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Summary

In 1994, the Pacific Northwest Laboratory (PNL)( initiated the Recharge Task, under the PNL
Vitrification Technology Development (PVTD) project, to assist Westinghouse Hanford Company
(WHC) in designing and assessing the performance of a low-level waste (LLW) disposal facility for
the U.S. Department of Energy (DOE). The Recharge Task was established to address the issue of
ground water recharge in and around the LLW facility and throughout the Hanford Site as it affects
the unconfined aquifer under the facility. The objectives of this report are to summarize the current
knowledge of natural ground water recharge at the Hanford Site and to outline the work that must be
completed in order to provide defensible estimates of recharge for use in the performance assessment
of this LLW disposal facility.

Recharge studies at the Hanford Site indicate that recharge rates are highly variable, ranging
from nearly zero to greater than 100 mm/yr depending on precipitation, vegetative cover, and soil
types. Coarse-textured soils without plants yielded the greatest recharge. Finer-textured soils, with or
without plants, yielded the least. Lysimeters provided accurate, short-term measurements of recharge
as well as water-balance data for the soil-atmosphere interface and root zone. Tracers provided
estimates of longer-term average recharge rates in undisturbed settings. Numerical models demon-
strated the sensitivity of recharge rates to different processes and forecast recharge rates for different
conditions. All of these tools (lysimetry, tracers, and numerical models) are considered vital to the
development of defensible estimates of natural ground water recharge rates for the performance
assessment of a LLW disposal facility at the Hanford Site.

A conceptual model of the LLW disposal facility was used to identify four general areas in
which recharge estimates were needed: the protective barrier, the barrier edge, the natural ecosystem
surrounding the facility, and the entire Hanford Site. Potential scenarios that would impact the
recharge estimates were identified. They included changes in climate, soil, vegetation, and land use
for periods ranging from 100 to greater than 10,000 years.

For preliminary performance assessment calculations, we recommend assuming a recharge rate
of 0.5 mm/yr through the Hanford Site protective barrier. This assumption represents a conservative
estimate that is consistent with lysimeter measurements made over the past 8 years and with engineer-
ing design specifications for the 1000-year design life of the barrier. At the barrier edge, a higher
recharge rate of 75 mm/yr should be assumed. For the natural ecosystem surrounding the barrier
edge, estimated recharge rates of 5.0 and 25.4 mm/yr should be assumed for sagebrush and cheat-
grass communities, respectively. These numbers also represent conservative estimates that are
supported by lysimeter data, tracer studies, and numerical modeling. For the entire Hanford Site, we
recommend using the recharge distribution map reported by Fayer and Walters (1995), which
reﬂﬁcts our current knowledge of the soils, vegetation, and climate conditions and their influence on
recharge.

Field measurements, computer modeling, and the results of a 1985 review of recharge studies at
the Hanford Site were used to prepare plans to address the project needs for recharge estimates. The
plans include efforts to use different methods (i.e., lysimetry, tracers, and modeling) to provide the
necessary data and to address several outstanding issues. These issues include the accuracy of the
methods, conflicting estimates for the same location, spatial and temporal variability, and processes
such as preferential flow and vapor flow. The plans will be reviewed by a panel of experts in May
1995 to ensure that the recharge task remains focused on producing the information necessary to the
project.

(a) The Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle
Memorial Institute, under Contract DE-AC06-76RLO 1830.
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1.0 Introduction

In 1987, the U.S. Department of Energy (DOE) began planning for the final disposal of all
defense wastes produced at the Hanford Site since 1944 (DOE 1987). Most of the radioactive wastes
are stored in single- and double-shell tanks located in the 200 Areas (see Figure 1.1). The current
~ preferred method for the long-term disposal of low-level waste (LLW) from these tanks is to vitrify
them into glass waste forms for storage in a subsurface disposal facility. This LLW disposal facility
will be located on the 200 Area Plateau. The facility must be configured to enable monitoring, and
the waste form must be retrievable for transfer at a later time, if required.

In 1994, Pacific Northwest Laboratory (PNL)() initiated the Recharge Task, under the PNL
Vitrification Technology Development (PVTD) project, to assist Westinghouse Hanford Company
(WHC) in designing and assessing the performance of this LLW disposal facility for DOE. The
Recharge Task was established to address the issue of ground water recharge in and around the LLW
disposal facility and throughout the Hanford Site as it affects the unconfined aquifer under the
disposal facility.

Natural ground water recharge is the quantity of meteoric water that drains through the
unsaturated zone to the water table. Quantifying natural ground water recharge rates is important
because recharge water can leach contaminants from buried wastes and transport them to the
unconfined aquifer. Recharge rates serve as the upper boundary conditions for analytical and
numerical flow and transport models used to assess the performance of LLW disposal facilities, to
evaluate the risks of such facilities, and ultimately, to help guide decisions related to public health and
the safety of these facilities. Therefore, accurate and defensible estimates of natural ground water
recharge rates are essential.

The objective of the Recharge Task is to provide defensible estimates of recharge rates for
current and future conditions in and around the disposal facility. The scope of this task includes the
disposal facility, the natural ecosystem that surrounds the facility, the Hanford Site, and any changes
that might occur to these features while the disposed wastes still pose a threat to public health and
safety. The objectives of this report are to summarize current knowledge regarding natural ground
water recharge at the Hanford Site and to outline the work that must be completed in order to provide

“defensible estimates of recharge for use in the performance assessment of this LLW disposal facility.

(a) The Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle
Memorial Institute, under Contract DE-AC06-76RLO 1830.
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Figure 1.1. Water Balance and Recharge Study Locations at the Hanford Site
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2.0 General Considerations

Natural ground water recharge is controlled primarily by three factors: climate, soils, and
vegetation. This observation has been made for deserts in Nevada and New Mexico as well as for the
Hanford Site (Gee et al. 1994). Estimating recharge at thé Hanford Site requires an evaluation of the
interaction of climate, soils, and vegetation factors under both natural and disturbed conditions. In
this section, the status of these factors at the Hanford Site is described briefly. In addition, an
example is provided to demonstrate how surface disturbances on the 200 Area Plateau significantly
affect recharge rates by affecting two of the primary factors (i.e., soil and vegetation).

2.1 Climate

The Hanford Site is located in the rain shadow of the Cascade Mountains. Winters are relatively
cool and wet, and summers are hot and dry. The long-term average annual precipitation (from 1912
to 1980) is 162 mm.(Stone et al. 1983). About 42% of the annual precipitation falls during Novem-
ber, December, and January. Snowfall accounts for 38% of all precipitation from December through
February and about 16% of the total precipitation during November and March (Stone et al. 1983).
Figure 2.1 shows the seasonal distribution of average monthly precipitation.

