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Summary

- The Ground-Water Surveillance Project monitors the distribution of contaminants in ground
water at the Hanford Site for the U.S. Department of Energy. A subtask called “Water Budget at
Hanford” was initiated in FY 1994. The objective of this subtask was to produce a defensible map of
estimated recharge rates across the Hanford Site. The scope of the subtask was to estimate the
recharge rates given the current surface features and using only existing data.

Recharge rates are affected by the weather and climate, soil type, vegetation, and topography.
Methods that have been used to estimate recharge rates at the Hanford Site include measurements (of
drainage, water contents, and tracers) and computer modeling. Estimates from these methods were
assigned to specific soil-vegetation combinations and distributed across the Hanford Site using a soil
map and a vegetation/land use map. The long-term average rates varied from 2.6 mm/yr for several
soil and vegetation combinations to 127.1 mm/yr for basalt outcrop with no vegetation at the crest of
Rattlesnake Mountain. For the simulations of 12 soil-vegetation combinations, the annual rates varied
from 0.05 mm/yr for the Ephrata sandy loam with bunchgrass to 85.2 mm/yr for the same soil
without vegetation. Water content data from the Grass Site in the 300 Area indicated that annual rates
varied from 3.0 to 143.5 mm/yr during an 8-year period. These variations reflect differences in soil
type and vegetation as well as year-to-year weather variations.

The annual volume of estimated recharge was calculated to be 8.47 x 109 L for the potential
future Hanford Site (i.e., the portion of the current Site bounded by Highway 240 and the Columbia
River). This total volume is similar to earlier estimates of natural recharge and is 2 to 10x higher than
estimates of runoff and ground-water flow from higher elevations. Relative to facility discharges in
the 200 Areas in 1992, the volume of natural recharge is equivalent. Not only is the volume of
natural recharge significant in comparison to other ground-water inputs, the distribution of estimated
recharge is highly skewed to the disturbed sandy soils (i.e., the 200 Areas, where most contaminants
originate). The lack of good estimates of the means and variances of the supporting data (i.e., the
soil map, the vegetation/land use map, the model parameters) translates into large uncertainties in the
recharge estimates. When combined, the significant quantity of estimated recharge, its high sensitivity
to disturbance, and the unquantified uncertainty of the data and model parameters suggest that the
defensibility of the recharge estimates should be improved.

Six ways to increase the defensibility of the recharge map were recommended. A new soil
survey by the Soil Conservation Service would help tremendously, especially if it included collection
of recharge-related information. The information from an ongoing vegetation survey that is
collecting valuable data on plant communities could be incorporated into some of the simulations to
improve their predictions. The Ephrata sandy loam and Burbank loamy sand, two soil types that are
prevalent in the 200 Areas, are poorly characterized. They should be studied and their hydraulic
properties determined in situ. The 1984 fire had a significant impact on recharge rates because it
changed the species composition. Estimates of future recharge rates should consider the frequency
and impact of fire. Sixty-eight percent of the recharge volume of the future Site occurred in Rupert
- sand, half of that under the shrub-steppe and recovering shrub-steppe covers. Field data, either using
tracers or lysimeters, should be collected to support the simulation estimates for this soil.

The last recommendation is to quantify the impact of human activity on recharge rates. Dis-
turbed areas can contribute the largest amount of site-specific recharge, as evidenced by the
86.7 mm/yr recharge rate beneath gravel-covered lysimeters that were constructed to mimic the
surface conditions at the tank farms. The highest levels of disturbance occur in and around waste
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disposal areas, so not only could ground-water flow be affected by higher recharge rates, but
contaminants could be leached and reach the ground water much more quickly. Unfortunately, little
is known about the impact of disturbance on recharge in many areas of the Site. The recharge contri-
bution from roads, power lines, firebreaks, and parking lots could far exceed the total from the esti-
mated natural rates. Some means should be found to estimate the rate and distribution of recharge in
these disturbed areas and to determine its impact on ground-water flow and transport modeling.

The map that was produced for this report does not reflect historical recharge rates; rather, the
map reveals the distribution of recharge that was estimated using the current climate and the 1991
vegetation/land use patterns. Exactly when these estimated rates will impact the water table depends
on the travel time through the unsaturated zone, which varies in thickness across the Site.
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1.0 Introduction

The Ground-Water Surveillance Project monitors the distribution of contaminants in ground
water at the Hanford Site for the U.S. Department of Energy (DOE). The project is managed by the
Pacific Northwest Laboratory (PNL) and its purpose is to assist DOE in meeting the requirements of
DOE Order 5400.1 that apply to ground-water monitoring. One of the objectives of the Ground-
Water Surveillance Project is to assess the migration of existing ground-water contamination at the
Hanford Site and the potential for the contaminants to leave the Site (Woodruff et al. 1993).

The Ground-Water Surveillance Project uses the CFEST computer code (Gupta et al. 1987) to
understand the migration of contaminants in the ground water. One of the important input require-
ments of the CFEST code is the upper boundary condition of the modeled domain. At the Hanford
Site, the upper boundary is recharge, which is the flux of water reaching the water table from the
overlying unsaturated zone. Recharge comes from both natural and artificial sources. Natural
recharge is the water from meteoric sources (rain and snow) that percolates below the plant root zone.
Artificial recharge is the addition of water to the soil from various sources such as cribs, trenches, and
ponds. Artificial recharge is well documented and is not considered further in this report.

Not many years ago, the Hanford Defense Waste Environmental Impact Statement (DOE 1987)
assumed that natural recharge occurred only from rainfall and runoff from higher bordering eleva-
tions, infiltration from small ephemeral streams, and river water along influent reaches of the
Columbia and Yakima rivers [an Appendix to DOE (1987) also considered recharge from irrigation
of the Arid Lands Ecology Reserve]. Natural recharge across the remainder of the Site was assumed
to be essentially zero. Gee et al. (1992) summarized the results of two external reviews that disputed
this assumption and presented evidence from multiple experiments showing conclusively that meas-
urable natural recharge occurs at the Hanford Site, with rates ranging from near zero to more than
100 mm/yr. The view that natural recharge is measurable and variable is now reflected in the stan-
dard National Environmental Policy Act (NEPA) documentation for the Hanford Site (Cushing
1994).

Two recent reports considered recharge across the entire Hanford Site. Jacobson and Freshley
(1990) used CFEST in several applications and demonstrated how natural recharge can impact
‘ground-water flow. Figure 1.1 shows the recharge rate distribution that they used. Jacobson and
Freshley (1990) stated that their recharge distribution was based on knowledge of the soil and vege-
tation types on the Hanford Site, but provided no indication how the recharge rates were actually
determined.

Bauer and Vaccaro (1990) simulated recharge at the Hanford Site using estimates of soil type
and land use and a water balance model, which they called the Deep Percolation Model. The area of
each of their simulation cells was roughly 1 km2. Figure 1.2 shows that their estimated rates for most
of the Site ranged from 0 to 13 mm/yr. In the vicinity of the sand dunes in the middle of the Site,
they estimated rates as high as 51 mm/yr. )

Other reports ignore the impact of recharge because of the lack of good estimates of areal
recharge rates. For example, Wurstner and Devary (1993) used CFEST to evaluate the potential for
the tritium plume at the Hanford Site to migrate to the immediate vicinity of the City of Richland well
field. They chose to specify zero natural recharge because of uncertainty in the availability of good
areal recharge data for transient simulations.
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The Ground-Water Surveillance Project initiated a subtask in FY 1994 called “Water Budget at
Hanford.” The objective of this subtask was to produce a defensible map of estimated recharge rates
across the Hanford Site. The scope of this subtask was to estimate recharge rates given the current
surface features and to use only existing data. The objectives of this report are to estimate recharge
rates at the Hanford Site, document the methods used to determine the estimates, produce an elec-
tronic map of the recharge rates for use in ground-water modeling, and recommend areas where
recharge estimates can be improved.
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2.0 Recharge

Gee and Hillel (1988) observed that arid-site recharge can be generally low yet highly variable.
The number of recharge measurements is usually limited, and the sampling schemes are generally
random. The results from these limited and random measurements yield an average recharge rate
that might be practically negligible while most of the recharge is episodic and may be confined to
small areas. Gee and Hillel referred to this result as the “fallacy of averaging” in arid regions. To
minimize (but unfortunately not eliminate) the impact of averaging on the recharge map, as much
existing data as possible were used in the analyses. The factors that influence recharge at the Hanford
Site are described below, followed by a description of estimation methods and the results from
Hanford studies.

2.1 Influencing Factors

The magnitude of recharge at a particular location is influenced by four main factors: climate,
soils, vegetation/land use, and topography. Other factors can significantly impact recharge by
affecting one or more of the main factors. These other factors include soil development, animal
activity, fire, disturbance, and water and wind erosion and deposition. The four main factors are
described below as they relate to recharge at the Hanford Site.

2.1.1 Climate

Climate is the long-term average of weather variables that include precipitation, air temperature,
humidity, wind speed, and solar radiation. Hoitink and Burk (1994) summarized the available
weather data and associated variability at the Hanford Site for the period from 1945 to 1993.

Precipitation is a prerequisite for natural recharge to occur. Precipitation that infiltrates the soil
can return to the atmosphere via evaporation, a process that depends principally on the remaining
variables. Annual amounts of precipitation range from 76 to 291 mm (Hoitink and Burk 1994).
Figure 2.1 shows that the seasonal variation of precipitation is pronounced. Precipitation in the form
of snow has an even more pronounced variation; annual amounts vary from 8 to 1425 mm. A snow
cover can have a significant impact on recharge by altering the receipt of solar radiation at the
ground surface and by accumulating over many days and weeks and then melting rapidly within a
day or two.

Air temperature plays a significant role in evapotranspiraiton, snowfall and melt, and the
phenology and growth of vegetation, all of which impact recharge. Figure 2.2 shows the variation of
average monthly air temperature. Notice that the mean monthly temperature can be well below
freezing for several winter months. The variation in average daily air temperatures is even greater.

Althought not plotted for this report, the seasonal variation of the remaining variables is
significant. Average monthly humidities range from 66 to 145% of the mean monthly value.
Average monthly wind speeds at the 15.2-m height range from 46 to 163%.of the mean monthly
value. Peak wind gusts have reached 35 m/s. Solar radiation changes in a fairly predictable way
throughout the year yet still has daily variability. The record shows that daily values can range from
10 to 250% of the monthly mean value, with the greatest difference occurring in the winter months
when the potential for recharge is highest.
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The weather variations of a given climate are sufficient to influence recharge. When the time
frame of interest is greater than decades, changes in weather statistics, known as a “change in
climate”, can also impact recharge. Thus, predictions of climate change are important to forecasts of
recharge rates.

2.1.2 Soils

Soil type affects recharge by controlling the partitioning of precipitation into runoff and infil-
tration, the storage of water, the redistribution of water within the soil, evaporation, percolation below
the root zone (i.e., recharge), nutrient availability as it affects the status of vegetation, and layering.

Figure 2.3 shows the distribution of soils at the Hanford Site (Hajek 1966). Hajek (1966)
reported that the information in Figure 2.3 was based on an earlier soil survey of Benton County by
Kocher and Strahorn (1919). Hajek correlated the soil mapping units to the mapping units used in
the 1960s by the Soil Conservation Service, and the accuracy of the soil boundaries was spot-
checked. The latest soil survey for Benton County (Rasmussen 1971) was derived from work
conducted in the 1960s. It does not include the Hanford Site or the City of Richland.

2.1.3 Vegetation/Land Use

Vegetation plays a number of roles in the water budget of arid sites. Plants protect the soil from
wind and water erosion, they are an integral part of the food chain, and they alter microclimates.
Most important of all, plants remove water from the soil by the process of transpiration.

The vegetation at the Hanford Site is diverse; 590 species have been identified (Sackschewsky
et al. 1992). This variety of vegetation species, each with different characteristics, is the reason that all
plants do not affect the water budget in the same manner. Phenology, rooting depth, and fire
resistance are some of the vegetation traits that impact the water budget.

The phenology of a plant refers to the time of year that it is active, i.e., the vegetation is growing
and transpiring. Many annuals are predominantly active for a short period in spring while water is
available. However, some, such as tumbleweed, are more active in summer. Perennials such as bunch-
grass and sagebrush are active for longer periods during the year, partly because of their established
root systems. If conditions are right, sagebrush can remove water all year long. Rickard and
Vaughan (1988) compared the phenology of 12 plant taxa in both a dry year and a wet year at the
Hanford Site. The length of activity varied from 2 to 10 months, depending on the species.

The root depth of vegetation determines how much soil water can be accessed by the plant. The
potential for recharge is reduced as more soil water becomes accessible to the plant. Perennials such
as sagebrush and bunchgrass tend to have deep root systems, sometimes as deep as 3 m, whereas
annuals such as cheatgrass tend to have shallow root systems of less than 1 m.

Fire is part of the natural cycle at the Hanford Site. After a fire, new annual plants appear the
following year from seeds that survived the fire. The speed of propagation can influence the species
composition of an area. Annuals tend to grow more quickly than perennials, but only if conditions
are right. Some perennials, such as bunchgrass and rabbitbrush, can regrow from their root system;
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some, such as sagebrush, cannot. Thus, fire can change a plant community composition quickly, and
the effects can last for years (Rickard and Vaughan 1988; Link et al. 1990).

Figure 2.4 shows the distribution of major vegetatior/land use categories at the Hanford Site
(Downs et al. 1993). The map was developed from aerial photos taken in 1987 and 1991; some
ground surveys were used to refine the map. Downs et al. (1993) suggested that map users exercise
caution when using the map without ground surveys of the area of interest. [Although not stated by
Hajek (1966), the same caution should be applied to the soil map in Figure 2.3].

2.1.4 Topography

Variations in topography affect recharge in several ways. Large variations such as Rattlesnake
Mountain alter weather by increasing precipitation and decreasing air temperatures (Thorp and Hinds
1977). Small variations, while not influencing weather, can alter microclimates (e.g., causing drifting
snow to accumulate).

