.001 9.0 45.60 Six Mile Creek

211 10.8 0.051 12.0 46.40 Toppeniah

448 80.9 0.181 10.7 46.30 Touchet River

516 166 0.322 9.8 46.40 Tucannon River

404 37.5 0.093 12.0 45.55 Umatille River

514 73.0 0.142 8.0 46.60 Union Flat Creek

317 35.5 0.112 10.6 46.00 Walla Walla

922 369 0.400 8.8 45.85 S-N Fork Walla
Walla River

278 7.1 0.026 10.8 45.40 Willow Creek

278 22.1 0.079 10.8 47.70 Wilson Creek

219 20.6 0.094 12.0 46.60 Yakima

Washington—Hanford
(Gee, et al., 1992)

200 2 0.010 11.9 46.57

209 90 0.431 11.9 46.57

231 111 0.481 11.9 46.57

186 102 0.550 11.9 46.57

138 40 0.290 11.9 46.57

175 42 0.240 11.9 46.57

177 62 0.350 11.9 46.57

20 1 0.050 11.9 46.57

162 0 0.000 11.9 46.57

167 10 0.060 11.9 46.57

162 0 0.000 11.9 46.57

162 0 0.000 11.9 46.57

162 0 0.000 11.9 46.57



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–13

Washington—Hanford (Gee,
et al., 1992) (cont’d)

162 0 0.000 11.9 46.57

162 0 0.000 11.9 46.57

162 0 0.000 11.9 46.57

346 204 0.590 11.9 46.57

154 74 0.481 11.9 46.57

Texas—Chihuahuan
Desert (Scanlon, et al.,
1999)

320 0 0.000 16 31.12

320 0.1 0.000 16 31.12

320 0.1 0.000 16 31.12

320 0 0.000 16 31.12

320 0 0.000 16 31.12

320 0 0.000 16 31.12

320 0 0.000 16 31.12

320 0 0.000 16 31.12

320 0.2 0.001 16 31.12

320 3.8 0.012 16 31.12

320 1.5 0.005 16 31.12

320 8.3 0.026 16 31.12

320 1.5 0.005 16 31.12

320 13.4 0.042 16 31.12

320 10.4 0.033 16 31.12

Texas—Chihuahuan
Desert (Scanlon, 1991)

280 0 0.000 16 31.00

280 0.7 0.003 16 31.00

Texas—Chihuahuan
Desert (Walvoord and
Phillips, 2004)

265 0 0.000 21 29.56

265 0 0.000 21 29.56

265 0 0.000 21 29.56

265 0 0.000 21 29.56



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–14

Texas—Chihuahuan
Desert (Walvoord and
Phillips, 2004) (con’t)

265 0 0.000 21 29.56

363 3 0.008 16 29.56

363 3 0.008 16 29.56

Southeast Arizona (Coes
and Pool, 2005)

364 3.2 0.009 20 31.55

364 61.2 0.168 20 31.55

Arizona—Black Mesa (Zhu,
et al., 2003)

300 9 0.030 10 36.59

538 35 0.065 10 36.59

Nevada—Yucca Mountain
(Zhu, et al., 2003)

162 5 0.031 10 36.83

300 15 0.050 10 36.83

Arizona—Black Mesa (Zhu,
2000)

300 13 0.043 10 36.59

300 19 0.063 10 36.59

Arizona—Black Mesa
(Lopes and Hoffmann,
1997)

457 11 0.024 10 36.59

457 16 0.035 10 36.59

Nevada—Kawich (Lichty
and McKinley, 1995)

336 11.4 0.034 7.8 37.96

336 32.8 0.098 7.8 37.96

639 295 0.462 3.3 38.89

639 322 0.503 3.3 38.89

New Mexico—Socorro
(Stephens, et al., 1991)

174 4.0 0.023 13.8 34.07

New Mexico—Socorro
(Stephens and Knowlton,
1986)