On average, January and July are the coldest and hottest months of the year, respectively. The
average number of days with a maximum air temperature of <0 °C is 24 (Stone et al. 1983). The
greatest number of consecutive days with a maximum air temperature of < 0 °C is 29. The greatest’
number of consecutive days with a maximum air temperature of = 38 °C is 11. Figure 2.2 shows the
seasonal distribution of average monthly air temperatures.
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Figure 2.1. Average Monthly Precipitation at the Hanford Site from 1912 to 1980
(after Stone et al. 1983)
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Figure 2.2. Average Monthly Air Temperatures for the Hanford Site from 1912 to 1980
(after Stone et al. 1983)

Most of the precipitation that contributes to recharge comes in the winter months, when evapora-
tion is low. Rapid snowmelt occasionally causes high rates of runoff and infiltration, especially into
local topographic lows. Gee and Hillel (1988) report an occurrence in February 1985, when a warm
“chinook” wind, gusting to 72 km/h, melted most of a 200-mm (8 in.) snowpack in less than one
day, causing significant infiltration and runoff. Figure 2.3 shows the seasonal distribution of average
monthly soil temperatures.

2.2 Soils

Figure 2.4 shows the distribution of different soil types across the Hanford Site. Most of the
surface soils on the 200 Area Plateau are coarse-textured alluvial sands, covered by a variably thick
mantle of eolian fine sands and silts (Hajek 1966). These surface soils are generally associated with
the Quincy soil series (mixed, mesic Xeric Torripsamments).

The surface soils are underlain by coarse, highly-permeable, glacial-fluvial sands and gravel of
the Hanford Formation (Lindsey et al. 1991). These sediments are underlain by less permeable
compacted silts and clays of the Ringold Formation (Tallman et al. 1979). The water table under the
200 Area Plateau is up to 100 m below the ground surface (DOE 1987).

2.3 Vegetation

The vegetation on the Hanford Site is generally classified as shrub-steppe and is composed of
winter and summer annual grasses and perennial grasses and shrubs (Rickard and Vaughan 1988).
This plant community, because of its mixture of shallow- and deep-rooted plants, uses soil water

2.2
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Figure 2.3. Average Monthly Soil Temperatures for the Hanford Site from 1912 to 1980
(after Stone et al. 1983)

very efficiently. Winter annuals such as poa (Poa sandbergii Vasey) or cheatgrass (Bromus
tectorum L.) have roots that extend only a fraction of a meter into the soil (Link et al. 1990). These
winter annuals compete efficiently for water stored near the soil surface but die in late spring after
temperatures start to rise and near-surface soil water is depleted.

Perennial shrubs including sagebrush (Artemisia tridentata Nutt.), rabbitbrush (Chrysothamnus
nauseosus Pallus), and bitterbrush (Purshia tridentata Pursh), as well as summer annuals such as
Russian thistle or tumbleweed (Salsola kali L. var. tenuifolia Taush) and bursage (Ambrosia
acanthicarpa L.) are common and have extensive root systems (Klepper et al. 1985). The perennial
shrubs and summer annuals suffer from water stress but generally survive during the summer months
on summer rains and water stored deep in the soil profile. Figure 2.5 shows the approximate distri-
bution of different vegetation types and land use at the Hanford Site.

2.4 Surface Disturbances

Processes that alter the climate, soil, or vegetation can affect recharge. Thus, surface distur-
bances such as fire, erosion, grazing, farming, industrial development, and waste disposal facilities can
alter recharge rates to the ground water. For example, since 1947, many large storage tanks, ranging
in size from 0.2- to 3.8-ML (55,000-gal to 1-Mgal) capacity, have been buried in the 200 Area at
locations called tank farms (GAO 1989). During excavation of the tank farms, both the vegetation
and surface soils were removed. Backfilled sediments, which cover the tanks to a depth of approxi-
mately 2.5 m, consist primarily of coarse sands and gravel.

Cline et al. (1980) noted that most of the disturbed areas at the Hanford Site have developed
irregular stands of cheatgrass, tumbleweed, and rabbitbrush. All three of these plants have been

2.3
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observed to remove radioactive elements from the soil and concentrate them in plant tissue

(Selders 1950; Schreckhise and Cline 1979). This observation resulted in the regular application of
herbicides to the surface sediments at the tank farms to prevent plant growth. Unfortunately, the
coarse-textured sediments combined with an absence of vegetation optimize conditions for recharge
and contamination of ground water. Data presented in Table 3.1 show how graveled surfaces devoid
of vegetation promote recharge. The implications of surface disturbances for the LLW disposal
facility will be discussed more thoroughly later in this report.
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3.0 Summary of Estimated Recharge Rates at Hanford

Recharge studies have been conducted intermittently at the Hanford Site since 1969. Appen-
dix A outlines the various techniques that have been used. Appendix B describes the results of most
of the studies. In this section, a subset of the recharge rates that were estimated using lysimetry and
tracer techniques are summarized to document the magnitude of recharge and demonstrate the spatial
and temporal variability in annual recharge rates. In addition, the results of numerical simulations are
presented to demonstrate the sensitivity of predicted recharge rates to variations in soil and vegetation

types.

3.1 Lysimeter Studies

Lysimetry provides very accurate estimates of recharge for relatively short time periods and
specific soil and vegetation conditions (see Appendix A). Table 3.1 shows annual recharge estimates
for four sites. Brief descriptions of these sites are given below. Table 3.1 updates Table 1 in Gee
et al. (1992), reflecting data collected since 1990. Although more lysimeter data exists at the
Hanford Site, the data in Table 3.1 are sufficient to demonstrate the impact of soil, vegetation, and
weather variations on recharge.

The 200 East closed-bottom lysimeter is 18.3 m deep, 5.7 m2 in area, and uniformly filled with
fine sand (see Appendix B). Before 1985, vegetation grew on the lysimeter and recharge rates were
estimated to be less than 2 mm/yr. Between 1988 and 1991, vegetation was prevented from growing
on the lysimeter and recharge rates were estimated to be 45 mm/yr (Gee et al. 1994).

The Buried Waste Test Facility (BWTF) has two lysimeters, represented in Table 3.1. One
lysimeter is 7.8 m deep, 5.7 m? in area, filled with coarse sand, and maintained free of vegetation. In
8 years, annual recharge ranged from 24 to 111 mm/yr. A second lysimeter was 1.5 m deep, 2.3 m2
in area, and vegetated. . In some years, recharge was zero; in others, recharge was measurable when
precipitation levels exceeded the transpiration capacity of the vegetation.