The aspect of the soil surface affects the receipt of solar radiation. Hinds (1975) showed signifi-
cant differences in water and plant behavior between north and south facing slopes. The degree of
slope affects both the receipt of solar radiation and the runoff of surface water. Local scale variations
of topography can focus surface runoff in such a way that infiltration is greater and occurs in a
shorter time. Water runoff does not appear prevalent at the Hanford Site because of the absence of
geomorphic features such as erosion rills and gullies. However, observations have revealed that
runoff does occur when there is a heavy rain or quick snowmelt and the ground is frozen (Pearce
et al. 1969; Qee et al. 1988; Jones 1989).

2.2 Estimation Methods

The available information on recharge rates at the Hanford Site consists of measurements of
water contents and drainage, tracer studies, and computer modeling. These methods were discussed
in a series of papers in the January-February 1994 issue of the Soil Science Society of America
Journal devoted exclusively to recharge in arid and semiarid regions. Almost all of the methods
(certainly all of the methods used at the Hanford Site) estimate recharge using near-surface measure-
ments rather than measurements at the water table. The methods that have been used at the Hanford
Site are briefly described below with the data that were generated pertinent to recharge. Figure 2.5
shows the locations of measurements at the Hanford Site.

2.2.1 Drainage

The best method to measure recharge is to collect the water as it drains, for which lysimeters are
ideally suited. Lysimeters are containers filled with sediments that are set flush with the ground
surface and monitored. Some lysimeters are sealed to isolate the sediment from the lysimeter
surroundings and collect water that drains to the bottom. If such lysimeters are deep enough (well
below the root zone or the evaporative zone), then the drainage collected represents recharge.

Five lysimeters at the Hanford Site are configured to provide data relevant to specific combina-
tions of soil and vegetation. The South Caisson at the Buried Waste Test Facility was filled with a
medium to coarse sand 7.8 m deep and had no vegetation on the surface. Figure 2.6 shows cumula-
tive drainage from July 1985 to June 1993. For this 8-year period, the average drainage from this
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lysimeter was 55.4 mm/yr. This rate is probably similar to the recharge rate beneath sand dunes and
other disturbed sandy areas.

The clear-tube lysimeters, C01-8 and C04-10, at.the Field Lysimeter Test Facility (FLTF) are not
vegetated and have a 15-cm-thick gravel layer above 135 cm of sand, which is above 150 cm of
gravelly sand. Lysimeter C01-8 received ambient precipitation (184 mm/yr) and C04-10 received 3x
average annual precipitation (480 mm/yr). From July 1990 to June 1993, the average drainage from
these lysimeters was 86.7 and 300 mm/yr, respectively (Gee et al. 1993).

The clear-tube lysimeters, C02-9 and C05-11, at the FLTF are vegetated and have 150 cm of
screened sand above 150 cm of gravelly sand. Lysimeter C02-9 received ambient precipitation
(184 mm/yr) and C05-11 received 3x average annual precipitation (480 mm/yr). From July 1990 to
June 1993, the average drainage from these lysimeters was 0.0 and 33.3 mm/yr, respectively (Gee
et al. 1993). The reduced drainage in these lysimeters is attributed to vegetation.

2.2.2 Water Contents

Isolating an area with a lysimeter may be too disruptive or costly. An alternative is to measure
water contents in the sediments and infer recharge rates.

The 200 East Lysimeter contains 18 m of sand. From 1988 to 1991, vegetation was prevented
from growing and water contents were measured at various depths. During that 3-yr period, water
storage increased 132 mm (Gee et al. 1994), and the inferred recharge rate is 44 mm/yr. This rate
would be indicative of a fine sand without vegetation.
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At the Benson Springs site, Link et al. (1990) studied the water storage patterns beneath an
unburned shrub-steppe community and a nearby site that burned in August 1984. At the burned site,
the bunchgrass grew back after the fire but the shrubs did not. From November 1984 to February
1989, Link et al. (1990) monitored water contents as deep as 2.75 m. Their results showed that under
the burned community, which consisted of only bunchgrass, water storage below 125 cm increased at
the rate of 0.00843 mm/d, or roughly 3.1 mm/yr, relative to water storage in the same zone beneath
the shrub-steppe community.

The Grass Site in the 300 Area is a Rupert sand with a cheatgrass-Sandberg’s bluegrass cover.
The surface 15 cm is sandy loam, underlain by 30 cm of loamy sand, which overlies medium to
coarse sand. Water contents were monitored at this site from 1982 to 1990 to a depth of 3.5 m.
Based on annual changes in water stored below the root zone, an annual average recharge rate of
25.4 mm/yr was inferred. Appendix A describes the calculations and shows that rates across a
uniform field were variable at a 6-m spacing.

2.2.3 Chloride

Chloride is naturally deposited on the soil surface by precipitation and dry fallout. Because most
water in the soil profile is lost to evapotranspiration, chloride tends to accumulate in and near the-
plant root zone. In areas where erosion is negligible, recharge is the main mechanism for removing
chloride from the soil. Therefore, the distribution of excess chloride in the soil profile can be used to
infer recharge rates; the major assumptions are constant chloride input and piston flow. The chloride
method provides average recharge estimates for periods of 1000s of years or longer. Recharge rates
during the last 40 years cannot be calculated with this method unless the rates are high enough to
move chloride below the root zone.

Murphy et al. (1991) measured chloride concentration profiles at the McGee Ranch. Based on
the chloride profiles, they estimated recharge rates ranging from < 0.01 to 2 mm/yr over the last
10,000 years. The soil is Warden silt loam and the vegetation cover was shrub-steppe. Prych (1994
in press) measured chloride concentrations at six locations, two in silt loam soils and four in Hanford
sands. At McGee Ranch and Benson Springs, Prych estimated rates that ranged from < 0.01 to
0.44 mm/yr, depending on the calculation method. Prych reported that the soil at Benson Springs is
either a Ritzville or Warden silt loam. The vegetation is shrub-steppe at both sites. At three sites in
the 200 Areas, Prych reported values ranging from 0.01 to 5.5 mm/yr. The vegetation was shrub-
steppe; Prych reported that the soil is either Burbank loamy sand or Ephrata sandy loam. At the
Grass Site in the 300 Area, Prych reported values ranging from 0.39 to 2.0 mm/yr. The vegetation
was cheatgrass and Sandberg’s bluegrass; the soil is probably a Rupert sand with some fine-grained
eolian material that gives the surface 15 cm a sandy loam texture. This estimate for the Grass Site is
much lower than reported in Appendix A. The most likely reason is that the measurement periods
(1000s of years for chloride; 8 years for water contents) were significantly different (e.g., different
climate; different vegetation).

2.24 CI-36

This method relies on-the deposition of the CI-36 radionuclide that was produced during nuclear
testing in the 1950s and 1960s. The amounts of this anthropogenic Cl-36 far exceeded the amounts
from natural sources, thus allowing it to act as a tracer. Because the peak production occurred in
approximately 1957, the Cl-36 method yields a recharge estimate that is an average of the rate from
1957 to the respective drilling date.
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Prych (1994 in press) measured C1-36 at four locations between 1990 and 1992. At the McGee
Ranch and Benson Ranch, Prych estimated that recharge rates were < 2.1 and < 3.4 mm/yr, respec-
tively. Just north of the 200 West Area, Prych estimated a rate of 2.6 mm/yr. At the Grass Site in the
300 Area, Prych estimated a rate of 5.1 mm/yr, but stated that it might be larger. These estimates are
much higher than the chloride estimates and the reason is likely the same as stated earlier, i.e., that the
two methods measure recharge over different periods which may have different weather and vegeta-
tion cover.

2.2.5 Computer Modeling

Computer models of water flow in soils encapsulate knowledge of important hydrologic proc-
esses. Such models are used to study questions related to waste disposal and climate change (known
as “what if” questions). The more complex models require many parameters to operate; for many
sites, only limited and surrogate data are available for estimating parameters. Despite this limitation,
models can be used to estimate recharge rates for a variety of soil type/land use combinations.

Several modeling studies of recharge at the Hanford Site have occurred, including Gee and
Kirkham (1984), Fayer et al. (1986), DOE (1987), Dudziak (1988), Gee et al. (1988), Jones (1989),
Bauer and Vaccaro (1990), and Fayer et al. (1992). Most of these studies used the UNSAT-H
computer code (Fayer and Jones 1990) or one of its predecessors. These studies combined have
shown the importance of site-specific soil hydraulic properties, vegetation, and weather.

Appendix B describes a series of simulation studies of 12 combinations of soil type and vegeta-
tion/land use categories. The long-term average rates varied from 0.7 to 17.3 mm/yr, and the annual
rates varied from 0.05 to 85.2 mm/yr. These variations reflect differences in soil type and vegetation
as well as year-to-year weather variations.
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3.0 Estimated Recharge Rates

The strategy for identifying and mapping the distribution of estimated recharge rates at the
Hanford Site is to match soil type (Figure 2.3) and vegetation/land use categories (Figure 2.4) with
measured or estimated recharge rates. There are far fewer measurements than number of combina-
tions of 15 soil types and 13 vegetation/land use categories. Furthermore, there is significant vari-
ability within the soil type and vegetation/land use categories. To make the estimation of recharge
rates feasible, certain features were combined to reduce the number of combinations. Each combi-
nation was then compared with the available estimates of recharge. If a match existed, the estimated
value was assigned to that combination. When a match did not exist, the combination was simulated
with UNSAT-H using the procedure described in Appendix B.

3.1 Assignment by Vegetation/Land Use Category

Table 3.1 lists the categories of vegetation/land use that are found in Figure 2.4. Several of the
categories were combined by cover type to reduce the number of combinations. Shrub-steppe on
slopes and plains and hopsage/greasewood were assumed to behave similarly and were placed in the
shrub cover type. Recovering shrub-steppe was assumed to have minimal shrub activity and was
therefore combined with the bunchgrass on slopes category to form the bunchgrass cover type.
Abandoned fields were assumed to be dominated with cheatgrass and were combined with that
category to form the cheatgrass cover type. Finally, the disturbed/facilities category was called the no
plants cover type.

For all 15 soil types, five cover types (riparian; agriculture; sand dunes; water; basalt outcrops)
were assigned. specific values that did not vary with soil type. The assignment of a recharge rate to
each of these follows.

Riparian. This category includes plant communities growing on the banks of bodies of water such as
streams, rivers, and sometimes lakes and ponds. The predominant location of this habitat is along the-
Columbia River, but such habitat also exists along the spring-fed streams emanating from Rattlesnake
Mountain. No data exist on the recharge rates that may be occurring under such a land cover.
Except for riverwash, no soil type has more than 0.5% of riparian cover. Because of its small areal
extent and the lack of information, no attempt was made to assign a value of recharge to this cover .
type. Any combination of soil type with riparian cover was treated as no value, i.e., no recharge was
assigned to this category.

Agriculture, All agricultural areas in the land use coverage are outside the Hanford Site boundaries.
Any combination with an agricultural area was treated as no value, i.e., no recharge was assigned to
this category.

Sand Dunes. Sand dunes are a distinct soil type. Some dunes were identified by Hajek (1966), but
the land use map (Downs et al. 1993) is much more recent. Therefore, whenever any soil type was
coupled with the vegetation/land use category of sand dunes, the combination was treated as sand
dune. A recharge rate of 55.4 mm/yr was assigned to this combination. That value was derived from
8 years of observation of drainage from a medium to coarse sand with no vegetation (see Figure 2.5).
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Table 3.1. Categories of Vegetation/Land Use at the Hanford Site
(from Downs et al. 1993) and Associated Cover Type

Index Vegetation/Land Use Category szer Type

Shrﬁb-steppe on slopes - Shrub

2 Shrub-steppe on the Columbia River Plain/ Shrub
Uplands

3 Recovering shrub-steppe on the Columbia River Bunchgrass
Plain/Uplands

4 Bunchgrasses on slopes Bunchgrass

5 Hopsage/Greasewood Shrub

6 Cheatgrass Cheatgrass

7 Abandoned fields Cheatgrass

8 Riparian Riparian

9 Agricultural areas Agriculture

10 Sand dunes Sand dunes

11 Disturbed/Facilities No plants

12 Water - Water

13 Basalt outcrops Basalt outcrops

Water. This cover type refers to open bodies of water. Portions of some soil types occur in conjunc-
tion with open water, but no attempt was made to estimate recharge for these combinations. There-
fore, all combinations of soil type with the land use type “water” were treated as no value, i.e., no
recharge was assigned to this category.

Basalt Qutcrops. This cover type occurs along mountain ridges and upper slopes and includes out-
crops, scarps, and scree slopes. Measurements of recharge beneath this cover type were not available.
As a surrogate, we used the measured drainage rate beneath gravel-covered lysimeters located at the
FLTF (Gee et al. 1993). Under three years of ambient precipitation (184 mm/yr), this rate was

86.7 mm/yr. Under 3x normal precipitation (480 mm/yr), this rate was 300 mm/yr. Stone et al.
(1983) reported that precipitation along the Rattlesnake Mountain ridge averaged 240 mm/yr from
1969 to 1980. At that precipitation rate, the associated drainage beneath a gravel cover was calcu-
lated to be 127.1 mm/yr by scaling between the results of the FLTF lysimeters at ambient and 3x
normal precipitation. The only soil type that appeared to be associated with outcrops and Rattlesnake

Mountain ridge was Lickskillet silt loam. Therefore, that combination was assigned a recharge rate of
127.1 mm/yr.

Precipitation rates at the crests of Gable Mountain and Gable Butte are unknown. Because of
their much smaller size and lower elevation relative to Rattlesnake Mountain, we assumed the precipi-
tation rates at the crests of these features to be equivalent to precipitation recorded at thé Hanford
Meteorological Station (Stone et al. 1983). Therefore, for all soil types other than Lickskillet silt
loam, the recharge rate of the basalt outcrops was assigned a value of 86.7 mm/yr.
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3.2 Assignment by Soil Class

The 15 soil types were combined into 5 soil classes: silt loam, sandy loam, loamy sand, sand with
restrictive subsoil, and sand. Table 3.2 shows the soil type-soil class correlations. Each combination
of soil class and the remaining vegetation/land use indexes was assigned an individual recharge rate.
Estimates derived from lysimeter and water content measurements were used in preference to esti-
mates from tracers and models. Whenever multiple estimates were available from tracer studies, the
highest estimate was used. Whenever tracer and modeling estimates were available for vegetated sites,
the tracer estimate was used. The soil descriptions are a composite from Kocher and Strahorn (1919),
Hajek (1966), and USDA (1971). .