179 7.0 0.039 13.8 34.07

179 36.6 0.204 13.8 34.07

New Mexico—Socorro
(Phillips, et al., 1988)

200 2.0 0.010 13.8 34.07

200 8.4 0.042 13.8 34.07



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–15

New Mexico—Las Cruces
(Phillips, et al., 1988)

230 1.5 0.007 15.8 32.30

230 9.5 0.041 15.8 32.30

Texas/New Mexico—High
Plains (Wood and Sanford,
1995)

485 11 0.023 14.7 34.00

New Mexico—Carlsbad
(Shurbaji and Campbell,
1997)

380 0.5 0.001 16 32.33

380 0.8 0.002 16 32.33

380 2.4 0.006 16 32.33

Nevada—Yucca Flat
(Winograd, 1981)

120 0.5 0.004 18 36.83

Yucca Mountain
(Bodvarsson, et al., 2003)

150 7 0.047 13.4 36.83

150 27 0.180 13.4 36.83

150 0 0.000 13.4 36.83

150 0 0.000 13.4 36.83

150 8 0.053 13.4 36.83

150 5 0.033 13.4 36.83

150 13 0.087 13.4 36.83

150 10 0.067 13.4 36.83

150 5 0.033 13.4 36.83

150 15 0.100 13.4 36.83

150 8 0.053 13.4 36.83

150 4 0.027 13.4 36.83

150 10 0.067 13.4 36.83

150 0 0.000 13.4 36.83

150 3 0.020 13.4 36.83

150 3 0.020 13.4 36.83

150 0 0.000 13.4 36.83

150 12 0.080 13.4 36.83

Yucca Mountain
(Bagtzoglou, 2003)

150 6.2 0.041 13.4 36.83



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–16

Yucca Mountain (Montazer
and Wilson, 1984)

150 0.5 0.003 13.4 36.83

150 4.5 0.030 13.4 36.83

Yucca Mountain
(Constantz, et al., 2003)

150 11.0 0.073 13.4 36.83

150 0.2 0.001 13.4 36.83

Yucca Mountain
(Fabryka-Martin, 2000)

170 0.6 0.004 13.4 36.83

170 1.4 0.008 13.4 36.83

170 0.4 0.002 13.4 36.83

170 0 0.000 13.4 36.83

170 0.1 0.001 13.4 36.83

170 0.2 0.001 13.4 36.83

170 0 0.000 13.4 36.83

170 1.8 0.011 13.4 36.83

170 0.3 0.002 13.4 36.83

170 0.4 0.002 13.4 36.83

170 1.5 0.009 13.4 36.83

170 1.2 0.007 13.4 36.83

170 0.8 0.005 13.4 36.83

170 2.4 0.014 13.4 36.83

170 3.1 0.018 13.4 36.83

170 3.1 0.018 13.4 36.83

170 5.0 0.029 13.4 36.83

170 1.8 0.011 13.4 36.83

170 2.9 0.017 13.4 36.83

170 3.3 0.019 13.4 36.83

170 3.7 0.022 13.4 36.83

170 2.4 0.014 13.4 36.83

170 4.0 0.024 13.4 36.83

170 2.3 0.014 13.4 36.83



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–17

Yucca Mountain
(Fabryka-Martin, 2000)
(con’t)