The Arid Lands Ecology (ALE) lysimeters are 1.5 m deep, 2.3 m?2 in area, filled with undis-
turbed silt loam monoliths, and vegetated with either bunchgrass or sagebrush. In eight years, no
drainage has occurred.

The Field Lysimeter Test Facility (FLTF) has 24 lysimeters; data from eight are reported in
Table 3.1. Most of the lysimeters at the FLTF were designed to test the performance of a capillary
barrier in minimizing recharge. The lysimeters with the barrier configuration (i.e., silt loam over
gravel) and vegetation prevented drainage for the entire 7 years, even when irrigated to 2 times and
3 times the average precipitation levels. The same result was achieved when vegetation was absent, but
only if under ambient precipitation. When precipitation was increased to 3 times, the absence of
vegetation allowed drainage to occur in the sixth year of the study.

Two other lysimeters at the FLTF were filled with 1.5 m of sand over a sandy gravel layer.
These lysimeters were vegetated with sagebrush. The sand-filled lysimeter receiving ambient precip-
itation did not show drainage until the fourth year of the study. In contrast, the irrigated lysimeter
had drainage in 3 of the 4 years of the study.

Finally, two other lysimeters at the FLTF were filled with sand, but had a 20-cm-thick gravel
layer on the surface. These lysimeters were not vegetated and were intended to mimic conditions at
the tank farms. Drainage was recorded in every year for both the ambient and increased precipitation
treatments.
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Table 3.1. Estimated Annual Recharge Rates from Lysimeter Data at the Hanford Site.

Recharge Recharge
Facility Soil/Vegetation Irrigation Time (mm/yr) (% of Precip.)
200 East sand/tumbleweed no 1971-1985 <2 <1
sand/bare no 1988-1991 45@) 31
BWTF  sand/bare no 1985-1986 111 48
sand/bare no 1986-1987 102 55
sand/bare no 1987-1988 40 29
sand/bare no 1988-1989 42 24
sand/bare no 1989-1990 46 39
sand/bare no 1990-1991 33 20
sand/bare no 1991-1992 24 15
sand/bare no 1992-1993 42 19
sand/cheatgrass no 1984-1986 62 35
sand/tumbleweed no 1986-1987 1 5
sand/tumbleweed no 1987-1988 0 0
sand/tumbleweed no 1988-1989 10 6
ALE silt loam/sagebrush no 1986-1994 0.0 0.0
silt loam/bunchgrass no 1986-1994 - 0.0 0.0
FLTF  silt loam over gravel/bare 2x 1987-1990 0 0
silt loam over gravel/bare 2x/3x() 1990-1993 30 <6
silt loam over gravel/bare no 1987-1994 0 0
silt loam over gravel/sagebrush 2x/3x(®) 1987-1994 0 0
silt loam over gravel/sagebrush no 1987-1994 0 0
sand over sandy no 1990-1991 0 0
gravel/sagebrush 1991-1992 0 0
1992-1993 0 0
1993-1994 28 6
2x/3x(®) 1990-1991 23 5
sand over sandy 1991-1992 0 0
gravel/sagebrush 1992-1993 717 16
1993-1994 28 6
no 1990-1991 39 24
1991-1992 78 49
gravel over sand/bare 1992-1993 150 66
1993-1994 47 30
2x/3x(®) 1990-1991 251 54
1991-1992 287 62
gravel over sand/bare 1992-1993 356 74
1993-1994 413 86

(a) Recharge estimate based on increase in soil-water storage.
(b) 2x/3x = 2 times or 3 times the long-term average.
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3.2 Tracer Studies

Tracer studies supply estimates of recharge for extended periods (e.g., 35 to 10,000 years)
that are much greater than traditional experiments allow (see Appendix A). As with lysimetry, tracer
methods provide estimates of recharge for specific soil and vegetation combinations, although the
exact soil and vegetation are less well-known because of the long periods. Furthermore, because of
the various underlying assumptions, tracer methods provide a recharge estimate that is less accurate
than that obtained with lysimetry. Disturbances such as those caused in creating a waste site change
the surface sufficiently so that recharge rates can be altered by orders of magnitude. Such changes in
recharge are not accounted for by conventional tracer techniques.

Estimates of recharge using the chloride (Cl) mass balance method are assumed to represent
average recharge rates over approximately the past 13,000 years, when the Hanford sediments were
deposited during the last glacial flooding event. Estimates of recharge using the ratio of 36Cl to Cl
are generally considered more representative of average recharge rates over the past 40 years (since
the bulk of sea-level nuclear weapons testing in the 1950s and atmospheric nuclear weapons testing in
the early 1960s). Both methods are described in more detail in Appendix A.

Prych (1995) used the Cl mass balance and 36CI/Cl ratio methods to estimate natural ground
water recharge at the Hanford Site; the results are summarized in Table 3.2. In general, Prych's
results are in qualitative agreement but are generally lower than the lysimeter and field studies
reported previously and in Appendix B. Areas with silt loam soils, deep-rooted sagebrush, and
shallow-rooted grasses exhibit the lowest apparent recharge rates. Areas with coarse soils and
shallow-rooted vegetation exhibit moderate rates (several millimeters) of annual recharge. Results
from the two tracer techniques differ by as much as two orders of magnitude. These differences may
be related to the different time-scales represented by the two techniques, and is an issue that warrants
further investigation.

Table 3.2. Estimates of Recharge at Hanford using Cl Mass Balance and 36Cl1/Cl
(after Prych 1995)

Estimated Recha}ge Rate (mm/yr)

Cl
Soil Vegetation mass balance 36C1

silt loam sagebrush and 0.01-0.11 <21,<34

grasses (4 wells) (2 wells)
loamy sand  sagebrush and 0.01-0.3 <26
or sandy grasses (5 wells) (1 well)
loam (0.6 m)
over sand and
gravel
loamy sand  sparse shallow- 0.4-2.0 5.1@
(0.6 m) rooted grasses (4 wells) (1 well)
over sand

(a) 36Cl data were not from sufficient depth (> 5 m) to capture the entire tracer profile.
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3.3 Model Predictions

Mathematical models that incorporate the processes that affect recharge are useful for under-
standing recharge and for predicting rates under a variety of climate, soil, and vegetation conditions.
The ability to explore many scenarios quickly is the main reason that mathematical models are
considered valuable tools in performance assessments. Appendix A discusses the advantages (e.g.,
quick results) and disadvantages (e.g., large data requirements); Appendix B recounts recent recharge
modeling results.