3.2.1 Silt Loam

The silt loam class includes seven soil types. As a class, the silt loam was treated as the Warden
silt loam when assigning rates. The individual soil types are described below, followed by the assign-
ment of estimated recharge rates for this soil class.

3.2.1.1 Soil Types

Esquatzel Silt Loam. This deep silt loam formed in recent alluvium derived from loess and lake
sediments. It may have developed in sediments eroded from the Warden and Ritzville silt loams.

Table 3.2. Soil Types at the Hanford Site (from Hajek 1966)

Index Symbol Soil Type Soil Class

1 [ Ri | Ritzville silt loam Silt loam

2 Qy Rupert sand Sand )

3 He Hezel sand Sand with restrictive layer
4 Kf Koehler sand Sand with restrictive layer
5 Ba Burbank loamy sand Loamy sand

6 El Ephrata sandy loam Sandy loam

7 Ls Lickskillet silt loam Silt loam

8 Eb Ephrata stony loam Sandy loam

9 Ki Kiona silt loam Silt loam

10 Wa Warden silt loam Silt loam

11 Sc Scootney stoney silt loam Silt loam

12 P Pasco silt loam Silt loam -

13 Qu Esquatzel silt loam Silt loam

' 14 Rv Riverwash Sand

15 D Dunesand Sand
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Pasco Silt Loam. This poorly drained silt loam formed in recent alluvial material. Soil depth is
greater than 150 cm. -

Ritzville Silt Loam. This soil developed under bunchgrass in silty wind-laid deposits mixed with
small amounts of volcanic ash. Depths are characteristically greater than 150 cm, but basalt bedrock
may be as shallow as 75 cm.

Warden Silt Loam. This silt loam is typically deeper than 150 cm. The subsoil is strongly calcareous
at about 51 cm. This soil grades to Ritzville silt loam at the higher elevations.

Lickskillet Silt Loam. This silt loam occuts at the ridge tops of the Rattlesnakes Hills and at slopes
above the 762-m elevation. This soil is shallow over bedrock and contains numerous basalt frag-
ments throughout the profile.

Kiona Silt Loam. This silt loam develops on steep slopes and ridges. Below 10 cm, this soil contains
basalt fragments 30 cm or more in diameter. The surface layer contains basalt fragments, and basalt
rock outcrops are present.

Scootney Stony Silt Loam. This silt loam is usually confined to floors of narrow draws, or small fan-
shaped areas where the draws open onto plains, along the north slope of the Rattlesnake Hills. This
soil contains numerous basaltic boulders. and fragments and rests on fragments at depths of 50 to

75 cm. Bedrock can occur anywhere from 75 to 150 cm below the surface.

3.2.1.2 Estimated Recharge Rates

Shrub. A rate of 3.4 mm/yr was assigned to this cover type based on a report by Prych (1994 in
press) in which CI-36 data were used to determine recharge for Ritzville or Warden silt loam under a
shrub-steppe cover.

Bunchgrass. A rate of 3.4 mm/yr was assigned to this cover type based on the CI-36 data reported by
Prych (1994 in press) for shrubs. Link et al. (1990) reported water content data that implied
recharge beneath bunchgrass was 3.1 mm/yr greater than under nearby shrub-steppe. Combined with
the Prych (1994 in press) estimate of 3.4 mm/yr recharge under shrub-steppe, the Link data imply
recharge beneath bunchgrass was 6.5 mm/yr. However, this calculation was not considered strong
enough to justify assigning the higher rate.

Cheatgrass. A rate of 4.4 mm/yr was assigned to this cover type based on the results of simulations
reported in Appendix B for the period from 1958 to 1992.

No Plants. A rate of 6.8 mm/yr was assigned to this cover type based on the results of simulations
reported in Appendix B for the period from 1958 to 1992.

3.2.2 Sandy Loam

The sandy loam class includes two soil types. As a class, the sandy loam was treated as the
Ephrata sandy loam when assigning rates. The individual soil types are described below, followed by
. the assignment of estimated recharge rates for this soil class.
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3.2.2.1 Soil Types

Ephrata Sandy Loam. This fine sandy loam soil rests on waterworn gravel embedded in sand at
150 cm. In some locations, the soil may rest on gravel, cobbles, and boulders embedded in silt.

Ephrata Stony Loam. This soil is similar to the Ephrata sandy loam but contains many hummocky
ridges made up of debris released from the melting glacial ice. The soil may be as shallow as 90 cm.

3.2.2.2 Estimated Recharge Rates

Shrub. A rate of 2.6 mm/yr was assigned to this cover tybe based on a report by Prych (1994 in
press) in which CI-36 data were used to determine recharge for Ephrata sandy loam (or possibly
Burbank loamy sand) under a shrub-steppe cover.

Bunchgrass. A rate of 2.6 mm/yr was assigned to this cover type based on the Cl-36 data reported by

“Prych (1994 in press) for shrubs. The simulation results in Appendix B showed the estimated rate to
be 1.0 mm/yr from 1958 to 1992, but the tracer measurement was considered to be more representa-
tive of vegetated sites.

Cheatgrass. A rate of 4.9 mm/yr was assigned to this cover type based on the results of simulations
reported in Appendix B for the period from 1958 to 1992.

No Plants. A rate of 17.3 mm/yr was assigned to this cover type based on the results of simulations
reported in Appendix B for the period from 1958 to 1992.

3.2.3 Loamy Sand

The loamy sand class consists of one soil type, the Burbank loamy sand. This soil type is
described below, followed by the assignment of estimated recharge rates for this soil class.

3.2.3.1 Soil Types

Burbank Loamy Sand. The texture of this soil ranges from sand to loamy fine sand, is typically 41
to 75 cm thick, and rests on sandy gravel that ranges from 20 to 80% gravel.

3.2.3.2 Estimated Recharge Rates

Shrub. A rate of 2.6 mm/yr was assigned to this cover type based on a report by Prych (1994 in

press) in which CI-36 data were used to ‘determine recharge for Burbank loamy sand (or possibly
Ephrata sandy loam) under a shrub-steppe cover.

Bunchgrass. A rate of 2.6 mm/yr was assigned to this cover type based on the Cl-36 data reported by
Prych (1994 in press) for shrubs.

Cheatgrass. A rate of 2.6 mm/yr was assigned to this cover type based on the C1-36 data reported by
Prych (1994 in press) for shrubs. The simulation results in Appendix B showed the estimated rate to
be 2.5 mm/yr from 1958 to 1992, but the tracer measurement was considered to be more representa-
tive of vegetated sites. . .

No Plants. A rate of 4.4 mm/yr was assigned to this cover type based on the results of simulations
reported in Appendix B for the period from 1958 to 1992.

3.5




3.2.4 Sand With Restrictive Layer

The sand with restrictive layer class includes two soil types. As a class, the sand with restrictive
layer was treated as the Hezel sand when assigning rates. The individual soil types are described
below, followed by the assignment of estimated recharge rates for this soil class.

3.2.4.1 Soil Types

Hezel Sand. This sand formed in wind-blown sands and mantled lake-laid sediments and has a
strongly calcareous silt loam subsoil within 102 cm of the surface. Except for the silt subsoil, the
Hezel sand is similar to the Rupert sand.

Koehler Sand. This sand is similar to other sands at the Hanford Site, having formed in a wind-blown
sand mantle. It differs from the other sands, however, because it has a lime-silica cemented hardpan
at 45 cm. '

3.2.4.2 Estimated Recharge Rates

Shrub. A rate of 2.6 mm/yr was assigned to this cover type based on a report by Prych (1994 in
press) in which CI-36 data were used to determine recharge for Burbank loamy sand (or possibly
Ephrata sandy loam) under a shrub-steppe cover. Estimates for the Hezel sand were not available.

Bunchgrass. A rate of 2.6 mm/yr was assigned to this cover type based on the Cl-36 data reported by
Prych (1994 in press) for shrubs. The simulation results in Appendix B showed the estimated rate to
be 0.7 mm/yr from 1970 to 1992, but the tracer measurement was considered to be more representa-
tive of vegetated sites.

Cheatgrass. A rate of 3.4 mm/yr was assigned to this cover type based on the results of simulations
reported in Appendix B for the period from 1958 to 1992.

No Plants. A rate of 6.4 mm/yr was assigned to this cover type based on the results of simulations
reported in Appendix B for the period from 1958 to 1992.

3.2.5 Sand

The sand class includes three soil types. As a class, the sand was treated as the Rupert sand when

assigning rates. The individual soil types are described below, followed by the assignment of esti-
mated recharge rates for this soil class.

3.2.5.1 Soil Types
Rupert Sand. This deep sand formed in coarse alluvial deposits that were mantled by wind-blown
sand. The relief is characterized by hummocky terraces and dune-like ridges. The USDA (1971)
counterpart is likely the Quincy sand.

Riverwash. This soil type represents deposits of sand, gravel, and boulders along the Columbia River.
These soils are wet and periodically flooded.

Dunesand. This soil type represents areas with hills or ridges of sand-sized particles drifted and piled
by wind. Soil depth exceeds 150 cm; soil horizons have not developed.
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3.2.5.2 Estimated Recharge Rates

Shrub. A rate of 8.6 mm/yr was assigned to this cover type based on the results of simulations
reported in Appendix B for the period from 1966 to 1992.

Bunchgrass. A rate of 11.3 mm/yr was assigned to this cover type based on the resuits of simulations
reported in Appendix B for the period from 1962 to 1992.

Cheatgrass. A rate of 25.4 mm/yr was assigned to this cover type based on subsurface water contents
measured at the Grass Site from January 1983 to June 1991.

No Plants. A rate of 55.4 mm/yr was assigned to this cover type based on drainage measured in the
South Caisson of the Buried Waste Test Facility from July 1984 to June 1993.
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4.0 Results and Discussion

The estimated recharge rates from Section 3.0 were used to create a map of recharge rates and
to calculate recharge volumes. This Section describes the recharge map, summarizes the effects of
soil type and vegetation, compares the recharge volumes to other inputs to the ground water, and high-
lights selected issues that contribute to the uncertainty of the estimates.

4.1 Recharge Map

Table 4.1 summarizes the assignment of recharge rate estimates in Section 3.0. Figure 4.1
shows the map of estimated recharge rates that was constructed from the information in Table 4.1 and
Figures 2.3 and 2.4. The reader is cautioned that the map provides areal, not site-specific, estimates
of recharge. Recharge is affected by processes at scales that are an order of magnitude or more
smaller than the supporting data used to generate the recharge map. Therefore, readers wishing to
have an accurate site-specific estimate of recharge should consider using site-specific information on
soils and vegetation.

Figure 4.1 does not reflect historical recharge rates; rather, the map reveals the distribution of
recharge that was estimated using the current climate and vegetation/land use patterns. Exactly when
these estimated rates will impact the water table depends on the travel time through the unsaturated
zone, which varies in thickness across the Site. A map of historical rates prior to farming and
Hanford operations could be constructed by assuming the Site was covered with shrub-steppe. To
estimate recharge rates at the water table during the period that includes surface disturbances such as
farming and Hanford operations, one would need to know the nature of the disturbance, estimate the
recharge rate, and determine whether the changed recharge rate would impact the water table in the
period of interest. That would be a function of the new estimate of the recharge rate, and the thick-
ness and water content of the unsaturated zone.

4.2 Soil Type and Vegetation Effects

The distribution of estimated recharge rates in Figure 4.1 shows clearly the influence of both
soil type and vegetation. The silt loams in the Rattlesnake Hills have low rates. The outline of the
1984 burn is clearly visible in the southeast quadrant of the Site. The disturbed areas and sand dunes
have rates significantly higher than their surroundings.

4.2.1. Whole Site

The portion of the Hanford Site on the north side of the Columbia River is not considered in the
ground-water model, so was not considered for this report. Therefore, references to the whole Site
are references to the Site bounded by the Columbia River to the north and east. Table 4.2 lists the
area of each combination of soil type and vegetation/land use for the whole Site. By soil type, the silt
loam soils (28%), Rupert sand (33%), and Burbank loamy sand (20%) occupy the largest area. By
vegetation category, the shrub-steppe (30%), recovering shrub-steppe (33%), and bunchgrass (15%)
categories occupy the largest area.

Table 4.3 shows the annual volume of estimated recharge occurring under each combination of
soil type and vegetation/land use category. This table was created by multiplying the estimated rates
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Table 4.1. Estimated Recharge Rates at the Hanford Site for Each Combination of

Soil Type and Vegetation/Land Use. The recharge estimate for each

combination is based on either measurements, modeling, or inferences

from other combinations, as explained in Section 3.0.