170 2.4 0.014 13.4 36.83

170 2.4 0.014 13.4 36.83

170 1.6 0.009 13.4 36.83

170 3.6 0.021 13.4 36.83

170 1.6 0.009 13.4 36.83

170 1.9 0.011 13.4 36.83

170 3.6 0.021 13.4 36.83

170 4.6 0.027 13.4 36.83

170 4.2 0.025 13.4 36.83

170 2.7 0.016 13.4 36.83

170 3.5 0.021 13.4 36.83

170 3.6 0.021 13.4 36.83

170 2.8 0.016 13.4 36.83

170 3.0 0.018 13.4 36.83

170 3.2 0.019 13.4 36.83

170 1.7 0.010 13.4 36.83

170 1.5 0.009 13.4 36.83

170 1.5 0.009 13.4 36.83

170 1.3 0.008 13.4 36.83

170 2.1 0.012 13.4 36.83

170 0.9 0.005 13.4 36.83

170 3.9 0.023 13.4 36.83

170 3.8 0.022 13.4 36.83

170 10.4 0.061 13.4 36.83

170 4.0 0.024 13.4 36.83

170 8.9 0.052 13.4 36.83

170 5.0 0.029 13.4 36.83

170 2.9 0.017 13.4 36.83



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–18

Yucca Mountain
(Fabryka-Martin, 2000)
(con.t)

170 4.6 0.027 13.4 36.83

170 3.4 0.020 13.4 36.83

170 3.4 0.020 13.4 36.83

170 0.5 0.003 13.4 36.83

170 0.4 0.002 13.4 36.83

170 3.8 0.022 13.4 36.83

170 2.2 0.013 13.4 36.83

170 3.7 0.022 13.4 36.83

170 1.8 0.011 13.4 36.83

170 3.9 0.023 13.4 36.83

170 2.2 0.013 13.4 36.83

170 2.0 0.012 13.4 36.83

170 1.8 0.011 13.4 36.83

170 1.8 0.011 13.4 36.83

170 2.2 0.013 13.4 36.83

170 1.5 0.009 13.4 36.83

170 1.1 0.006 13.4 36.83

170 3.5 0.021 13.4 36.83

170 0.7 0.004 13.4 36.83

170 0.6 0.004 13.4 36.83

170 0.6 0.004 13.4 36.83

170 1.5 0.009 13.4 36.83

170 1.4 0.008 13.4 36.83

170 0.9 0.005 13.4 36.83

170 0.6 0.004 13.4 36.83

170 0.6 0.004 13.4 36.83

170 0.8 0.005 13.4 36.83

170 0.7 0.004 13.4 36.83



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–19

Yucca Mountain
(Fabryka-Martin, 2000)
(con’t)

170 0.7 0.004 13.4 36.83

170 0.8 0.005 13.4 36.83

170 1.1 0.006 13.4 36.83

170 0.7 0.004 13.4 36.83

170 0.8 0.005 13.4 36.83

170 0.7 0.004 13.4 36.83

170 0.8 0.005 13.4 36.83

170 1.2 0.007 13.4 36.83

170 0.9 0.005 13.4 36.83

170 1.6 0.009 13.4 36.83

170 2.3 0.014 13.4 36.83

Nevada—Hydrographic
Basins (Lopes and Evetts,
2004)

195 8.1 0.041 41.75 Pueblo Valley

565 24.5 0.043 41.75 Continental Lake
Valley

239 11.0 0.046 41.75 Gridley Lake Valley

222 6.7 0.030 41.75 Virgin Valley

667 24.3 0.036 41.75 Guano Valley

239 9.5 0.040 41.75 Massacre Lake
Valley

185 6.6 0.036 41.75 Long Valley

261 9.3 0.036 41.75 Coleman Valley

213 10.4 0.049 41.75 Mosquito Valley

83 3.3 0.040 41.50 Surprise Valley

273 10.8 0.040 41.25 Boulder Valley

221 8.0 0.036 41.00 Duck Lake Valley

217 7.9 0.037 41.00 Duck Lake Valley

278 19.8 0.071 40.75 Pilgrim Flat

476 20.0 0.042 40.75 Painter Flat



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–20

Nevada—Hydrographic
Basins (Lopes and Evetts,
2004) (con't)