For this report, twelve simulations were conducted to demonstrate the effects of different soil
and vegetation types on predicted recharge rates over 30 years. The soil-vegetation combinations
included three soil configurations (sand, silt loam, and silt loam overlying sand) and four vegetative
cover types (sagebrush, bunchgrass, cheatgrass, and no vegetation). The model used was UNSAT-H
(Fayer and Jones 1990), a one-dimensional numerical model that simulates the dynamic processes of
water infiltration, drainage, redistribution, evaporation, and uptake by plant roots. The governing
equations are based on a modified form of the Richards equation for liquid water flow, Fick’s law of
diffusion for the flow of water vapor, Fourier’s law of heat conduction, and the theory of coupled
water and heat flow in soils proposed by Philip and de Vries (1957). Simulations of the 200 East
Area closed-bottom lysimeter are reported in Appendix B as a field validation test of UNSAT-H.

The sand and silt loam parameters used for these model simulations are representative of
Quincy sand and Warden silt loam. Quincy sand covers a large portion of the 200 Area Plateau (see
Figure 2.4), and Warden silt loam has been proposed as the soil to be used for surface protective
barriers. The combination of silt loam overlying sand creates a capillary barrier effect that reduces
recharge relative to a uniform profile of either soil type. The combinations of uniform sand with and
without vegetation are analogous to the near-surface conditions that have prevailed at different times
and different locations on the 200 Area Plateau, including the closed-bottom lysimeter.

The soil hydraulic properties were represented using the van Genuchten (1980) water retention
and Mualem (1976) hydraulic conductivity models. The model parameters for the sand and silt loam
were estimated from water retention and hydraulic conductivity data reported by Rockhold et al.
(1988) using the RETC code (Yates et al. 1992). The soil hydraulic properties were assumed to be
nonhysteretic. The soil hydraulic properties and other model parameters used for these simulations
are given in the input files listed in Appendix C. All simulations were conducted assuming isothermal
conditions and vapor flow. Reasonably accurate simulation results have been reported using
UNSAT-H in the isothermal mode, as long as the vapor flow option is used (Fayer and Gee 1992;
Fayer et al. 1992). Using the isothermal mode also significantly reduces the required simulation
time.

The model domain was 5 m. The node spacings varied from 0.2 cm at the soil surface to
20 cm at the bottom of the model domain. For the silt loam overlying sand, the upper layer was
30 cm thick. Although this thickness of silt loam is much less than the 2 m proposed for protective
barriers at the Hanford Site, it is sufficient to demonstrate the capillary barrier effect. The node
spacings were gradually reduced to 2 cm at the interface between the different material types.
A uniform initial tension of 500 cm was used for all simulations. Internodal conductances were
computed using the geometric mean of the values in adjacent grid blocks.

Simulations were conducted for the years 1957 through 1992. To minimize any effects from
the initial conditions, the simulation results from years 1957 through 1962 were not used. Only the
simulation results for the years 1963 through 1992 (30 years) were analyzed and compared. The
upper boundary conditions were derived from daily weather data obtained from the Hanford
Meteorological Station (HMS). A unit gradient condition was used for the lower boundary.

For the simulations with plants, potential evapotranspiration (PET) was calculated using the

Penman model and was partitioned into potential evaporation and potential transpiration using two
different methods. The cheatgrass model in UNSAT-H was used to partition PET for cheatgrass.
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The leaf area model in UNSAT-H was used to partition PET for bunchgrass and sagebrush. The
maximum rooting depths for cheatgrass, bunchgrass, and sagebrush were assumed to be 0.6, 1.0, and
3.0 m, respectively. Other required plant parameters, given in. Appendix C, are based on the work of
Fayer and Walters (1995). ’

Figure 3.1 shows the average annual precipitation and predicted drainage (recharge) rates for
the 12 simulations. The average annual precipitation for the 30-year (1963 to 1993) simulation
period is 160 mm. Annual precipitation ranged from a low of 75.9 mm in 1976 to a high of ,
281 mm in 1983. These values are approximately 53% less than and 74% greater than the long-term
annual average (1912-1980) of 162 mm reported by Stone et al. (1983).

The predicted drainage rates depicted in Figure 3.1 illustrate the impact of soil and vegetation
on recharge. The avérage, minimum, and maximum drainage rates for the 30-year simulation period
are given in Table 3.3.

For the simulations with uniform sand, the predicted drainage rates vary by up to 2-3 orders of
magnitude between the results obtained using sagebrush parameters versus those obtained with no
vegetation. The 30-year average annual drainage rates predicted for the uniform sand with no vegeta-
tion and with sagebrush are 22 and 0.5 mm/yr, respectively.

The simulation results for uniform silt loam show a similar trend. The 30-year average annual
drainage rates predicted with no vegetation and with sagebrush are 7.6 and 1.0 mm/yr, respectively.
Note that the predicted annual average drainage rate for the unvegetated sand is only about 3 times
greater than the predicted annual average drainage rate for the unvegetated silt loam. However, the
predicted annual average drainage rate for the sand with sagebrush is only 50% as great as the annual
average drainage rate predicted for the silt loam with sagebrush. This difference is caused by the
different soil hydraulic properties and indicates that the silt loam conducts water faster than the sand
at low matric potentials. :

The 30-year average annual drainage rate predicted for the silt loam overlying sand with no
vegetation is 1.5 mm/yr. This value is 20% of the rz': [ :timated for the uniform, unvegetated silt
loam. The textural contrast between the silt loam and sand creates a capillary barrier, which increases
the storage capacity of the overlying silt loam and reduces the rate of infiltration into the underlying
sand. Using the sagebrush parameters, the simulations of silt loam overlying sand predicted an
average annual drainage rate of 0.2 mm/yr.

The transpiration values (not shown) obtained from the simulations with silt loam overlying
sand are somewhat different from those obtained for the uniform sand. The capillary barrier at the
interface between the silt loam and sand increases the storage capacity of the silt loam and reduces the
flux of water into the sand. Because the root densities of cheatgrass and bunchgrass are greater than
that of sagebrush in the silt loam portion of the soil profile, these plants effectively extract more water
from the silt loam and have greater relative annual transpiration rates than sagebrush for most years
of the simulations. In reality, plant roots tend to extend into and develop more fully in regions of the
soil where more water is available. In other words, roots will tend to go wherever the water is, within
the physiological constraints of the plant. This effect is not accounted for in UNSAT-H.

The annual pulses of simulated drainage shown in Figure 3.1, exhibit a time lag relative to
annual precipitation. This time lag is dependent on soil type(s), stratification, antecedent water
content, and plant water extraction, and 1s proportional to the depth of the simulated soil profile.
Transient recharge pulses are also dampened with depth, so that soil profiles show a more constant
flux in time at greater depth.