Vegetation/Land Use Recharge Rates (mm/yr)
Soil Types
Index Description Ri Rp He Kf Ba El Ls Eb
1 Shrub-steppe on slopes 34 8.6 2.6 2.6 2.6 2.6 341 2.6
2 Shrub-steppe on plain/uplands 34 8.6 2.6 2.6 2.6 2.6 34| 26
3 Recovering shrub-steppe on plain/uplands 34 113 2.6 2.6 2.6 2.6 3.4 2.6
4 Bunchgrass on slopes 3.4| 113 2.6 2.6 2.6 2.6 341 26
5 Hopsage/greasewood 3.4 8.6 2.6 2.6 2.6 2.6 34| 2.6
6 | Cheatgrass 4.8 254 34 34 2.6 4.9 481 4.9
7 | Abandoned fields 48| 254 34 34 2.6 4.9 4.8 4.9
8 Riparian 0.0 0.0 0.0 0.0 0.0 0.0 0.0] 0.0
9 | Agricultural areas 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 | Sand dunes 55.4| 554| 55.4| 554| 554 554 554| 554
11 | Disturbed/Facilities 68| 554 6.4 6.4 441 173 6.8 17.3
12 | Water 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
13 | Basalt outcrops 8.7| 86.7| 86.7| 86.7| 86.7| 86.7| 127.1| 86.7
[ Vegetation/Land Use Recharge Rates (mm/yr)
. Soil Types
Index Description Ki Wa Sc P Qu Rv D
1 Shrub-steppe on slopes 34 34 34 34 34 8.6 8.6
2 Shrub-steppe on plain/uplands 34 3.4 3.4 34 3.4 8.6 8.6
3 Recovering shrub-steppe on plain/uplands 3.4 3.4 34 3.4 34 11.3 11.3
4 Bunchgrass on slopes 34 3.4 34 34 34 11.3 11.3
5 Hopsage/greasewood 34 3.4 34 3.4 3.4 8.6 8.6
6 Cheatgrass 4.8 4.8 4.8 4.8 4.8 254 25.4
7 Abandoned fields 4.8 4.3 4.8 4.8 4.8 254 254
8 Riparian 0.0 0.0 0.0 0.0 0.0 0.0 0.0
9 | Agricultral areas 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 | Sand dunes 55.4 55.4 55.4 55.4 55.4 55.4 55.4
11 | Disturbed/Facilities 6.8 6.8 6.8 6.8 6.8 55.4 55.4
12 | Water 0.0 0.0 0.0 0.0 0.0 0.0 0.0
13 | Basalt outcrops 86.7 86.7 86.7 86.7 86.7 86.7 86.7
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in Table 4.1 by the corresponding area in Table 4.2. Table 4.3 shows that, by soil type, Rupert sand
is the largest contributor of recharge at 57%. By vegetation category, the recovering shrub-steppe
(30%), sand dunes (15%), and disturbed areas (14%) contribute the largest amount of recharge water.

4.2.2 Potential Future Site

The Arid Lands Ecology Reserve may eventually be separated from the Hanford Site such that
the new Site boundary could become Highway 240. In recognition of this change, Table 4.4 was
prepared to show the area of each combination of soil type and vegetation/land use for this possible
future Hanford Site, bounded on the west by Highway 240 and on the east by the Columbia River.
Through serendipity, Highway 240 more or less runs along the western edge of the domain of the
ground-water model, so recharge estimates for this new Site area apply directly to the model domain.
By soil type, the Rupert sand (47%), Burbank loamy sand (28%), and Ephrata sandy loam (12%)
occupy the largest area. By vegetation category, the shrub-steppe (30%), recovering shrub-steppe
(45%), and cheatgrass (10%) categories occupy the largest area.

Table 4.5 shows the annual volume of estimated recharge occurring under each combination of
soil type and vegetation/land use category. This table was created by multiplying the estimated rates
in Table 4.1 by the corresponding area in Table 4.4. Table 4.5 shows that, by soil type, Rupert sand
is the largest contributor of recharge at 68%, with sand dunes a distant second at 10% (despite its
small contributing area). By vegetation category, the recovering shrub-steppe (35%), sand dunes
(18%), and disturbed areas (17%) contribute the largest amount of recharge water.

4.3 Comparison to Other Ground-Water Inputs

Previous estimates of the distribution of recharge rates were used to calculate their associated
recharge volumes for the potential future Site. The Jacobson and Freshley (1990) map resulted in an
annual recharge volume estimate of 1.73 x 1010 L. The Bauer and Vaccaro (1990) map resulted in a
recharge volume estimate of 6.63 x 109 L. Based on the data in Table 4.5, the total quantity of water
contributed to the ground water from natural recharge is 8.47 x 109 L. This quantity represents 28%
more than the amount determined from the Bauer and Vaccaro (1990) recharge estimates and 49%
of the amount determined from the Jacobson and Freshley (1990) recharge rate estimates.

The CFEST computer code uses two boundaries to represent the ground-water input from the
Rattlesnake Hills. One boundary, located near the outlet of Dry Creek, is treated as a flux boundary.
Jacobson and Freshley (1990) specified this boundary flux as 4.86 x 108 L/yr. The second bound-
ary is located near Upper Cold Creek. This boundary is treated as a held head boundary. With this
type of boundary, the flux entering the model domain is a function of the conditions of each simu-
lation. Jacobson and Freshley (1990) estimated that the amount was 3.21 x 109 L/yr. The total flux
at the two boundaries was 3.70 x 109 L/yr. The USGS (1987) estimated 8.93 x 108-L/yr as the com-
bined input from both runoff and ground-water flow from the higher elevations. In contrast to these
ground-water inputs, natural recharge within the boundaries of the potential future Site is 229%
higher than the simulated input contributed by Rattlesnake Hills ground water (Jacobson and
Freshley 1990), and 948% higher than the USGS (1987) estimate.

4.6



8T €0 'l 20 |00 €0l 1'c §'C |00] LT} 08T €0 | '€ | ¥'Ly |0°0] = vaIV [€10], JO JUadIdd
9'v9L L'1e] Tt 9'8 L1 |00 ez | gst| ssrjoo| ves| 6ciz| 1T | 6'52) 1°29¢ |0°0| = 2dAL pog 1od (ury) eary feioy,
Lo 9'¢ o'y yL'0 |61°0 00 sdoroino Jjeseg £l
1'0 01 01°0 £0°0 LTo [0T'0 wo 190EM a
s's (VA4 81°0 {¥T°0 | €00 100 | 91°0 |CTLY s |6 $0°0 {LTO |9V'IT sanroed/paqimsiq 1
9'¢ 6'LT |eLTI|10'0 |£0°0 00 |+8°0 X B R A sounp pues| 01
00 10 90°0 £0°0 seare jamnoudy | 6
1o 80 ¥1°0 w0 10'0 | 90°0 91'0 |SI'0 0g'0 :«_:EE. 8
sy 9've 8¢£°0 950 w0 |€s0c 80°6 Sp{oy pauopueqy L
6’6 6°'SL ¥8°0 [SS'1 | LSO LT0 |8L9 0£°6T | 660 | 10°0 |LT°0 |9¢E°ST sseidieat) 9
1’0 Lo S0 7200 |€T0 poomasealdyeSesdoy S
00 00 sado[s uo sseaSyoung v
spuejdnyured
9'vv y'ive | S6'8 9°¢ |0T°0 ST eeT 101 SS'LI | L9°'19 |00°0 |TO°TT| €S TET uo addais-qnuys SuL12A093y £
€0 0°TeT LSO |EL'C |SEO 8L°0 | 209 |LI'9 €9°'1€ | 08°66 |60°C | 20'TI 68°69 spuedn/urerd uo addas-quuyg (4
€0 9'c or'e’ 00 110 sadojs uo addais-quiyg 1
ey (uey) a Ad re] d 3 | =M > qq |1} 19 4 Py | 9H dy [3:¢ uopduasaq Xapujy
oL jo | adAy,
BLERI R | *3A sadA], 108
wdeay (zuny) w1y asf) pue/uopEIadap

ONIS 21N, [RHUIOJ SY) JO SOLIEpUNOY Y3 UNPIA 3s) pue/uonelada pue 2d£J, [10S JO UOLRUIGUOD YoBH JO €IV “p'p d[qelL

4.7

|
!

N

YT




9'6 $0 14\ 10 00 10 s 91 00 +'s S'L 1’0 91 0’89 0'0 | = JWNIOA [210], JO WY
60-+35°8 | 80+31'8 | LO+89Y| L0+Ap°E | 90+HS'L | 0°0 | 90+10'8 | 80+a+'y | 80+3€'T | 0°'0 | 80+39'¥ | 80+3€9 | 90-+aL's | so+av'1 | 60+as's | 00| = 2dky, 110§ sod () swmjop enuuy
Ls 80-+36°% 00 00 00 00 00 00 80-+30°¥ 00 00| 04359 | Lo+3L1 00 00 90+4dE’¢ | 00 sdosoino eseg | €1
00 0'0 00 00 00 00 00 00 00 00 00 00 00 00 00 00 0'0 ERLY Y A |
891 60+3v°'t 00 L0+30°T | 90+89°1 | s0+36°1 | 0'0 | $0-+38'9 | 90+a1'1 | LO+HT'8 | 00 | L0+36'6 | Lo+31'y | so+ave | 9o+aL1 | 60+32'1 | 00 satpoeg/paqumsia 11
8l 60+3S°1 | 80+41°L | SO+TT'Y| 90+H8'1 00 00 00 0’0 00 00| 90+32°1 | Lo+3LY 00 L0+3¥'L | 80+3I°L | 00 sunp pues| Ol
00 00 00 00 00 00 0'0 00 00 0'0 00 00 00 00 00 00 00 seare [eamnoudy | 6
00 00 00 00 00 00 0’0 00 00 00 00 00 0'0 00 0'0 00 00 uerrediy | g
L't 80+HT°E 00 90-+49'6 00 o0+3L'z | 00 00 00 00 00| £0+30'T | LO+3E'S 00 (1] 80+HE'T | 00 SPIdY pauopueqy | £
Ll 80+39°9 00 LO+TI'T] 90+3p'L | 20+3LT | 00 00 90+3¢°1{ Lo+3€'€ | 0'0 | 80+aY°1 | L0+3HS'S | v0+3¢y | S0+HI'6 | 80+H6'E | 0°0 ssefieoyd | 9
00 90+32°C 00 00 90+3¢°'1 00 00 00 00 00 00| +0+36°C | SO+309 00 00 00 00 poomasedsadesdoy | ¢
00 00 00 00 00 00 00 00 00 00 (V] 00 00 00 00 (OV] 00 sadojs uo ssexdyoung | ¢
1433 60-+30°¢ | 80-+30°'T 00 L0+32°1 | S0+39°9 | 0°0 | 90+3¢€°S [ 90+36°L | 90+H9Z | 00 | L0+39'% | 80+39'1 | €0+dS'9 | Lo+dl'E | 60+39°C | 00 spuejdnjuteid o addais-qniys Bupsronay | ¢
(A4l 60+30°1 00 90+36'v | 90+8€'6 | 90+32'1 | 0°0 | 90-+3LZ | L0+30°T| L0+89°'1 | 0'0 | to+Hz'8 | 804797 | 9o+abs | Lo+3tc | 80+H0'9 | 0'0 spuepdnyuield o sddws-quuyg| ¢
0 90+37°6 00 00 00 00 00 o0 90-+47'8 00 00 0'0 €0+30°1 00 00 S0+3L6 | 00 sadojs uo oddais-qunyg| |
WnjoA [¢)] a Ad o] d £ M )| 99 51 19 eg P | *H dy N uvoidisosaq xapup
|e10], jo |2d£1, ‘8o
woorsg | 1od “op sadfy, ios

(1) swnjop d8reysoy [enuuy

asf] pueuonerddo

"0"€ UON0ag Ul paurejdxa Se ‘SUOHBUIQUIOD ISYIO WO} SIOUSIAJUI
10 “Surjopow ‘SJUSWISINSESUI JAIA UO PIseq ST UOPEUIGUIOD Yord 1o} 9jewNIso 99Iey0al 9y, NS SIMIN [eNUSI0]
Y3 Jo salrepunog 9y} UIPIA 9S() pueJ/uonelodop pue adAY, [10§ JO UOHBUIqUIOD YoeF I0J SWN[OA d8Ieyday [enuuy 'Sy dqel,

4.8



Jacobson and Freshley (1990) reported that the volume of 200 Area facility discharges was
7.63 x 1010 L in 1979. In contrast to this ground-water input, estimated natural recharge within the
boundaries of the potential future Site is about 52%. In 1992, the facility discharges and estimated
recharge volumes were equivalent.

4.4 Unresolved Issues

The map of estimated recharge rates (Figure 4.1) was prepared using the available data. The
map was not constructed with pre-defined accuracy or precision objectives, nor were estimates of the
uncertainty in the input parameters used to calculate the uncertainty in the estimated recharge rates.
If natural recharge rates are shown to be important to the successful modeling of ground-water move-
ment by the Ground-Water Surveillance Project, such calculations could be performed. In addition to
the concerns about accuracy, precision, and uncertainty, five issues remain unresolved: estimation
methods, appropriate soil and vegetation data, spatial and temporal averaging, the impact of struc-
tures, and basalt outcrops and shallow soils.

4.4.1 Estimation Methods

Issues related to estimation methods include accuracy of, and differences between, techniques,
model credibility, and timing and location of measurements. Each technique has advantages and
disadvantages in addition to its individual accuracy and precision limits. These are discussed in a
series of papers (e.g., Allison et al. 1994) in the January-February 1994 issue of the Soil Science
Society of America Journal.

The credibility of model results is determined by comparisons with field data. Simulation
model results were applied to 57% of the area of the future Site because site-specific measurements
(e.g., drainage, water contents, tracers) were lacking. If recharge maps such as Figure 4.1 continue to
be used, and improved, then estimated recharge rates for soil-vegetation combinations that rely on
model results can gain credibility if the model results are compared to field data.

Estimated recharge rates are affected by the measurement periods of each technique. The
chloride data span 13 000 years, the CI-36 data and computer. modeling span 35 years, and the
lysimeter and water content measurements span less than 10 years (in some cases, only 3 years).
Figure 4.1 was produced with data from all but the chloride method, so the map can be considered
reflective of rates during the last 3 to 35 years.

Location of measurement in the soil profile is an issue when the estimated recharge rates are
being used to drive a ground-water model. All the recharge rates are measured near the soil surface,
not at the water table. If these recharge rates continued indefinitely without change, then eventually
they would reach the water table and using them would be appropriate to drive a ground-water
model. Unfortunately, the ground-water model must have the rates that are€ reaching the water table
in a particular year, for example, 1979. None of the measurement techniques discussed can yield
these rates, so they must be inferred based on estimates of historical rates. These rates can be
assumed to be the rates for each soil under the shrub-steppe cover (Table 4.1); an improvement
would be to substitute chloride estimates where they exist. One disadvantage of this method is that in
those areas with disturbance and high recharge, the impact of the disturbance may already have
reached the water table in the year designated (e.g., 1979). Whether it did depends on the recharge
rate, the thickness of the unsaturated zone, and the soil water content.