72 2.4 0.034 40.25 Dry Valley

5 0.2 0.031 40.25 Sano Valley

134 6.3 0.047 40.75 Smoke Creek
Desert

75 3.3 0.044 40.50 San Emidio Desert

2,401 105.8 0.044 40.75 Granite Basin

95 6.0 0.064 41.00 Hualapai Flat

20 0.5 0.023 41.00 Hualapai Flat

311 9.3 0.030 41.25 High Rock Lake
Valley

126 7.7 0.061 41.25 Mud Meadow

339 33.3 0.098 41.50 Summit Lake
Valley

57 3.0 0.053 41.00 Black Rock Desert

178 9.0 0.051 41.75 Pine Forest Valley

300 17.3 0.058 41.75 Kings River Valley

45 2.3 0.050 41.25 Desert Valley

50 3.2 0.064 41.25 Desert Valley

50 1.5 0.030 41.25 Desert Valley

53 2.1 0.040 41.25 Silver State Valley

342 24.1 0.070 41.75 Quinn River Valley

237 1.8 0.008 41.75 Little Owyhee River
Area

365 10.2 0.028 41.75 South Fork
Owyhee River Area

346 13.4 0.039 41.25 Independence
Valley

409 15.2 0.037 41.75 Owyhee River Area

460 24.1 0.052 41.75 Bruneau River
Area



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–21

Nevada—Hydrographic
Basins (Lopes and Evetts,
2004) (con't)

572 54.8 0.096 41.75 Jarbidge River
Area

399 17.2 0.043 41.75 Salmon Falls Creek
Area

298 10.1 0.034 41.75 Goose Creek Area

471 14.4 0.031 40.50 South Fork Area

335 8.5 0.025 40.25 Huntington Valley

285 15.8 0.055 40.75 Dixie
Creek-Tenmile
Creek Area

314 20.7 0.066 40.75 Susie Creek Area

337 27.7 0.082 41.00 Maggie Creek Area

289 16.4 0.057 40.75 Marys Creek Area

311 21.9 0.070 40.25 Pine Valley

327 24.9 0.076 40.25 Pine Valley

327 37.7 0.115 40.25 Pine Valley

327 31.4 0.096 40.25 Pine Valley

127 8.9 0.070 40.25 Crescent Valley

282 16.0 0.057 40.25 Crescent Valley

282 16.6 0.059 40.25 Crescent Valley

282 13.3 0.047 40.25 Crescent Valley

110 5.4 0.050 40.00 Carico Lake Valley

303 23.7 0.078 40.00 Carico Lake Valley

303 25.8 0.085 40.00 Carico Lake Valley

303 22.8 0.075 40.00 Carico Lake Valley

247 15.5 0.063 39.25 Upper Reese River
Valley

248 12.6 0.051 39.25 Upper Reese River
Valley

336 29.9 0.089 39.25 Upper Reese River
Valley



Label MAP MAI
MAI/
MAP MAT Latitude Note

B–22

Nevada—Hydrographic
Basins (Lopes and Evetts,
2004) (con't)

336 46.0 0.137 39.25 Upper Reese River
Valley

336 38.9 0.116 39.25 Upper Reese River
Valley

253 11.6 0.046 39.75 Antelope Valley

294 18.1 0.062 39.75 Antelope Valley

294 26.5 0.090 39.75 Antelope Valley

294 20.0 0.068 39.75 Antelope Valley

212 10.4 0.049 40.25 Middle Reese River
Valley

278 19.1 0.069 40.25 Middle Reese River
Valley

278 19.7 0.071 40.25 Middle Reese River
Valley

278 14.9 0.054 40.25 Middle Reese River
Valley

276 15.0 0.054 40.50 Lower Reese River
Valley

276 15.4 0.056 40.50 Lower Reese River
Valley

276 10.5 0.038 40.50 Lower Reese River
Valley

279 18.7 0.067 40.75 Whirlwind Valley

279 19.2 0.069 40.75 Whirlwind Valley

279 10.1 0.036 40.75 Whirlwind Valley

255 12.3 0.048 40.75 Boulder Flat

270 16.7 0.062 40.75 Boulder Flat

270 16.9 0.063 40.75 Boulder Flat

270 9.6 0.036 40.75 Boulder Flat

274 18.3 0.067 41.00 Rock Creek Valley

274 9.6 0.035 41.00 Rock Creek Valley

289 13.9 0.048 41.00 Rock Creek Valley
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MAI/
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B–23