The time series of drainage rates depicted for the uniform sand in Figure 3.1 illustrate several
important points regarding long-term monitoring issues and estimating recharge rates for specific soil
and vegetation combinations. If, for example, recharge rates were determined from a 5-year record
(1981-1985) of lysimeter data with sagebrush as the dominant vegetation, the simulation results in
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Figure 3.1 suggest that an average recharge rate of approximately 0.2 mm/yr would be estimated.
However, if the dominant vegetation was cheatgrass, the average estimated recharge rate for this same
time period would be approximately 24 mm/yr. This indicates a more than two orders of magnitude
increase in recharge rates resulting from a change in vegetation. This is the type of change that can
be expected on the Hanford Site following wildfires.

Regarding long-term monitoring issues, if a 5-year lysimeter study was conducted from 1970
to 1974, and bunchgrass was the dominant vegetation on the lysimeter, the simulation results for the
sand in Figure 3.1 suggest that the average recharge rate would be approximately 1.6 mm/yr. If how-
ever, the same 5-year study was conducted from 1975 to 1979, the simulation results in Figure 3.1
suggest that the average estimated recharge rate would be 7.3 mm/yr. This factor of 4.5 increase in
estimated recharge rates for two different 5-year periods illustrates the importance of long-term moni-
toring. This point was also emphasized by the 1985 Recharge Workshop peer-review panel, whose
suggestions are summarized in Section 5.1.

The simulation results in Figure 3.1, as well as the lysimeter data in Table 3.1, show that signifi-
cant recharge can occur in some years, depending on the soil-moisture status, and the timing and
intensity of precipitation events. Therefore, referring to the mean annual recharge rate is really only
appropriate if the mean is taken over a sufficiently long period containing a statistically significant
number of extreme events.

In general, for any given soil type, more drainage is predicted when no vegetation is present, or
when the vegetation is shallow-rooted cheatgrass or bunchgrass, than when the vegetation is deep-
rooted sagebrush. This reflects not only the greater rooting depth but also the higher wilting point of
sagebrush. These results are also supported by the lysimeter data shown in Table 3.1 The average
recharge rates for all simulations conducted using sagebrush parameters compare favorably with the
estimates made by Prych (1995) using tracer techniques (see Table 3.2).

Table 3.3. Predicted Recharge Rates for Different Soil and Plant Types for the 30-Year Period
from 1963 to 1992

Recharge Rate (mm/yr)
Soil Type No Vegetation Cheatgrass Bunchgrass Sagebrush
avg min  max avg min max avg min max avg min max
Sand 22.0. 10.5 68.1 157 7.0 455 54 15 149 05 02 1.5
Silt Loam 76 49 10.7 58 37 82 28 1.7 64 1.0 04 44
Silt Loam/ 15 10 20 12 08 19 06 03 16 0.2 0.1 0.8
Sand

3.7






4.0 Proposed Low-Level Waste Disposal Facility

As stated previously, the objective of the Recharge Task is to provide defensible estimates of
recharge rates for assessing the safety of subsurface disposal of LLW at the Hanford Site. This
requires the development of a conceptual model of the disposal site, a description of the recharge
scenarios, and an acknowledgment of unaddressed issues.

4.1 Conceptual Model

The LLW disposal facility has neither been designed nor has its location at the Hanford Site
been determined. However, based on the designs for other facilities, the LLW facility will likely be
similar to that shown in Figure 4.1. One or more subterranean vaults will be built. The vaults will be
filled with the waste over a period of time. The waste may be completely mixed with filler material
that has desirable properties, or the waste may be vitrified/manufactured into objects with defined
volumes and inner spaces filled with another material. The vaults and filler material will have
physical and chemical properties that affect release and transport rates. Once filled with waste, the
vault may be isolated from the biosphere by one or more chemical and physical barriers, such as a
surface Hanford Protective Barrier.

4.2 Recharge Scenarios

The scope of the Recharge Task includes estimating recharge for the disposal facility, the
natural ecosystem surrounding the disposal site, and the Hanford Site. Federal and state regulations
mandate that a disposal facility meet certain criteria related to the release of contaminants and
resulting exposure of the biosphere and human population. Previous studies (e.g., DOE 1987)
identified the ground water pathway as most likely to result in the greatest exposure; therefore, that
pathway is the focus of the recharge scenarios.

4.2.1 Processes

From the perspective of recharge, the three processes of interest are leaching, changing water
table elevation, and changing ground water flux and direction.

Leaching of the Disposed Waste

The process that has the most direct impact on the shallow land burial of LLW waste is leaching
of the waste form and subsequent transport of contaminants through the vadose zone and to the water
table. In Figure 4.1, this process corresponds to the flux moving through the protective barrier, with
a secondary contribution from any excess flux that might migrate laterally from the facility or bar-
rier’s edge. Eventually, the water flux that contributes to leaching could change as the disposal
facility or barrier degrades. Finally, the flux that passes through the surface barrier may be
redirected and channeled as it encounters the subsurface disposal structures.

Changing the Water Table Elevation

The process with the most impact after direct leaching is a changing water table elevation, which
changes the thickness of the vadose zone beneath the facility. The time for contaminants to travel
from the waste form to the water table is directly related to the vadose zone thickness. Given the thick-
ness and dry state of Hanford sediments, the travel time can be thousands of years. This is one reason
that near-surface burial at Hanford is a viable disposal option. If the vadose zone thickness were
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reduced by 50% by irrigation, for example, the travel time would be reduced proportionally. Thus, a
travel time of 2000 years would be reduced to 1000 years, which could significantly alter the results
of a performance assessment. '

Changing the Ground Water Flux and Direction

The third process of interest is changes in ground water flux and direction. This process is
considered important because regulations require analyzing the ground water pathway using a well
located 100 m downgradient of the facility. The direction of ground water flow establishes the loca-
tion of the well. The flux of ground water affects the cross section of aquifer withdrawn from a given
well-pumping scenario. The cross section of aquifer pumped determines the ratio of contaminated
and uncontaminated ground water pumped, which impacts the calculated exposure levels.

4.2.2 Time Scales

The time scale of interest is not clearly defined. However, the period that must be analyzed in
the performance assessment can be divided into four (or more) subperiods: institutional control,
facility integrity control, regulatory control, and peak concentration control. Example time periods
are given in Table 4.1 for each subperiod with analysis considerations.

Table 4.1. Example Time Periods and Analysis Considerations

Time Period
(years after site closure) Considerations

0 to 100 Institutional Control. The federal government will retain control of the
" facility. If signs of facility degradation occur during this period, the
government can perform maintenance or remediate the site if necessary.