4.9




4.4.2 Appropriate Soil and Vegetation/Land Use Data

The available data on soil types at the Hanford Site are severely limited. The sources are old,
poorly correlated to the soil surveys of the Soil Conservation Service, and most importantly, the soil
types were not defined using criteria for predicting recharge (criteria such as identifying major layers,
soil hydraulic properties of each layer, depths, gravel content). For each soil type, the range of param-
eters, i.e., the probability density function, is needed to gauge the uncertainty of any estimates.

The plant survey (Downs et al. 1993) provided some information, but again, the objective was
not to provide modeling parameters. Plants respond differently when grown on different soil types,
yet plant data specific to soil types are unavailable. Land use/vegetation categories did not indicate
vegetation cover on the sand dunes, basalt outcrop areas, or disturbed areas, yet some vegetation is
known to exist in these areas.

4.4.3 Spatial and Temporal Averaging

Recharge appears to be affected by processes at the meter scale, yet the soil and vegetation maps
are at scales of 10s to 100s meters. Thus, the coarseness of the spatial distribution of the soil and
vegetation data may degrade the accuracy of the recharge estimations. The accuracy of the recharge
estimates could be improved in highly vulnerable areas by characterizing at smaller scales, but this
would be expensive for the entire Site. Because the issue of scales in environmental processes is a
current research topic (American Geophysical Union 1991), there is hope that new methods for
analyzing processes over many scales may become available.

The simulation results in Appendix B showed clearly that recharge rates can vary significantly
from year to year and decade to decade. This result was most evident for the Ephrata sandy loam
under a bunchgrass cover, where significant recharge occurred only three times in 35 years. Con-
sider the implication for monitoring projects: "a 5-year experiment to measure recharge in such a
system might totally miss the few recharge events that essentially determine the long-term recharge
rate. An appropriate analogy might be meteorology, where climate is determined by weather statistics
(i.e., averages). These statistics are calculated for periods of 30 years or more. A long-term recharge
rate might therefore be more accurately called a recharge climate. Furthermore, recharge rates might
be better predicted by climate periods of 30 years or more.

4.4.4 Impact of Structures

Very little is known about the impact of human-made structures on recharge. These structures
include buildings, parking lots, roads, firebreaks, power lines, and disposal areas. Data are available
from lysimeters that mimic gravel-covered tank farms; these data (see Section 2.2.1) form the basis
for estimating recharge beneath basalt outcrops. Structures such as tank farms can be found in the
areas classified as disturbed (see Figure 2.4). They were not factored into the recharge estimates for
these areas, however, because Figure 2.4 did not allow for differentiation between such things as a
tank farm and an adjacent lot covered by shrub-steppe vegetation. In lieu of including detailed
spatial information in the disturbed areas, the average recharge rates were estimated using simulation
results for bare soil. This lack of information on disturbed areas highlights an important issue: how
to estimate the average recharge rate of disturbed areas when there is significant variability in the
recharge rate within the area.

Some data are also available for disturbances where vegetation has been removed (e.g., fire-
breaks, power lines). However, these disturbances are not represented in the vegetation/land use map
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and therefore were not included in the recharge estimates. The importance of such disturbances can
be estimated. Assuming the total length of these features is 390 km (the estimated length of existing
roads), and the width is 11.6 m, the total area is 4.5 km2. If half of that occurs on Rupert sand, and
the vegetation is changed from shrub-steppe (the pre-disturbed state) to cheatgrass (the disturbed
state), the recharge volume increases by 7.56 x 107 L, which represents about 1% of the total recharge
volume within the future Site boundaries. '

Roads are similar to firebreaks and power lines in that the road shoulders are kept free of vegeta-
tion. The similarity stops there, however. The road surface reduces recharge to zero by causing
precipitation water to flow off of the surface. The water reaches the shoulders and infiltrates over a
small area. Plants cannot access this water, and gravel usually limits evaporation, thus the potential for
recharge is very high. An estimate of the recharge potential of roads can be determined. If the road
shoulder width on each side is 11.6 m, the total area is 9.0 km2 (total road length of 390 km).
Assuming the recharge rate is 86.7 mm/yr (the rate determined for gravel-covered lysimeters, see
Section 2.2.1), the contribution of roads to the recharge volume is 7.80 x 108 L. This amount
represents 9% of the total recharge volume within the boundaries of the potential future Site. While
this is a small fraction of the total amount, the contribution to localized recharge could be great.

The effect of roads is further exacerbated whenever there is snow. Snow plows move the snow
off the road and into piles on the shoulder, which contributes to the recharge potential because it
focuses large amounts of water in a small area. A similar situation occurs in parking lots, where snow
is plowed into huge piles at the edges where it is free to melt and infiltrate the surrounding soil. The
melt water is not routed into storm sewers as it is in Richland.

It is difficult not only to quantify the effect of structures such as roads on recharge, but to
include -the effect in an average rate for highly disturbed areas. A good example is the large
disturbed areas in the 200 Areas, which contain all of the features just discussed. The range of
recharge rates in the 200 Areas is probably very large and determining an “average” recharge rate
will be a challenge. :

4.4.5 Basalt Outcrops and Shallow Soils

Basalt outcrops occur almost entirely at the crests of Rattlesnake Mountain and Gable Mountain
and Gable Butte. When considering recharge within the area bounded by Highway 240 and the
Columbia River, Rattlesnake Mountain is not a factor and only Gable Mountain and Gable Butte need
be considered. While Table 4.4 shows that 83% of the basalt outcrop area was mapped as Kiona silt
loam, a shallow soil, for this report, the areas with basalt outcrop were treated as being devoid of soil
and vegetation. A survey could be conducted to better delineate the fraction of this area covered with
some soil and vegetation. Estimates of recharge rates under even a thin soil cover with vegetation are
much less than estimates of recharge rates under basalt outcrop.

Shallow soils were not addressed in this report, but their presence could have an impact on
recharge rates if the underlying basalt bedrock is fractured such that flow paths exist. The scenario is
that soil sitting on gravel and fractured basalt might behave like a capillary barrier, which enhances
evapotranspiration and decreases drainage. The thickness of shallow soil may be insufficient to store
all precipitation, and thus drainage can occur before the water evaporates. Furthermore, the basalt
bedrock may limit rooting depths, thus limiting transpiration and increasing the potential for
recharge. The soils in question include the Kiona and Lickskillet silt loams, some areas of the
Ritzville silt loam, and the Ephrata stony loam. If the basalt bedrock beneath these soils is fractured
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and connected with the ground-water system, then further study of the recharge rates in these soils is
warranted. If the basalt bedrock is not fractured and connected to the ground water, then recharge in
these soils may be considered unimportant to the project.
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5.0 Strategy for Improving the Recharge Map

The objective of the Water Budget at Hanford subtask of the Ground-Water Surveillance Project
is to produce a defensible map of estimated recharge rates across the Hanford Site. Such a map was
produced using estimates with different degrees of defensibility. Issues that reduce the defensibility
of the estimates were discussed in Section 4.0.

For the Ground-Water Surveillance Project, the importance of natural recharge is directly related
to what impact it has on ground-water flow paths and travel times. In this report, the volume of esti-
mated recharge was shown to be comparable to both artificial recharge in the 200 Areas and water
flow from the higher elevations to the west. Figure 4.1 showed that the distribution of estimated
recharge was highly skewed to the disturbed sandy soils (e.g., in the 200 Areas, where most contamin-
ants originate). The results suggest that the recharge estimates should be improved until there is
greater confidence in the estimates associated with specific soil types and vegetative covers and more
is known about the influence of disturbed areas. Six recommendations for improving the recharge
rates are presented below.

1. Improved soil survey. Much of this report relies on the soil map (Figure 2.3) that was produced
nearly 30 years ago (Hajek 1966), mostly with data from 80 years ago (Kocher and Strahorn 1919)
when the need to estimate recharge rates was not considered by the soil surveyors. The defensibility
of the recharge map could be vastly improved if the Site were surveyed by professional soil scientists
from the Soil Conservation Service who could map the Site with project-specific needs in mind. Such
a survey would not only improve recharge estimates, but would. support the needs of the operable
units, enable far better land use decisions as the Site transitions from its nuclear production mission to
a cleanup mission, and would correspond to contemporary surveys in the surrounding counties.

2. Improved vegetation survey. The vegetation/land use map (Figure 2.4) was originally produced
for reasons other than the need to estimate recharge. Ground surveys were conducted, but the results
have not been processed or published. When they are made available, the survey results can be used
to improve the cover type descriptions, especially for the model simulations.

3. Improved soil characterization. Two soil types that are prevalent in the 200 Areas are the Ephrata
sandy loam and Burbank loamy sand. These soils have not been well-characterized. Model simula-
tions of these soils were conducted using surrogate hydraulic properties taken from well samples.
Table B.1 of Appendix B indicates that the hydraulic conductivity values that were used were 10x to
50x less than values reported by the USDA (1971) for similar soils. Because they dominate the

200 Areas, the Ephrata sandy loam and Burbank loamy sand should be specifically studied and in
situ properties should be measured.

4, Improved estimate of plant species change. The recovering shrub-steppe cover, the result of a
1984 fire, had -a large impact on recharge rates. This cover type was approximated as a bunchgrass
with 50% cover. Ground surveys should verify the appropriateness of this approximation; if inappro-
priate, the computer model simulations should be repeated with the new information. Because it had
such an impact on estimated rates, fire should be considered in studies of future rates. Such studies
should address species turnover, i.e., whether shrub-steppe will be replaced with an invader species
such as cheatgrass, a change that would lead to increased recharge.

5. Measurements of recharge in vegetated Rupert sand. Sixty-eight percent of the recharge volume
of the potential future Site occurred under the Rupert sand, half of that under the shrub- and
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recovering shrub-steppe covers. Recharge estimates for these covers were based on simulations.
Given the large volume of predicted recharge water, some attempt should be made to obtain
corroborative field data.

6. Improved estimates of recharge in disturbed areas. Disturbed areas contribute the largest amount

of site-specific recharge, yet very little is known about this recharge source. Calculations of the contri-
bution just from paved, roads show that the recharge volume could be 9% of the total recharge

volume within the boundaries of the potential future Site. Considering unpaved roads, power lines,
firebreaks, parking lots, and disposal areas, the volume of recharge contributed by these disturbances
could far exceed the total from the estimated natural rates for the whole Site. These rates are highly
localized and were not captured in the recharge map (Figure 4.1), in which disturbed areas were
treated as unvegetated soil. Refinement and additions to the disturbed areas category in Figure 2.4
could be made by using existing aerial photographs and satellite imagery. Then improved methods
should be found to estimate the rate and distribution of recharge in these disturbed areas so that its
impact on ground-water flow and contaminant transport can be determined.
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Appendix A

Estimated Recharge at the 300 Area Grass Site

This Appendix summarizes a paper that was presented at the 1991 Annual Meeting of the Soil
Science Society of America in Denver, Colorado. The paper was expanded for this report.
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Multiyear Observations of Water Content to
Characterize Low Recharge

by M. J. Fayer, M. L. Rockhold, R. R. Kirkham, and G. W. Gee

Abstract

Recharge rates as low as 0.5 mm/yr are of concemn in predicting the transport of contaminants

" located within the vadose zone at the Hanford Site, which is located in arid south-central Washington.
At a grass-covered site selected for a multiyear study of recharge, 25 access tubes for a neutron probe
were installed to the 3.5-m depth in a five-by-five grid with a spacing of 6 m. Monitoring of soil
water contents with the probe began in January 1983. The 8-year record of water contents at this site
shows a pattern of higher water contents during the winter and lower water contents during the
summer. Deep storage changes and unit gradient calculations provided estimates of recharge ranging
from 3.0 to > 140.0 mm/yr. These estimates indicate that recharge is more readily related to precipita-
tion received between November and January than to annual amounts. For the 8-year period of
observation, the average estimated recharge rate was 25.4 mm/yr. Spatial variations revealed that
recharge varies over lengths less than 6 m. Year-to-year variations revealed that short-term measure- -
ments inadequately characterized the long-term behavior of recharge at this site.
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Introduction

Natural ground-water recharge originates when soil water moves sufficiently deep into the soil
so that evaporation and plant transpiration cannot remove it to the atinosphere, and it is free to move
downward to the water table. Recharge water can transport contaminants that have been disposed of,
or stored, in the vadose (i.e., unsaturated) zone. The Hanford Site, located in south-central
Washington State, is predominantly covered with sandy soil (Figure 2.3) and contains many areas in
which contaminants are present in the vadose zone.

The objective of this study was to quantify year-to-year natural recharge rates beneath a grass
covered sand typical of the Hanford Site. These recharge rates can then be-used to estimate potential
waste migration and fate.

Methods

A research site was established in January 1983 on relatively flat terrain in the 300 Area to study
recharge. Although shrubs were not present at the time (Gee and Kirkham 1984), shrubs could have
been present prior to 1982 and somehow removed. The most likely methods of shrub removal are
fire and farming. The absence of bumnt sage plants and evidence of farming indicated that shrubs
were not present for many years prior to 1982. During the experiment, the area burned in August
1984.

Sieving and hydrometer analyses indicated that the soil texture graded from a sandy loam at the
surface to sand at deeper depths. Data reported by Gee et al. (1989) show that the texture was sandy
loam from 0 to 15 cm, loamy sand from 15 to 40 c¢m, and sand from 40 c¢m to 95 cm. They reported
that the saturated hydraulic conductivity of the sand ranged from 1.67 to 2.68 x 10-5 m/s. Gee and
Kirkham (1984) reported that the sand continued to the 3.5-m depth, at which they encountered a
rock/gravel layer. '

Twenty-five neutron probe access tubes were installed in a 5x5 grid with a 6-m spacing between
tubes. The installation method consisted of driving a split-tube sampler 50 cm, then driving in the
surrounding casing to the same depth, extracting the split-tube sampler, and removing soil material
from the sampler. These steps were repeated until the casing (i.e., the access tube) was installed to a
depth of approximately 3.5 m. This method was chosen to ensure a tight seal between the soil and
the outside of the tubes (Gee and Kirkham 1984). Starting in January 1983, soil water contents were
monitored down to the 3.5-m depth. Data from six of the tubes are not reported here because the
surfaces were disturbed for specific treatments (e.g., herbicides, rototilling), thus precluding their use
for estimating recharge rates in a natural setting.