Nevada—Hydrographic
Basins (Lopes and Evetts,
2004) (con't)

328 23.5 0.072 41.25 Willow Creek
Valley

329 32.3 0.098 41.25 Willow Creek
Valley

329 32.9 0.100 41.25 Willow Creek
Valley

265 11.8 0.045 41.00 Clovers Area

265 12.2 0.046 41.00 Clovers Area

265 12.2 0.046 41.00 Clovers Area

269 14.0 0.052 40.75 Pumpernickel
Valley

269 14.3 0.053 40.75 Pumpernickel
Valley

269 11.9 0.044 40.75 Pumpernickel
Valley

286 20.1 0.070 41.25 Kelly Creek Area

286 20.9 0.073 41.25 Kelly Creek Area

286 17.4 0.061 41.25 Kelly Creek Area

216 11.7 0.054 41.50 Little Humboldt
Valley

328 25.7 0.078 41.75 Hardscrabble Area

96 7.9 0.083 41.25 Paradise Valley

165 11.0 0.067 40.75 Grass Valley

51 2.5 0.049 40.75 Imlay Area

45 2.4 0.053 40.25 Lovelock Valley

0 0.0 0.030 39.75 White Plains

13 0.4 0.033 39.75 Bradys Hot Springs
Area

52 2.4 0.046 39.75 Fernley Area

49 1.6 0.033 39.75 Fireball Valley

48 1.7 0.036 40.25 Granite Springs
Valley



Label MAP MAI
MAI/
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B–24

Nevada—Hydrographic
Basins (Lopes and Evetts,
2004) (con't)

40 1.4 0.036 40.50 Kumiva Valley

78 3.7 0.048 40.25 Winnemucca Lake
Valley

71 4.7 0.066 40.00 Pyramid Lake
Valley

109 7.2 0.067 39.75 Dodge Flat

202 10.0 0.050 39.50 Tracy Segment

185 11.6 0.063 39.75 Warm Springs
Valley

100 3.8 0.038 39.75 Spanish Springs
Valley

163 5.2 0.032 39.75 Spanish Springs
Valley

163 4.8 0.030 39.75 Spanish Springs
Valley

86 2.4 0.028 39.75 Sun Valley

378 63.3 0.168 39.50 Truckee Meadows

562 122 0.217 39.25 Pleasant Valley

505 87.1 0.172 39.25 Washoe Valley

505 87.1 0.172 39.25 Washoe Valley

623 153 0.245 39.50 Truckee
CanyonSegment

222 9.2 0.041 39.75 Lemmon Valley

225 7.7 0.034 39.75 Lemmon Valley

158 8.2 0.052 39.75 Lemmon Valley

238 7.9 0.033 39.75 Antelope Valley

243 9.9 0.041 39.75 Bedell Flat

220 14.3 0.065 40.00 Dry Valley

238 15.9 0.067 39.75 Newcomb Lake
Valley
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Nevada—Hydrographic
Basins (Lopes and Evetts,
2004) (cont’d)