100 to 1000 Facility Integrity Control. For example, the Hanford Protective Barrier
(Wing 1994), which is proposed as a surface cover, has a design life of
1000 years. During this time, the performance analyses of the facility
would assume that the barrier meets its design specification of limiting
drainage through the barrier to 0.5 mm/yr. There is no design specifi-
cation for the quantity of water that infiltrates at the edge of the barrier.
The LLW disposal facility itself has not yet been designed. However,
when the facility is designed, various components may have different
design lives, which may or may not coincide with the design life of the
surface protective barrer.

1000 to 10,000 Regulatory Control. Performance assessments must be conducted for this
period that postdates the design life of the disposal facility. During this
period, some protective features of the facility may still function, although
at a level below the original design specifications because of degradation.

10,000 to Primary and Peak Concentration Control. Regulations in existence in 1994 indicate a
secondary need to analyze the facility for 10,000 years. However, experience on the
peaks Grout project (WHC 1993) shows that some reviewers want analyses

continued until peak concentrations have been forecast (and shown to be
within acceptable limits) for all contaminants.
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4.2.3 Variables

There are five major variables that could alter recharge rates during the life of the disposal
facility: vegetation, soil, land use, climate, and degradation of the facility.

Vegetation

Three processes that affect the composition and health of vegetation must be considered:
climate change, plant succession, and fires. Petersen (1993) reported that vegetation at the Hanford
Site cycled repeatedly between sagebrush and grasses during the last 10,000 years in response to
climate changes. Rickard and Vaughan (1988) speculated that competitive alien species, particularly
Bromus tectorum, could supplant native communities. Downs et al. (1993) reported that a fire in
1984 affected roughly 360 km?2, or 38%, of the Hanford Site south of the Columbia River. Cheat-
grass acts as dry tinder causing fires to spread easily once started. The burned areas at Hanford are
now dominated by cheatgrass. Such a dramatic change in plant communities was forecast by the
noted ecologist Aldo Leopold (Leopold 1949) who indicated that cheatgrass would eventually
dominate the shrub-steppe areas of the western United States.

Soil

Two processes that affect soil (and thus recharge) are erosion/deposition and soil development.
According to Gaylord et al. (1993), “The Hanford Site is blanketed by eolian deposits and deflation-
ary surfaces reflecting Holocene and possibly late Pleistocene eolian activity...”. They go on to say
that sand dunes, the most obvious manifestation of eolian accumulations, are confined to the lower
elevations of the Site. The Soil Survey for Benton County (USDA 1971) also refers to the soils as
being "mantled” by a wind-blown loamy fine sand. Soil development is a slow process in an arid
environment. Given that the pertinent time is 10,000 years or more, the development process may be

sufficient to change or alter the surface soil properties and thus affect recharge.
Land Use

Three impacts from land use changes are altered vegetation communities, irrigated farming, and
structures that promote infiltration. Rickard and Vaughan (1988) reported that dryland farms
invaded by Bromus tectorum 40 years ago have still not reverted to the native sagebrush-bunchgrass
community. Irrigated farming is one of the land use options identified by the Hanford Future Site
Uses Working Group (HFSUWG 1992). Irrigation has a high potential to enhance recharge; we
speculate that, under current practices, recharge could be 100 to 250 mm or greater annually,
although future irrigation practices may become more efficient. If development occurs, more areas
could be created with structures that promote recharge such as large tracts of paved surfaces draining
onto graveled shoulders.

Climate

Petersen (1993) summarized the expected changes in climate. Briefly, the potential exists for
both warmer and drier conditions, and colder and wetter conditions. The colder and wetter extreme is
not expected to cause more than a two-fold increase in precipitation. In the past 75,000 years the
climate change has been modest (less than a 30 to 40% change in precipitation). Furthermore, the
potential exists for ice-age conditions that could lead to flooding of the disposal site within the next
50,000 to 100,000 years.

Degradation
The integrity of the facility is not guaranteed beyond institutional control (i.e., 100 years).
However, design features will be included that protect the facility and prolong its useful life. For

example, the Barrier Program specifies that the Protective Barrier has a design life of 1000 years
(Wing 1994). Assuming this to be true, the question to be answered is how the facility is to be
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analyzed after the end of the specified design life. Estimates of the nature and rate of degradation of
the facility features are required. These estimates can then be used in an analysis of recharge for the
various stages of degradation.

4.3 Preliminary Recharge Estimates

The existing recharge data were used to provide recharge estimates that can be used in prelimi-
nary performance assessment calculations. Estimates are provided for the barrier, the barrier edge,
the surrounding natural ecosystem, and the entire Hanford Site. We recommend assuming a recharge
rate of 0.5 mm/yr through the Hanford protective barrier. This assumption is supported by an 8-year
record of lysimeter data (Table 3.1) and is consistent with engineering design specifications over the
1000-year design life of the barrier (Wing 1994). At the barrier edge, a higher recharge rate of
75 mm/yr should be assumed. This assumption is based on four years of data for a lysimeter with a
graveled surface (Table 3.1) that is similar to the riprap sideslope of the protective barrier. This
estimate does not include possible overland flow or lateral drainage from the barrier. Beyond the
barrier, the recharge rate of the natural ecosystem can be represented with one of two rates. If the
plant community is assumed to be sagebrush, an estimate of 5.0 mm/yr should be used. This is a
conservative value chosen to be slightly greater than all the rates reported by Prych (1995) using
tracer measurements. If the plant community is assumed to be cheatgrass, an estimate of 25.4 mm/yr
should be used. This value is based on an 8-year record of water content observations at the Grass
Site in the 300 Area (Fayer and Walters 1995). For the entire Hanford Site, we recommend using the
recharge distribution map reported by Fayer and Walters (1995).

4.4 OQOutstanding Issues

Studies at Hanford have estimated recharge rates that vary over two orders of magnitude at the
same location depending on the method used (Prych 1995; Fayer and Walters 1995). Two issues that
must be addressed are the accuracy of the estimation methods and the vartability of the estimates,
How accurate should the estimates be? What estimation techniques can provide the necessary
recharge information? Do discrepancies exist and can they be resolved? Enfield et al. (1973) estima-
ted an upward thermally induced vapor flux of 0.04 mm/yr at Hanford. Some recharge estimation
methods do not consider processes such as vapor flow and preferential flow, which could be very
important if estimated recharge rates are much less than 0.1 mm/yr.