Sandberg’s bluegrass and cheatgrass are the dominant plants, having canopy coverages of 30
and 20 percent, respectively; the inter-plant spaces are occupied by lichens and mosses (Link et al.
1990). Soil cores provided evidence that plant roots were predominantly in the upper 20 cm. Gee
and Kirkham (1984) reported that 99% of the roots were above 60 cm. Link et al. (1990) and Reece
(1991) reported similar results, finding no roots deeper than 60 cm. ‘

A variation of the zero-flux plane method (Allison et al. 1994) was used to estimate recharge.
Measurements of hydraulic head gradients were needed to identify the zero-flux plane throughout
the experiment. Such measurements did not exist at this site. In lieu of these measurements, a depth
of 120 cm was identified as that depth below which water flow was strictly downward. Some evidence
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to support this assumption exists. Plant roots were not observed below 60 cm. Tension measure-
ments in 1988 and 1989 indicated unit-gradient conditions below the 120-cm depth (Rockhold et al.
1990). As the results will show, the soil was fairly dry in those years; thus, similar conditions likely
existed during the wetter years. '

The recharge rate was estimated using the observed annual decrease in water stored between the
120- to 315-cm depths:

I = Qg0 - dS/dt (A.1)
where r = estimated recharge (the flux at the 315-cm depth)
qizo0 = flux at 120-cm depth (assumed to be zero during part of year)
dS = change in soil water storage between depths of 120 and 315 cm
dt = duration (treated as 1 yr).

For each year, the change in storage is calculated from the maximum storage value to the
subsequent minimum value. During this time, g5 is treated as zero. Figure A.1 shows how the
calculation was performed for the average (n=19) access tube in 1984. The decrease in storage was
44,7 mm and q;,o was zero, so that the estimated recharge rate was 44.7 mm/yr. Use of Equation A.1
will lead to underestimates of recharge for two reasons. First, qyo9 is considered to be zero during the
early part of the calculation interval (when flow is still occurring). Second, r is assumed to be zero
during the period when S is increasing. Unfortunately, no method exists to determine either gz Or r
directly during these two periods.

Results and Discussion

Figure A.2 shows the variation in water content at three depths during the eight-year period. In
each year, the peak water content at each depth occurred at a later time, indicating that significant
quantities of water were moving downward. In some years, the amplitudes in water content were
much smaller at 120 cm and nearly nonexistent at the lower depths, indicating that very little water
was moving downward. Year-to-year variability depends on the weather. Figure A.3 shows the
annual precipitation relative to the mean during the period 1951-1980 (Stone et al. 1983; Hoitink
and Burk 1994). Some relationship between annual precipitation amounts and water content vari-
ations exists, but the correspondence doesn’t appear to be strong. This result was expected because
recharge processes are sensitive to much smaller time intervals of days, weeks, and months.

Figure A.4 shows monthly deviations of both precipitation and air temperature. It will be shown
later that a good indicator of recharge is the precipitation received between November and January
(12 = 0.916). During the first four years, when the water contents were varying widely each year,
much of the precipitation was received between November and January and temperatures were
generally cooler than the mean. During the second four years, the November to January precipit-
ation levels were less, and the monthly air temperatures were much higher than the mean. This obser-
vation may explain, in part, why the high precipitation in early 1989 did not produce a significant
response in the water contents deep within the profile.

The storage of water was calculated for two zones of the profile: 0 to 120 cm and 120 to
315 cm. Figure A.5 shows that storage between 0 and 120 cm varied seasonally over a range from
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40 to 130 mm in response to weather. Storage between 120 and 315 cm varied somewhat less,
ranging from 75 to 140 mm. Interestingly, peak storage values below 120 cm occurred whenever
storage above 120 cm exceeded about 100 mm. ’

Equation A.1 was used to estimate recharge for each year using storage values calculated from
‘the average water content at each depth (n=19). The example in Figure A.1 showed the calculation
for the year 1984. Table A.1 shows that the resulting recharge estimates are quite high for the first
four years, and much lower for the second four years. This result coincides with the change in
precipitation and air temperature in Figure A.4. .

Estimated recharge ranged from 5.6 to 53.1 mm/yr over the eight years of record. When
recharge was high, storage peaks occurred in February and March. When recharge was low, storage
peaks occurred between July and September. Despite warmer and drier than normal weather from
1987 to 1990, recharge was still evident, although the rates were lower and partially reflect drainage
of previously stored water. This period of decreasing recharge did not last. An isolated set of three
measurements in the spring of 1993 revealed that storage in the 120- to 315-cm zone had increased
to 139.9 mm. This value is similar to the storage value in 1983, when recharge was calculated to be
53.1 mm for that year. ‘

Equation A.1 was also used to estimate recharge for each access tube. The results show that
recharge was spatially variable. Depending on the year, the highest value was from 2 to 28x the
lowest value. While some tubes tended to always have higher or lower rates, no consistent pattern or
ranking emerged. This observation is in accord with statements by Gee et al. (1989), who determined
that the ranking of the tubes (relative to the amount of storage) did not remain stable over time.

Table A.1. Recharge Rates Estimated with Equation A.1

r Estimated Recharge (mm/yr)
Individual Tubes
Average Tube Average Low

1983 47.6 53.1 36.5 77.5
1984 44.7 52.1 314 74.6
1985 25.2 24.5 5.1 143.5
| 1986 37.3 43.0 17.9 67.0
1987 8.7 9.8 7.1 14.5
1988 6.6 7.8 5.6 10.7
1989 5.8 7.2 4.2 10.2
1990 4.7 5.6 3.0 7.5
8-yr Avg. 22.6 25.4 139 50.7
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When the recharge estimates from the individual tubes were averaged for each year, the average
estimated rates were 12% higher than the rates calculated from averaged water contents. Averaging:
of water contents before calculating storage smoothed some of the seasonal variation, resulting in
lower recharge estimates. '

" In Table A.1, the large difference between the lowest and highest rates in 1985 indicates much
higher recharge variability than in the other years. Figure A.6 shows that one week after a quick
snowmelt in February 1985, significantly higher water contents were detected in four of the access
tubes, relative to the other tubes. Figure A.7 shows the variation in water content at 120-, 225-, and
315-cm depths during this period. Figure A.8 shows the variation in storage between the two sets of
tubes. During the snowmelt, water ponded on the surface at another site 3 km away and lasted about
one day before completely infiltrating (Jones 1989). Similar ponding likely occurred at the Grass
Site, resulting in significantly higher infiltration and recharge (84.5 mm) around the four tubes,
compared to the recharge observed for the other 15 tubes (8.5 mm). These results highlight the
small scales (i.e., 6 m or less) over which recharge rates can differ substantially. With a sparser
sampling network, these events could have escaped detection. The rapidity of movement of some of
the pulses of infiltrating water indicates a need to monitor more frequently during likely recharge
events, i.e., during and after snowmelts.

The eight-year average estimated recharge rate is 25.4 mm/yr. Based on the yearly estimates in
Table A.1, eight years was insufficient to produce a long-term average such as the 30-year averages
used in meteorology to describe precipitation and air temperature means. An alternative is to
extrapolate based on observed behavior. The estimated recharge rates were regressed on the
precipitation received during the previous November through January. This regression equation
(r2=0.916) was then applied to the historical precipitation record for 1951 to 1980. The average .of
the regression-estimated recharge rates was 25.0 mm/yr, which is similar to what was measured
over the eight-year period from 1983 to 1990. This regression is applicable only if, during much

of the time from 1951 to 1980, the Grass Site was covered with similar vegetation.
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Appendix B

Computer Simulations

The computer code -UNSAT-H Version 2.0 (Fayer and Jones 1990) was modified to run on a
unix workstation and used to estimate recharge rates. UNSAT-H is a one-dimensional model that -
simulates the dynamic processes of infiltration, drainage, redistribution, surface evaporation, and the
uptake of water from soil by plants. Simulations were conducted for 12 combinations involving five
soil types (Warden silt loam, Ephrata sandy loam, Burbank loamy sand, Hezel sand, and Rupert sand)
and four cover types (shrub, bunchgrass, cheatgrass, and no vegetation). These 12 combinations were
chosen for simulation because no field data (i.e., drainage, water contents, or tracers) existed to
estimate recharge. For all simulations, water flow was isothermal, vapor flow was included, and the
hydraulic properties were nonhysteretic. The input parameters are specified below; a discussion of
the results follows.

B.1 Input Parameters

The input parameters for each simulation include a description of the model domain and node
spacing, soil hydraulic properties, initial suction heads, boundary conditions, and plant information.
Figures B.1 through B.5 contain pertinent portions of the input files used to simulate recharge rates.
The meteorological data are not shown but were identical for all simulations.

B.1.1 Model Domain

In all cases, the model domain was 4 m deep. Each domain was discretized to provide an
acceptable solution. The node spacing at the surface was always 0.2 cm; at the deepest depths, the
spacing ranged from 25 to 70 cm. At the interfaces of differing materials, the node spacing was
gradually reduced to 2 cm.

B.1.2 Soil Hydraulic Properties

Each soil profile was described using information from Kocher and Strahorn (1919), Hajek
(1966), and the soil survey for Benton County that was produced by the U.S. Department of Agricul-
ture (USDA 1971). The soil survey by the USDA (1971) does not cover the Hanford Site or the City
of Richland, but many of the soils are the same. Although many variations of each soil type are
known to exist, no map of these variations is known to exist. Therefore, a single average soil profile
was defined for each soil type that was simulated.

The depth to bedrock of the Warden silt loam was reported to range from 102 to more than
152 cm. For these simulations, the Warden silt loam was treated as a uniform silt loam profile for the
entire 4-m model domain. Hydraulic properties were described with the fourth data set in Table 4.5
of Rockhold et al. (1988). - '

The Ephrata sandy loam description in Hajek (1966) was insufficient to describe soil profile
layering. Based on Kocher and Strahorn (1919), the Ephrata sandy loam is likely a Finley fine sandy
loam as described in USDA (1971). The soil profile was established with a sandy loam from the soil
surface to 33 cm, a gravelly loam from 33 to 71 cm, and a sandy gravel below 71 cm. The properties
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Warden silt loam, no plants, Avg.PET, Hanford Precip., Unit Grad.
0 0

iplant, lower,ngrav, iswdif,etc.
nprint, dayend, ndays, nyears,etc.
nsurpe,nfhour, itopbc,et_opt, icloud
kopt, kest, ivapor, sh_opt, inmax
hirri,hdry,htop,dhmax
dmaxba,delmax, delmin, stophr
tort,tsoil,vapdif, ghtop
tgrad, tsmean, tsamp, ghleak
wtf, rfact, rainif,dhfact
matn,npt

0.6

1.8
5.5
18.0
'50.0
90.0
140.0
220.0
300.0
400.0

S S e e

0.5

leaf,nfroot,nuptak,
aa,bl,b2

3 3 ntroot

40

366

366

366
366
hw,hd, hn

1 1 1 1 0
0 365 365 1 0 0 0.0
1 2 0 0 0
4 3 1 0 3 1
0.0 1.00e+06 0.0 0.0
5.0e-05 1.00e+00 1.0e-07 24.0
0.66 288.46 0.24 1.0
0.0 293.0 6.0 0.0
0.5 1.8 1.0e~-06 1.0e-04
1 40
1 0.0 1 0.2 1 0.4
1 0.8 1 1.0 1 1.4
1 2.4 1 3.0 1 4.0
1 7.0 1 9.5 1 13.0
1 24.0 1 32.0 1 40.0
1 60.0 1 70.0 1 80.0
1 100.0 1 110.0 1 125.0
1 160.0 1 180.0 1 200.0
1 240.0 1 260.0 1 280.0
1 325.0 1 350.0 1 375.0
Top Layer (Warden Silt Loam, PNL-6488): Water Retention
0.4440 0.000 0.0110 1.7612
Top Layer: Conductivity
2 4.32 0.0110 1.7612
cheatgrass
0 1 1 2 32 166
1.170 0.131 0.0206
0 0 0 0 0 1 2 2
4 6 7 10 13 18 24 32
60 366 366 366 366 366 366 366
366 366 366 366 366 366 366 366
2.0e+04 1.0e+03 30.0
220.0 0.5

biomas,bare

Figure B.1. Portions of the UNSAT-H Input Files Used to Simulate the Warden Silt Loam
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, Avg.PET, Hanford Precip., Unit Grad.
1. 1 1 0 0 0 1plant lower,ngrav,iswdif, etc.
0 365 365 1 0 0 0.0 nprint,dayend, ndays,nyears,etc.
1 2 0 0 0 nsurpe,nfhour, itopbc,et_opt,icloud
4 3 1 0 3 1 kopt, kest, ivapor,sh_opt,inmax
0.0 1.00e+06 0.0 0.0 hlrrl,hdry,htop,dhmax
5.0e-05 1.00e+00 1.0e-07 24.0 dmaxba,delmax,delmin, stophr
0.66 288.46 0.24 1.0 tort, t3011,vapd1f,qhtop
0.0 293.0 0.0 0.0 tgrad,tsmean tsamp, ghleak
0.5 1.8 1.0e-06 1.0e-04 wtf, rfact, rainif,dhfact
3 44 matn,npt
1 0.0 1 0.2 1 0.4 1 0.6
1 0.8 1 1.0 1 1.4 1 1.8
1 2.4 1 3.0 1 4.0 1 5.5
1 7.5 1 10.5 1 . 15.0 1 22.0
1 27.0 1 30.0 1 32.0 1 34.0
2 36.0 2 39.0 2 44.0 2 50.0
2 55.0 2 60.0 2 65.0 2 68.0
2 70.0 3 72.0 3 74.0 3 77.0
3 82.0 3 90.0 3 100.0 3 115.0
3 130.0 3 150.0 3 175.0 3 200.0
3 240.0 3 280.0 3 330.0 400.0
Layer 0 to 33 cm {sandy loam, sample 19A well E25-234, MLR et al. 1993)
0.4700 0.0426 0.1170 1.4800
Layer 0 to 33 cm: Conductivity
2 3.20 0.1170 1.4800 0.5
Layer 33 to 71 cm: modify layer 1 using 70% gravel
0.141 0.0128 0.1170 .
Layer 33 to 71 cm: conductivity
2 0.592 0.1170 1.48 0.5
Layer below 71 cm: sandy gravel 4.1 m 200 East Agg.Area Rpt., mod. w/76%
ravel :
g 0.0833 0.0084 0.0061 1.52
Layer below 71 cm: conductivity
2 0.572 0.0061 1.52 0.5
cheatgrass
0 1 1 2 32 166 leaf,nfroot, nuptak,nfpet,
1.170 0.131 0.0206 aa,bl, b2
0 0 0 0 0 1 2 2 3 3 ntroot
4 6 8 11 15 22 27 30 32 34
36 39 44 50 55 60 366 366 366 366
366 366 366 366 366 366 366 366 366 366
366 366 366 366
2.0e+04 1.0e+03 30.0 hw,hd,hn
2.0e+04 1.0e+03 30.0 hw,hd,hn
2.0e+04 1.0e+03 30.0 hw,hd,hn
220.0 0.5 biomas,bare
bunchgrass
1 1 1 1 60 166 leaf,nfroot, nuptak, nfpet,
6 0.5 np01nt bare
0 0.0 60 0.0 90 0.4 150 0.4 166 0.0 ngrow,flai
366 0.0 ngrow, £flai
0.315 0.0773 0.0755 aa,bl,b2
0 0. 0 0 0 0 0 0 0 0 ntroot
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 366 366 366 366 366
366 366 366 366
4,0e+04 1.0e+03 30.0 hw, hd, hn
4.0e+04 1.0e+03 30.0 hw,hd, hn
4.0e+04 1.0e+03 30.0 hw,hd, hn