59 3.7 0.063 40.25 Honey Lake Valley

196 6.6 0.034 40.25 Skedaddle Creek
Valley

63 7.4 0.117 39.75 Red Rock Valley

156 7.8 0.050 39.75 Cold Spring Valley

9 0.4 0.047 39.50 Carson Desert

32 1.3 0.041 39.25 Churchill Valley

162 10.2 0.063 39.25 Dayton Valley

164 10.2 0.062 39.25 Dayton Valley

210 14.2 0.067 39.25 Dayton Valley

210 14.2 0.067 39.25 Dayton Valley

400 60.0 0.150 39.25 Eagle Valley

462 55.2 0.119 39.25 Eagle Valley

462 69.0 0.149 39.25 Eagle Valley

289 28.4 0.098 39.00 Carson Valley

398 55.7 0.140 39.00 Carson Valley

209 16.9 0.081 38.75 Smith Valley

30 1.8 0.063 39.00 Mason Valley

155 17.9 0.115 38.50 East Walker Area

36 2.3 0.064 38.75 Walker Lake Valley

186 10.3 0.056 38.25 Alkali Valley

282 12.3 0.044 38.25 Mono Valley

109 3.9 0.036 38.25 Huntoon Valley

57 1.9 0.034 38.25 Teels Marsh Valley

203 9.5 0.047 38.00 Adobe Valley

184 14.6 0.080 38.00 Queen Valley

172 22.3 0.129 37.75 Fish Lake Valley

172 22.3 0.129 37.75 Fish Lake Valley
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Nevada—Hydrographic
Basins (Lopes and Evetts,
2004) (cont’d)

169 18.1 0.107 37.75 Fish Lake Valley

17 0.9 0.053 38.25 Columbus Salt
Marsh Valley

28 1.2 0.043 38.25 Rhodes Salt Marsh
Valley

49 1.6 0.032 38.25 Garfield Flat

25 0.9 0.036 38.50 Soda Spring Valley

143 1.9 0.013 38.75 Gabbs Valley

142 1.8 0.013 38.75 Gabbs Valley

10 0.3 0.030 39.25 Rawhide Flats

28 0.8 0.030 39.25 Fairview Valley

124 3.8 0.031 39.25 Fairview Valley

121 7.7 0.064 39.25 Sum of HAs 125,
126, 127

221 8.6 0.039 39.25 Sum of HAs 125,
126, 127

42 2.2 0.052 39.75 Dixie Valley

90 3.3 0.036 39.75 Dixie Valley

75 5.0 0.067 40.25 Pleasant Valley

154 5.5 0.036 40.25 Pleasant Valley

57 2.7 0.047 40.25 Jersey Valley

137 4.7 0.034 40.25 Jersey Valley

127 9.2 0.072 39.75 Edwards Creek
Valley

97 9.8 0.101 39.25 Smith Creek Valley

75 7.9 0.104 39.25 Smith Creek Valley

75 6.8 0.090 39.25 Smith Creek Valley

93 8.3 0.089 38.75 Ione Valley

20 0.8 0.041 38.25 Monte Cristo Valley

121 12.5 0.104 39.25 Big Smoky Valley
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Nevada—Hydrographic
Basins (Lopes and Evetts,
2004) (cont’d)

169 10.4 0.062 39.75 Grass Valley

60 6.0 0.100 39.75 Kobeh Valley

180 10.7 0.059 39.25 Monitor Valley

167 7.8 0.047 38.25 Ralston Valley

56 2.5 0.043 38.25 Ralston Valley

4 0.2 0.036 37.75 Alkali Spring Valley

30 1.3 0.043 37.75 Clayton Valley

12 0.4 0.037 37.50 Lida Valley

2 0.1 0.053 37.75 Stonewall Flat

22 0.7 0.032 37.25 Sarcobatus Flat

65 2.6 0.040 37.50 Gold Flat

18 0.7 0.040 37.75 Cactus Flat

175 7.7 0.044 38.25 Stone Cabin Valley

50 2.4 0.049 38.25 Stone Cabin Valley

199 12.1 0.061 38.75 Little Fish Lake
Valley

259 10.6 0.041 38.75 Little Fish Lake
Valley

116 4.4 0.038 39.25 Antelope Valley

238 5.6 0.024 39.50 Stevens Basin

192 10.1 0.053 39.75 Diamond Valley

202 13.3 0.066 39.75 Diamond Valley

144 6.6 0.046 39.75 Diamond Valley

199 10.4 0.052 39.50 Newark Valley

306 29.1 0.095 39.50 Newark Valley

58 2.2 0.039 39.00 Little Smoky Valley

215 5.3 0.025 39.00 Little Smoky Valley

70 3.2 0.046 38.50 Hot Creek Valley

195 2.7 0.014 38.50 Hot Creek Valley
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Nevada—Hydrographic
Basins (Lopes and Evetts,
2004) (cont’d)