Allison et al. (1994) stated that the most difficult and important problem to overcome in estima-
ting recharge is the prediction and assessment of its variability. The issue of variability relates to both
spatial and temporal components of the analyses. Spatially, soil and vegetation are well-known to
vary substantially across scales of one to ten meters. From the perspective of the facility, large-scale
variability is imposed by the design (e.g., capillary layers, asphalt, concrete). Methods must be
devised for estimating recharge for the various configurations and determining its variability.

Temporally, recharge varies seasonally in response to winter precipitation and summer evapo-
transpiration, and annually in response to year-to-year variations in weather, principally precipitation
amounts. Figure 3.1 demonstrates how recharge varies during a 30-year period for different soil
types: Fayer and Walters (1995) presented examples that show even greater year-to-year variability.
The questions that must be answered include: What form should the recharge estimates take? Should
the estimates be the mean for 10,000 years, the mean plus one standard deviation, the median annual
value, or perhaps a time series description? ‘Questions such as these may only be answerable when we
propagate variable recharge rates through the transport calculations.
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5.0 Status of Recharge Study Plans

The study of recharge at Hanford goes back nearly 40 years. The National Academy of
Science Committees discussed recharge issues as early as 1957 (NRC 1957). In 1966, the Committee
on Geologic Aspects of Radioactive Waste Disposal of the National Academy of Sciences reported
that they were “...dubious about the concept that in arid and semi-arid lands meteoric water does not
percolate downward as far as the water table but instead is lost entirely by evaporation and plant
transpiration” (Galley et al. 1966). The Committee recommended that “The movement of water,
both upward and downward, under varying conditions of wetting in the zone (of) aeration (at) ...
Hanford, Washington, should be thoroughly studied, particularly with reference to questions about
percolation of rainwater and snow melt to the water table.” The 1966 review led to the first of many
studies of natural ground water recharge at the Hanford Site.

In 1985, an external peer review was conducted of recharge studies at Hanford. The results of
that review are summarized below to give an historical perspective to the plans of the Recharge Task.
Following a summary of the 1985 workshop, the scope of work and the proposed plan for task
completion for the Recharge Task are outlined.

5.1 Results of the 1985 Recharge Workshop

A recharge workshop was held at Hanford in October 1985. The purpose of the workshop was
to review field and laboratory studies that were ongoing and plans to close the ground water recharge
issue at Hanford (Sonnichsen 1986). A panel of five external experts in the field of arid lands hydro-
logy were invited to the workshop to provide comments and recommendations.

The panel noted that quantification of recharge rates at Hanford is made particularly difficult
by the following facts: 1) The recharge rates are of the same order of magnitude (or smaller) than
the measurement errors of flux at the surface boundary, 2) the biological system (root activity, plant
growth, and changes in the ecological system over time) is difficult to quantify, 3) point measure-
ments or estimates of recharge (i.e., from lysimeters or tracer studies) are difficult to project over
large areas, 4) the precipitation data base is too short in duration to determine the likelihood of
extreme events with confidence, and insufficient for extending to very long periods (say beyond 50
to 100 years), 5) reliable estimates of unsaturated hydraulic conductivity are difficult to obtain, and
6) the treatment of coupled liquid/vapor flow and transport is not well advanced in practice.

The panel suggested that for specific conditions of soil, topography, plant cover, and climate,
recharge could probably be estimated using the existing (1985) database and available models, with
an uncertainty factor of 2 or 3. They also suggested that tracer studies, additional measurements of
soil hydraulic properties, and evapotranspiration measurements could improve these estimates.

The panel made several recommendations related to quantifying natural ground water recharge
rates at Hanford. The panel suggested that if lysimeter studies were to be continued, they should
include comparisons of vegetated-to-bare surfaces in each location, and be designed to not only
measure evapotranspiration and drainage, but also to continuously monitor soil moisture distribution
and suction. The panel also endorsed a plan to make direct measurements of evapotranspiration
using micro-meteorological methods to provide data to be used in conjunction with models of soil-
plant-water relations, and suggested that more definitive plant phenological information would be
needed to determine the effects of bimodal plant activity in spring and autumn on evapotranspiration.
In addition, the panel stated that “it is essential that the soil hydraulic properties (namely the moisture .
versus suction function and the moisture versus hydraulic conductivity function) be established, in so
far as possible, directly in the field, rather than be inferred indirectly from laboratory tests with small
and disturbed samples.” The panel also recommended that new tracer studies be conducted by
emplacing several tracers over areas of several square meters at hydrologically representative sites,
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and then excavating and analyzing the tracers’ flow paths at a later time to study the downward
migration of the tracers in complex (layered) soil profiles. The panel also suggested that some
environmental isotopes (i.e., tritium) could be useful for estimating recharge.

The panel made several recommendations regarding the use of numerical models to estimate
natural ground water recharge rates. They suggested that future simulations, particularly those
involving different upper boundary conditions and processes (e.g., evaporation), should be based on
the mechanistic formulation of nonisothermal processes, in both the liquid and vapor phases. Related
to this, they again emphasized the importance of determining reliable field data for the soil hydraulic
properties, and suggested that some effort should also be made to assess the practical importance of
hysteresis. The panel stressed the importance of plants in controlling evapotranspiration, and the
need for a strong plant activity component in future research on soil-water dynamics. Finally, the
panel suggested that all models and submodels be tested by comparison with analytical solutions,
alternative models, and independent laboratory and (especially) field data.

The panel noted that the recharge studies that had been conducted at Hanford yielded impor-
tant, but somewhat inconclusive results. The panel suggested that rather than closing the recharge
issue, research efforts should be strengthened and intensified. The panel also emphasized that
continuity of research for long-term studies was of paramount importance.

5.2 Scope of Work for 1995

Since the 1985 workshop, work on the recharge issue at Hanford continued in a discontinuous
fashion under various projects. A summary of this work is provided in Section 3.0 of this report.
Because there have been only limited efforts to address recharge on a site-wide basis and the specific
needs of LLW have not been previously addressed, additional work has been initiated. Starting in
FY 1994, the PVTD project supported a task to study recharge as it relates to the shallow land burial
of LLW. The scope of work for FY 1995 contains five subtasks: 1) recharge workshop, 2) lysimetry,
3) evapotranspiration, 4) tracers, and 5) integrated recharge assessment. Each of these subtasks is
briefly described below.

5.2.1 Recharge Workshop

A workshop is scheduled for May 1995 to study recharge issues that will affect LLW disposal
actions. A panel of qualified experts will review the available data, facility requirements, and pro-
posed plans to address all aspects of recharge. The panel will provide evaluations and recommenda-
tions to ensure that the PVTD project gets the information necessary to complete a defensible per-
formance assessment. Included in the review will be the plans for implementing comprehensive field
tests to evaluate the effects of spatial variability and measurement uncertainties on estimated recharge
rates. PNL will participate in the workshop and prepare a detailed field experiment test plan based on
peer review comments.