Figure B.2. Portions of the UNSAT-H Input Files Used to Simulate the Ephrata Sandy Loam
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Burbank loamy sand, no plants, Avg.PET, Hanford Precip., Unit Grad.
1 1 1 0 0 0 iplant, lower,ngrav, iswdif, etc.
0 365 365 1 0 0 0.0 nprint, dayend,ndays,nyears, etc.
1 2 0 0 0 nsurpe,nfhour, itopbc, et _opt,icloud
4 3 1 0 3 1 kopt kest, ivapor, sh_opt, inmax,
0.0 1.00e+06 0.0 0.0 hirri, hdry,htop,dhmax
5.0e-05 1.00e+00 1.0e-07 24.0 dmaxba delmax,delmin, stophr
0.66 288.46 0.24 1.0 tort,tsoil,vapdif,qhtop
0.0 293.0 0.0 0.0 tgrad, tsmean, tsamp,ghleak
0.5 1.8 1.0e-06 1.0e-04 wtf, rfact,rainif,dhfact
4 56 matn,npt
1 0.0 1 0.2 1 0.4 1 0.6
1 0.8 1 1.0 1 1.4 1 1.8
1 2.4 1 3.0 1 4.0 1 5.5
1 7.5 1 ©10.5 1 15.0 1 20.0
1 26.0 1 31.0 1 35.0 1 38.0
1 40.0 2 42.0 2 44.0 2 47.0
2 51.0 2 56.0 2 62.0 2 68.0
2 73.0 2 75.0 3 77.0 3 79.0
3 82.0 3 84.0 3 86.0 3 88.0
4 90.0 4 92.0 4 95.0 4 99.0
4 105.0 4 115.0 4 125.0 4 140.0
4 160.0 4 180.0 4 200.0 4 220.0
4 240.0 4 260.0 4 280.0 4 300.0
4 325.0 4 350.0 4 375.0 4 400.0

Layer 1, 0 to 41 cm, (loamy sand, sample 25C well E25-234, MLR et al. 1993)
0.5070 0.0282 0.0292 1.3500
Layer 1, ” Conductivity

6.48 0.0292 = 1.3500 0.5
Layer 2, 41 to 76 cm, same as Layer 1, mod by 45% gravel
0.279 0.016 0.0292 1735
Layer 2, conductivity
2 2.44 0.0292 1.35 0.5
Layer 3, 76 to 89 cm, same as Layer 1, mod by 85% gravel
0.076 0.004 .0292 1.35
Layer 3 Conductivity
2 0.519 0.0292 1.35 0.5
Layer 4, below 89 cm, sandy gravel 4.1 m in Well 216-B-61A, Connelly etal.1992
0.0833 0.0084 0.0061 1.52
Layer 4, conductivity
0.572 0.0061 1.52 0.5
cheatgrass
0 1 1 2 32 166 leaf,nfroot, nuptak, nfpet,
1.170 0.131 0.0206 aa,bl, b2

0 0 0 0 0 1 2 2 3 3 ntroot
4 6 8 11 15 20 26 31 35 38
40 42 44 47 51 56 366 366 366 ‘366

366 366 366 366 366 366 366 366 366 366

366 366 366 366 366 366 366 366 366 366

366 366 366 366 366 366

2.0e+04 1.0e+03 30.0 hw,hd, hn
2.0e+04 1.0e+03 30.0 hw,hd, hn
2.0e+04 1.0e+03 30.0 hw,hd,hn
2.0e+04 1.0e+03 30.0 hw, hd, hn
220.0 0.5 biomas,bare

Figure B.3. Portions of the UNSAT-H Input Files Used to Simulate the Burbank Loamy Sand
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bunchgrass

1 1 1 1 60 166 leaf,nfroot,nuptak,nfpet,
6 0.5 npoint,bare
0 0.0 60 0.0 90 0.4 150 0.4 166 0.0 ngrow,flai
366 0.0 ngrow, flai
0.315 0.0773 0.0755 aa,bl,b2
0 0 0 0 0 0 0 0 0 0 ntroot
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 366 366 366 366 366
366 366 366 366 366 366 366 366 366 366
4.0e+04 1.0e+03 30.0 hw,hd, hn
4.0et04 1.0e+03 30.0 hw, hd,hn

Figure B.3. (contd)
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Hezel sand, no plants, Avg.PET, Hanford Precip., Unit Grad.

0 1 1 0 0 0 iplant, lower,ngrav,iswdif,etc.
0 365 365 1 0 0 0.0 nprint, dayend ndays,nyears,etc.
1 2 0 0 0 nsurpe,nfhour, itopbc,et_opt, icloud
4 3 1 0 3 1 kopt kest, ivapor,sh_opt,inmax
0.0 1.00e+06 0.0 0.0 hirri, hdry,htop,dhmax
5.0e-05 1.00e+00 1.0e-07 24.0 dmaxba delmax,delmin, stophr
0.66 288.46 0.24 1.0 tort, t501l,vapd1f,qhtop
0.0 293.0 0.0 0.0 tgrad,tsmean tsamp,ghleak
0.5 1.8 1.0e~-06 1.0e~-04 wtf, rfact, rainif, dhfact
2 48 matn,npt
1 0.0 1 0.2 1 0.4 1 0.6
1 0.8 1 1.0 1 1.4 1 1.8
1 2.4 1 3.0 1 4.0 1 5.5
1 7.5 1 10.5 1 15.0 1 20.0
1 26.0 1 31.0 1 35.00 1 38.0
1 40.0 2 42.0 2 44.0 2 47.0
2 51.0 2 56.0 2 62.0 2 70.0
2 80.0 2 90.0 2 100.0 2 110.0
2 120.0 2 130.0 2 140.0 2 150.0
2 160.0 2 180.0 2 200.0 2 220.0
2 240.0 2 260.0 2 280.0 2 300.0
2 325.0 2 350.0 2 375.0 2 400.0

Layer 1, 0 to 41 cm, (loamy sand, sample 25C well E25-234, MLR et al. 1993)
0.5070 0.0282 0.0292 1.3500
Layer 1, ” Conductivity

6.48 0.0292 1.3500 0.5
Layer 2, (Warden Silt Loam, PNL-6488): Water Retention
0.4440 0.000 0.0110 1.7612
Layer 2: Conductivity
2 4.32 0.0110 1.7612 0.5
cheatgrass
0 1 1 2 32 166 leaf,nfroot,nuptak, nfpet,
1.170 0.131 0.0206 aa,bl,b2
0 0 0 0 0 1 2 2 3 3 ntroot
4 6 8 11 15 20 26 31 35 38
40 42 44 47 51 56 366 366 366 366
366 366 366 366 366 366 366 366 366 366
366 366 366 366 366 366 366 366
2.0e+04 1.0e+03 30.0 hw,hd, hn
2.0e+04 1.0e+03 30.0 . hw,hd,hn
220.0 0.5 biomas,bare
bunchgrass
1 1 1 1 60 166 leaf,nfroot,nuptak,nfpet,
6 0.5 ' np01nt bare
0 0.0 60 0.0 90 0.4 150 0.4 166 0.0 ngrow,flai
366 0.0 ngrow, flai
0.315 0.0773 0.0755 aa,bl,b2
0 0 0 0 0 0 0 0 0 0 ntroot
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 366 366 366 366 366 366 366 366 366
366 366 366 366 366 366 366 366
4.0e+04 1.0e+03 30.0 hw,hd, hn
4.0e+04 1.0e+03 30.0 hw,hd, hn

Figure B.4. Portions of the UNSAT-H Input Files Used to Simulate the Hezel Sand
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Rupert sand, bunchgrass, Avg.PET, ganford Prec1p., Unit Grad.
1 1 1 1 0

0] 1plant lower,ngrav,iswdif, etc.
0 365 365 1 0 0 0.0 nprint,dayend,ndays,nyears, etc.
1 2 0 0 - 0 nsurpe,nfhour, itopbc,et_opt,icloud
3 3 1 0 3 1 kopt, kest, ivapor, sh_opt, inmax
0.0 1.00e+06 0.0 0.0 hlrrl,hdry,htop,dhmax
5.0e-05 1.00e+00 1.0e-07 24.0 dmaxba,delmax,delmin, stophr
0.66 288.46 0.24 1.0 tort, t301l,vapd1f,qhtop
0.0 293.0 0.0 0.0 tgrad,tsmean tsamp,ghleak
0.5 1.8 1.0e-06 1.0e-04 wtf, rfact, rainif, dhfact
1 40 matn,npt
1 0.0 1 0.2 1 0.4 1 0.6
1 0.8 1 1.0 1 1.4 1 1.8
1 2.4 1 3.0 1 4.0 1 5.5
1 7.0 1 9.5 1 13.0 1 18.0
1 24.0 1 32.0 1 40.0 1 50.0
1 60.0 1 70.0 1 80.0 1 90.0
1 100.0 1 110.0 1 125.0 1 140.0
1 160.0 1 180.0 1 200.0 1 220.0
1 240.0 1 260.0 1 280.0 1 300.0
1 325.0 1 350.0 1 375.0 1 400.0

Top Layer (Rupert sand, VG conference): Water Retention
0.4326 0.0381 9.4004 1.2846
Top Layeri Conductivity

5.30 9.4004 1.2846 2.0
bunchgrass
1 1 1 1 60 166 leaf,nfroot,nuptak,nfpet,
6 0.5 npoint,bare
0 0.0 60 0.0 90 0.4 150 0.4 166 0.0 ngrow,flai
366 0.0 ngrow, £flai
0.315 0.0773 0.0755 aa,bl,b2
0 0 0 0 0 0 0 0 0 0 ntroot
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 366 366 366 366 366
366 366 366 366 366 366 366 366 366 366
4.0e+04 1.0e+03 30.0 hw,hd, hn
shrub
1 1 1l 1 0 366 leaf,nfroot,nuptak,nfpet,
6 0.8 ’ npoint,bare
0 0.0 60 0.0 90 0.4 227 0.4 258 0.0 ngrow,flai
366 0.0 ‘ngrow, flai
0.217 0.0267 0.0109 aa,bl,b2
0 0 0 0 0 0 0 0 0 0 ntroot
0 0 0 0 0 0 0 0 0 0
0 0o " 0 0 0 0 0 0 0 0
0 366 366 366 366 366 366 366 366 366
7.0e+04 1.0e+03 30.0 hw, hd, hn

Figure B.5. Portions of the UNSAT-H Input Files Used to Simulate the Rupert Sand
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for the sandy loam were specified to be those of Sample 19A (a sandy loam) in Rockhold et al.
(1993). For the gravelly loam layer, the sandy loam properties were used, but were scaled based on
the gravel content. According to the soil survey, the gravel content of the gravelly loam ranged from
60 to 80%. For the simulations, a gravel content of 70% was assumed. The gravel scaling equations
were described in Rockhold et al. (1993). For the sandy gravel layer, the hydraulic properties of the
sample (a sandy gravel) from the 4.1-m depth in Well 216-B-61-A were used (p. A-55 of Connelly
et al. 1992). This sample was referred to as sandy gravel, and the particle size distribution (p. A-56
of Connelly et al. 1992) show it to contain 76% gravel. Therefore, the hydraulic properties were
scaled to account for the gravel.

The Burbank loamy sand, as described in the USDA (1971) soil survey, consists of loamy sand
from the soil surface to 41 cm, gravelly loamy sand (45% gravel) from 41 to 76 cm, very gravelly
loamy sand (85% gravel) from 76 to 89 cm, and sand and gravel below 89 cm. The hydraulic
properties of the surface layer of loamy sand were described using the properties for Sample 25 C (a
loamy sand) from Rockhold et al. (1993). The properties of the second and third layers were
obtained by scaling the surface loamy sand properties using the gravel percentages of each layer.

For the fourth layer, the sand and gravel properties were represented with the properties of the bottom
layer (a sandy gravel) used in the Ephrata sandy loam soil profile.

The Hezel sand, as described in the USDA (1971) soil survey, consists of loamy very fine sand
from the soil surface to 41 cm, and silt loam below 41 cm. The properties of the surface loamy very
fine sand were represented using the properties of the top layer of the Burbank loamy sand. The
properties of the lower silt loam were represented with the properties of the silt loam in the Warden
silt loam profile.