120 4.8 0.040 37.50 Kawich Valley

505 87.1 0.172 39.25 Washoe Valley

47 2.0 0.042 37.25 Emigrant Valley

30 1.1 0.036 37.25 Yucca Flat

3 0.1 0.031 36.75 Frenchman Flat

84 7.3 0.087 36.75 Indian Springs
Valley

57 2.8 0.049 35.75 Mesquite Valley

61 3.2 0.053 35.75 Mesquite Valley

19 1.0 0.052 35.75 Ivanpah Valley

11 0.5 0.045 35.75 Jean Lake Valley

33 1.0 0.030 35.75 Eldorado Valley

66 3.2 0.049 36.75 Three Lakes Valley

55 2.9 0.052 37.25 Tikapoo Valley

65 2.9 0.045 37.75 Penoyer Valley

66 2.2 0.033 37.75 Penoyer Valley

66 9.2 0.139 37.75 Penoyer Valley

64 2.1 0.032 38.00 Coal Valley

132 9.7 0.073 38.25 Garden Valley

645 39.8 0.062 38.00 Railroad Valley

593 41.1 0.069 38.00 Railroad Valley

589 26.3 0.045 38.00 Railroad Valley

137 10.2 0.074 38.75 Railroad Valley
(Northern Part)

136 6.3 0.046 38.75 Railroad Valley
(Northern Part)

241 13.5 0.056 38.75 Railroad Valley
(Northern Part)

327 43.4 0.133 39.25 Jakes Valley
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B–29

Nevada—Hydrographic
Basins (Lopes and Evetts,
2004) (cont’d)

217 7.3 0.034 39.75 Long Valley

331 35.1 0.106 39.75 Long Valley

330 32.2 0.098 40.50 Ruby Valley

411 69.2 0.168 40.50 Ruby Valley

230 21.2 0.092 40.75 Clover Valley

373 60.5 0.162 40.75 Clover Valley

113 9.0 0.079 40.25 Butte Valley

115 6.9 0.060 40.25 Butte Valley

330 32.5 0.098 40.25 Butte Valley

199 20.8 0.105 39.50 Steptoe Valley

330 32.4 0.098 39.50 Steptoe Valley

271 18.4 0.068 38.75 Cave Valley

64 2.7 0.042 38.00 Dry Lake Valley

42 1.2 0.029 37.50 Delamar Valley

196 11.1 0.057 38.50 Lake Valley

227 21.5 0.095 39.25 Spring Valley

226 17.7 0.078 39.25 Spring Valley

327 29.8 0.091 39.25 Spring Valley

157 9.5 0.061 39.75 Tippett Valley

292 17.2 0.059 39.75 Tippett Valley

141 5.7 0.040 40.25 Antelope Valley

297 20.5 0.069 40.25 Antelope Valley

296 20.5 0.069 40.75 Goshute Valley

172 7.9 0.046 40.75 Independence
Valley

334 42.4 0.127 40.75 Independence
Valley

107 4.0 0.037 41.50 Thousand Springs
Valley
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B–30

Nevada—Hydrographic
Basins (Lopes and Evetts,
2004) (cont’d)