The Rupert sand that was identified by Hajek (1966) was known as Winchester sand (or fine
sand) in Kocher and Strahorn (1919) and is known as Quincy sand in USDA (1971). In all cases, the
soil profile is a very deep sand and so, for the simulations, the entire 4 m were represented as sand.
The hydraulic properties of this sand were represented using the properties reported in Fayer and Gee
(1992) for the sand in the lysimeters at the Buried Waste Test Facility.

The hydraulic properties of each of the layers in the five soil profiles are shown in Figures B.6
to B.9. For most layers, soil water retention was described with the van Genuchten function and
hydraulic conductivity was described with the Mualem conductivity model. For the Rupert sand, soil
water retention was described with the Brooks-Corey function, and hydraulic conductivity was
described with the Burdine conductivity model. Table B.1 lists the parameters. Also included in
Table B.1 are permeability values for each layer as reported by the USDA (1971). These values were
not used in the simulations but were included to demonstrate possible discrepancies in soil properties.
The values for the Warden silt loam and Rupert sand are very similar to those used in the simulations.
The values for the Hezel sand are within a factor of four. In contrast, the values for the Ephrata
sandy loam and Burbank loamy sand are very different. For most layers, the USDA values are 10x to
50x higher than the conductivity values used in the simulations. This discrepancy was not addressed
in this report.

B.1.3. Initial Suction Heads
The 1957 suction head values were not available for these soil profiles. In lieu of this informa-

tion, the initial conditions were assumed to be suction head values of 1,000 cm. This initial value was
reasonably dry and was expected to have little influence beyond 1 to 2 simulation years.
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Figure B.6. Soil Water Retention and Hydraulic Conductivity of Materials Used to Simulate
the Warden Silt Loam and Rupert Sand
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Figure B.7. Soil Water Retention and Hydraulic Conductivity of Materials Used to Simulate

the Ephrata Sandy Loam
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Figure B.8. Soil Water Retention and Hydraulic Conductivity of Materials Used to Simulate
the Burbank Loamy Sand
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Figure B.9. Soil Water Retention and Hydraulic Conductivity of Materials Used to Simulate
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Table B.1. Parameters used to describe soil hydraulic properties in the simulations.
The van Genuchten parameter m was set equal 1-1/n. The standard pore
interaction terms were used.

USDA
O O a n K, b he Permeability
Soil Type and Depths | m3/m3 | m3/m3 1/cm - cm/h | - cm cm/h
Warden silt loam
0 to 400 0.444 0.0 0.011 | 1.76 | 432 | - - 2.03 - 6.35
Ephrata sandy loam
0to 33 0470 |0.0426 | 0.117 | 148 | 320 | - - 6.35-12.7
331071 0.141 | 0.0128 | 0.117 | 1.48 |0.592 | - - 6.35-12.7
71 to 400 0.0833 | 0.0084 | 0.0061 | 1.52 | 0.572 | - - > 254
Burbank loamy sand
0t0 41 0.507 | 0.0282 | 0.0292 | 1.35 | 648 | - - > 254
41076 0.279 | 0.0160 { 0.0292 | 1.35 { 244 | - - > 254
76 to 89 0.0760 | 0.0040 | 0.0292 | 1.35 | 0.519 | - - >254
89 to 400 0.0833 | 0.0084 | 0.0061 | 1.52 1 0.572 | — - >254
Hezel sand
0to 41 0.507 | 0.0282 | 0.0292 | 1.35 | 648 - - 127 -254
. *41t0 400 0.444 0.0 |0.0110 | 1.76 | 432 | - - 0.51-2.03
Rupert sand
0 to 400 0.433 | 0.0381 - - 353 {1.28 | 9.40 >254

B.1.4. Boundary Conditions

The upper boundary conditions for these simulations were derived from the meteorological data
from the Hanford Meteorological Station (Hoitink and Burk 1994). Measured daily precipitation
rates defined the water inputs; snowfall was treated as an equivalent rainfall. Wind speed, cloud cover,
relative humidity, solar radiation, and maximum and minimum air temperature were used to calculate
potential evaporation using the Penman Method (Doorenbos and Pruitt 1977). No attempt was made
to account for the decreasing temperatures and increasing precipitation reported for progressively
higher elevations on Rattlesnake Mountain (Thorp and Hinds 1977) .

At 4 m, the lower boundary of the model domain was well below the deepest plant roots (which,
for these simulations, were the shrub roots at 2 m). The large depth between the deepest roots and the
lower boundary allowed for the assumption that the lower boundary was subject only to the drainage
process. Therefore, the lower boundary condition was specified with a unit gradient condition (i.e.,
free drainage).
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B.1.5. Plant Information -

Plant information consisted of the method to partition potential evapotranspiration, active
season, bare fraction, root length density, maximum root depth during the year, and the effectiveness
of plant water withdrawal as a function of soil water suction. The pertinent plant data for the eight
combinations of three vegetation and five soil types were not available. Instead, literature parameters
or reasonable estimates of parameters for each plant were chosen and used for all five soils. Plant
responses are subject to yearly precipitation and temperature variations, fire, diseases, nutrient cycling,
grazing, and land use changes. These variations were not addressed in the simulations. Rather, the
plant parameters were held constant for each simulation year.

Two methods were used to partition potential evapotranspiration into potential evaporation and
potential transpiration. For cheatgrass, the method used was the cheatgrass model in UNSAT-H. For
bunchgrass and shrubs, the leaf area method was used. Figure B.10 shows the leaf area variation
throughout the year. The maximum value of 0.4 was taken from Link et al. (1990a), who reported
leaf area for four years in a sagebrush-bunchgrass community growing on a silt loam soil on the Arid
Lands Ecology Reserve. For this report, the assumption was made that leaf area would remain the
same if the community were 100% of either sagebrush or bunchgrass. Figure B.10 shows the starting
and ending dates of the leaf area function were chosen to coincide with the active season of the plants
(as described below).

The active season of the plants determined when to calculate transpiration and when roots started
or stopped growing. The active season was specified with starting and ending days of the year. Cheat-
grass was started on day 32 and ended on day 166. Actual dates depend on the weather and soil. For
the starting date, Link et al. (1990b) reported the first leaves fully open by day 55 at the Grass Site
(wind-blown sand mantled over sand). In a normal year on the Arid Lands Ecology Reserve, many
plant species generally become active around March 1 (Rickard and Vaughan 1988). The ending
(senescence) date of day 166 was chosen to match that of bunchgrass. In support of that date, Link
et al. (1990b) reported a date of day 150 for cheatgrass at the Grass Site in 1986 and 1987.

For bunchgrass, the start and end days were 60 and 166, respectively. These days were esti-
mated from Figure 6.6 of Rickard and Vaughan (1988) for a normal precipitation year for bunch-
grass growing on silt loam on the Arid Lands Ecology Reserve. For shrubs, the days were 0 and 366.
Although they allow for a longer growing season than the dates reported by Rickard and Vaughan
(1988), these starting and ending days do not result in extra transpiration because of the limits
imposed by the leaf area index (see Figure B.10).

The bare fraction of soil is used to scale the potential transpiration based on the amount of soil
surface covered by the vegetation. If the bare fraction were zero, the cover percentage would be
100% and there would be no reduction in potential transpiration. For cheatgrass and bunchgrass, the
bare fraction was set at 0.5, meaning that the vegetation covered 50% of the ground surface so that
potential transpiration was appropriately reduced by 50%. For lack of data, the value of 0.5 was
assumed. For the shrubs, the bare fraction was set at 0.8, meaning that the shrubs covered 20% of the
ground surface. Any reduction to potential transpiration caused by a less than 100% cover is added
to potential evaporation. After all the manipulations, the sum of potential evaporation and potential
transpiration must equal potential evapotranspiration.

Root length density data were obtained from Mayer et al. (1981). Figures B.11 to B.13 show

the data and fitted functions. The maximum annual rooting depth is highly variable from plant to
plant, soil to soil, and year to year. For this report, three depths were used: 0.6 m for cheatgrass,
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1.0 m for bunchgrass, and 2.0 m for shrub. Seasonally, cheatgrass roots were allowed to grow at the
rate of 1 cm/d for their entire growing season. The roots of bunchgrass and shrubs were considered
to be at their maximum depth throughout the growing season.

Figure B.14 shows how plant water uptake varied with soil water suction for the three plant
types. The only values in Figure B.14 with some support are the wilting points (i.e., the highest
suction at which plant water withdrawal becomes zero). For these simulations, the wilting points of
cheatgrass, bunchgrass, and sagebrush were specified as 2.0, 4.0, and 7.0 MPa, respectively. Cline
et al. (1977) showed that cheatgrass and bunchgrass could both remove water at suctions up to and .
above 1.5 MPa. Sagebrush was reported to operate in soils with suctions as high as 7.0 MPa

(Fernandez and Caldwell 1975; Branson et al. 1976).

B.2 Results

Figures B.15 to B.19 show the variations in estimated annual recharge rates for the 12 soil and
vegetation combinations identified earlier. Tables B.2 to B.6 summarize the average rates as well as
the minimum and maximum values during the averaging periods. The results, organized by soil type,
are discussed below.

B.2.1 Warden Siit Loam

Figure B.15 shows that estimated recharge rates did not vary too much throughout the
simulation period. Three time periods appear to have higher rates: the late 1950s, the mid-1970s
and the mid-1980s. Table B.2 shows that the difference between the minimum and maximum rates
was small; the silt loam tends to damp the occasional recharge pulses, resulting in a more uniform
recharge rate,

B.2.2 Ephrata Sandy Loam

Figure B.16 shows that the estimated recharge rates varied considerably. As the vegetation type
changed from no plants to cheatgrass and then to bunchgrass, the average rate decreased, showing the
effect of both the presence of vegetation and the type of vegetation (shallow-rooted annual versus
deep-rooted perennial). This result implies that this soil type is sensitive to disturbance; vegetation
alteration or removal can lead to a significant increase in recharge. This result has implications for
the Hanford Site because large areas of the 200 Areas plateau are covered by Ephrata sandy loam.

Table B.3 shows that the ratio of the maximum rate to the minimum rate for the period from
1958 to 1992 increased substantially as the vegetation type changed from no plants to bunchgrass.
This result can be seen in Figure B.16, in which rates for bunchgrass are generally low, except for two
or three times when rates are high in response to unusually wet weather. Such a result implies that
long-term rates are determined by extreme weather events. The implication for monitoring schemes
is that natural systems may not see such events for 10, 20, or even 30 years. Furthermore, if long-
term rates are indeed determined by these infrequent events, the impact on tracer movement through
the profile needs to be examined. These infrequent events tend to result in large fluxes during short
periods, situations which are conducive to preferential flow. This type of flow invalidates one of the -

basic assumptions of the tracer method, that water moves as piston flow.
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Figure B.19. Simulated Recharge Rates for Rupert Sand
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Table B.2. Simulation Summary for Warden Silt Loam, 1958-1992

Vegetation Type Average Minimum Maximum
Cheatgrass - 4.8 2.5 7.6
No plants 6.8 3.8 12.3

Simulated Recharge Rates (mm/yr) l

Table B.3. Simulation Summary for Ephrata. Sandy Loam, 1958-1992

SimulatedrRecharge Rates (mm/yr)
Vegetation Type Average Minimum Maximum
Bunchgrass 1.0 0.05 8.9
Cheatgrass 4.9 0.79 28.5
H No plants 17.3 5.2 85.2

Table B.5. Simulation Summary for Hezel Sand, 1970-1992 for Bunchgrass
and 1958-1992 for Cheatgrass and no Plants

- Simulated Recharge Rates (mm/yr)
Vegetation Type Average Minimum Maximum
Bunchgrass 0.70 0.52 0.84
Cheatgrass 3.4 1.4 5.8
No plants 6.4 3.0 11.5

Table B.6. Simulation Summary for Rupert Sand, 1962-1992 for Bunchgrass,
1966-1992 for Shrub

Simulated Recharge Rates (r;m/yr) ||

Vegetation Type Average Minimum Maximum "
|| Shrub 8.6 0.25 38.8 U

Bchgrass 11.3 1.9 61.9
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B.2.3 Burbank Loamy Sand

Figure B.17 and Table B.4 show that the estimated annual recharge rates for this soil type were
lower than the rates for the Ephrata sandy loam. In particular, the rate under no plants shows this soil
to be less sensitive to disturbance than the Ephrata sandy loam. This result is understandable when
viewed in the contéxt of the hydraulic properties. Water retention in the Ephrata sandy loam is much
less than in the Burbank loamy sand despite texture differences that would indicate otherwise. This
result highlights the sensitivity of recharge to hydraulic properties and indicates that general soil
parameters, such as used to represent the Ephrata and Burbank soils, can only give estimates of
" recharge that are qualitative at best.

The response of annual recharge rates was similar to the response in other soils in that the
highest rates occurred at the three times previously discussed. Again, the similarity of the response
shows that infrequent weather conditions can have an impact both across all soil types and for many
years afterwards.

B.2.4 Hezel Sand

Figure B.18 shows that the estimated annual recharge rates for this soil type with bunchgrass
were affected by the initial conditions. Because of this, the average rate was determined for a subset
of the simulation years (i.e., 1970-1992). Table B.5 shows that the average rates were lower than the
Ephrata sandy loam, and the range was much smaller. The subsurface silt layer seems to dampen the
recharge pulses, resulting in less year-to-year variation. This effect was also observed in the Warden
silt loam.

B.2.5 Rupert Sand

Figure B.19 shows that the initial conditions affected the simulations. Therefore, the averaging
period for the bunchgrass simulation was reduced to 1962-1992, and the period for the shrub simu-
lation was reduced to 1966-1992. The rates show two marked peaks, one in the mid-1970s and the
other in the mid-1980s. Once again, the results show that large recharge pulses occur infrequently.
In contrast to the Ephrata sandy loam and Hezel sand, the estimated annual rates for the Rupert sand
with bunchgrass were high. Even under the shrub cover, the recharge rate for Rupert sand was higher
than the no plant rates for.the Warden silt loam, Burbank loamy sand, and Hezel sand. After 1975,
the two simulations predicted similar rates whereas the expectation was that the shrub cover would
have significantly lower rates. That the simulation results were similar mostly reflects the difference
in cover percentage (i.e., 50% for bunchgrass and 20% for shrub).
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