165 6.1 0.037 41.75 Grous Creak Valley

58 3.5 0.060 41.00 Pilot Creek Valley

73 4.5 0.062 40.50 Great Salt Lake
Desert

102 5.0 0.049 40.00 Deep Creek Valley

341 10.3 0.030 37.75 Escalante Desert

294 16.6 0.056 38.25 Spring Valley

156 6.8 0.044 38.25 Patterson Valley

20 1.0 0.050 37.25 Kane Springs
Valley

53 2.1 0.039 38.00 Pahroc Valley

27 1.1 0.042 37.50 Pahranagat Valley

28 1.5 0.054 37.00 Coyote Spring
Valley

86 9.2 0.107 36.75 Three Lakes Valley

86 11.2 0.130 36.75 Three Lakes Valley

49 9.1 0.186 36.25 Las Vegas Valley

49 10.7 0.217 36.25 Las Vegas Valley

101 8.5 0.084 36.25 Las Vegas Valley

5 0.0 0.003 35.50 Colorado Valley

79 2.4 0.030 35.25 Piute Valley

2 0.1 0.032 36.25 Black Mountains
Area

34 1.2 0.036 36.50 Garnet Valley

65 2.4 0.036 36.50 Hidden Valley

0 0.1 0.300 36.50 California Wash

2 0.1 0.033 36.75 Lower Moapa
Valley

154 5.2 0.034 37.25 Tule Desert
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MAP MAT Latitude Note

B–31

Nevada—Hydrographic
Basins (Lopes and Evetts,
2004) (cont’d)

52 1.9 0.036 37.00 Virgin River Valley

25 0.9 0.036 36.25 Gold Butte Area

66 2.6 0.040 36.25 Greaswood Basin

23 1.1 0.048 36.75 Mercury Valley

5 0.2 0.033 36.75 Rock Valley

56 2.1 0.038 37.00 Fortymile Canyon

35 1.0 0.030 37.25 Oasis Valley

18 0.6 0.033 36.75 Crater Flat

48 0.8 0.017 36.75 Amargosa Desert

3 0.1 0.047 37.25 Grapevine Canyon

222 0.8 0.004 37.25 Oriental Wash

Utah—Dugway Valley
(Stephens and Sumsion,
1978)

203 3.7 0.018 10.8 40.20 Dugway Valley, UT

Utah—Sand Hollow Basin
(Heilweil and Solomon,
2001)

203 20.3 0.100 16.0 37.08 Sand Hollow Basin,
UT

Nevada—Rainier Mesa
(Russell, et al., 1987)

279 23.7 0.085 7.4 37.23 Rainier Mesa

Yucca Mountain—
Uncertainty Glacial
Transition (CRWMS M&O,
2003)

167.0 1.2 0.006 Lower

278.0 24.4 0.083 Mean

389.0 91.7 0.243 Upper

Yucca Mountain—EPRI
Low (EPRI, 1998)

168.6 1.9 0.011 Greenhouse

154.6 1.11 0.007 Interglacial

169.1 2.8 0.017 1/3 FGM*

183.7 4.9 0.027 2/3 FGM

194.5 6.8 0.035 FGM (pluvial
conditions)
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MAP MAT Latitude Note
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Yucca Mountain—EPRI
Base (EPRI, 1998) (con't)

168.6 11.3 0.067 Greenhouse

154.6 7.2 0.047 Interglacial

169.1 11.6 0.069 1/3 FGM

183.7 16 0.087 2/3 FGM

194.5 19.6 0.101 FGM (pluvial
conditions)

168.6 19.2 0.114 Greenhouse

154.6 9.6 0.062 Interglacial

169.1 19.2 0.114 1/3 FGM

183.7 28.6 0.156 2/3 FGM

194.5 35.4 0.182 FGM (pluvial
conditions)

Yucca Mountain—
U.S. Geological Survey
Present Day
(U.S. Geological Survey,
2001)

185.8 1.2 0.006 Lower

188.5 3.6 0.019 Mean

265.6 8.8 0.033 Upper

Yucca Mountain—
U.S. Geological Survey
Monsoon (U.S. Geological
Survey, 2001)

189 3.6 0.019 Lower

301 8.6 0.029 Mean

413 13.6 0.033 Upper

Yucca Mountain—
U.S. Geological Survey
Glacial Transition
(U.S. Geological Survey,
2001)

201 2.2 0.011 Lower

316 13.4 0.042 Mean

431 24.6 0.057 Upper

FGM = Full glacial maximum
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