5.2.2 Lysimetry

The objectives of this task are to measure recharge directly and provide sufficient data for
testing recharge models. Weighing lysimeter data from the FLTF and several other sites will be
compiled and analyzed to support the evapotranspiration and integrated recharge assessment subtasks
described below. A formal test plan will also be prepared -outlining options for retrofitting several of
the lysimeters at the FLTF. The lysimeters will be designed to provide data that are relevant to the
conceptual model in Figure 4.1, address issues identified in Section 4.4, and reflect potential land use
(irrigated agriculture) and future climate change scenarios of interest for the performance assessment
of the LLW disposal facility.
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5.2.3 Evapotranspiration Studies

The objective of this task is to determine the most accurate method for predicting evapotrans-
piration (ET), which is the combination of evaporation and transpiration. Models such as UNSAT-H
use values of potential evapotransipiration (PET) to predict ET. Estimates of PET rates under arid
site conditions have been shown to be significantly greater than actual ET rates (Gee et al. 1989).
Therefore, a need exists for quantifying ET rates for specific soil and vegetation types, and climatic
conditions at the Hanford Site.

Selected subsets of data from the weighing lysimeters at the FLTF and other locations at the
Hanford Site will be analyzed to quantify actual ET rates. Detailed numerical simulations of the soil-
water dynamics in the weighing lysimeters will be conducted using the UNSAT-H computer model.
Observed and simulated results will be compared and the most accurate mechanistic and empirical
descriptions of ET will be determined and documented.

5.2.4 Tracers

The objective of this task is to estimate recharge rates using the measured depth distribution of
radioactive and chemical tracers. Depending on the tracer used, the recharge estimates can represent
average rates that span time periods from 35 to 13,000 years. In FY 1995, two locations within the
boundaries of the proposed facility will be drilled to 15 m to obtain continuous cores. The cores will
be analyzed mainly to determine the chloride distribution. Selected subsamples from the continuous
cores will also be analyzed for other tracers to determine whether they would be feasible for estima-
ting recharge. The results of these analyses will be used to prepare for a more complete sampling
campaign in FY 1996.

5.2.5 Integrated Recharge Assessment

The objective of this task is to provide an integrated assessment and evaluation of the recharge
estimates made using various techniques (i.e., lysimetry, tracers, numerical simulation, etc.). In
FY 1995, recharge-related data collected at the Grass Site in the 300 Area will be evaluated. Recharge
estimates from several methods will be used to determine if our current understanding of recharge is
sufficient to explain any differences and whether additional processes need to be considered. Also in
FY 1995, supplemental data will be collected in conjunction with the Tracer task to enable recharge
estimation using other techniques. These estimates will then be compared with the tracer estimates to
more fully understand recharge within the facility boundaries.

5.3 Plan for Task Completion

Several activities are planned for after FY 1995 to provide the data and tools that will be needed
to adequately support the performance analyses for the LLW disposal facility at the Hanford Site.
These activities are focused on lysimetry, tracers, and modeling. The plans briefly outlined below are
tentative. The recharge workshop that is planned for FY 1995 will include a review of these planned
activities. The review will consider whether the activities are technically sound, whether they address
all major issues, and whether they will satisfy the needs of the Glass PA.

Several lysimeters at the FLTF may be retrofitted to reflect potential land-use change scenarios
and/or climate change conditions of interest for the LLW performance assessment. In addition, other
lysimeters may be monitored (e.g., BWTF) because they have a long history, which would improve
accuracy and provide extended data sets for model testing. Tracer studies may be conducted in
several lysimeters to look at the effects of plant root uptake on tracer movement.
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Several boreholes will be drilled at or adjacent to the site of the LLW disposal facility. Tracer
profiles determined from borehole samples will be used to estimate historical recharge rates in the
natural ecosystem that will surround the facility. While not sufficient for a quantitative measure of
variability, the number of samples should give some indication of the potential variability to be
expected. Sediment samples from these boreholes will also be analyzed to determine soil hydraulic
properties to support numerical simulation studies. Field measurements of soil hydraulic properties
will also be conducted nearby using a modified instantaneous profile method. Besides estimating
recharge rates, another goal is to determine whether the multiple techniques produce similar esti-
mates. To date, we have seen significant differences between methods (tracer versus tracer; tracer
versus lysimeter; tracer versus hydraulic gradient). These differences in estimates need to be
resolved.

One hypothesis concerning recharge at Hanford is that topographic variations affect recharge
by focusing overland flow, generally from rapid snowmelt above frozen soil, into small areas where it
can infiltrate readily. The concern is that, because they represent only a small percentage of the area
of the entire Site, these local infiltration areas may not be adequately represented in any sampling
scheme. To test this hypothesis, an integrated recharge assessment will be used. Trenches will be
excavated that are oriented to run from high to low elevations in an area of undulating terrain on the
200 Area Plateau. The expectation 1s that low elevations, which may be prone to infiltration from
overland flow, will have chloride distributions indicative of higher recharge rates than profiles at the
higher elevations. Detailed spatial characterization of plant types, surface coverage, rooting depths
and distributions, chloride concentrations, bulk densities, particle-size distributions, and hydraulic
properties will be conducted. These data will be used to estimate parameters for numerical modeling
of water flow and solute transport. Predicted recharge rates will be compared with independent
estimates obtained using tracer techniques and the unit gradient method. The information obtained
from these studies will be used to test the topographic hypothesis for recharge. The information will
also provide estimates of the uncertainties associated with spatial variability and the measurement
errors for each recharge estimation method.

If fruitful, this integrated recharge assessment approach will be used on the actual site selected
for placement of the LLW disposal facility. Before the site preparation begins, nondestructive
geophysical methods such as electromagnetic induction and ground-penetrating radar will also be
investigated for use in conducting initial site surveys for identifying potential areas of preferential
local recharge. When site preparation begins, samples will be collected as the excavation proceeds,
allowing for the generation of a 3-dimensional view of the chloride distribution and soil property
variations. Such information will be very useful in verifying the assumption of one-dimensionality
used by the tracer methods.

The numerical model of recharge is an important tool for the performance assessment. The
model will continue to be tested with lysimeter data because those data are the most accurate and well
documented. Processes that are identified as important to recharge estimation will be included in the
model. These processes include thermal effects, snowmelt, hysteresis, and plant behavior (e.g., ger-
mination, growth, phenology, rooting depths, succession). Future land use and climate change
- scenarios will be incorporated into modeling activities as required.

Fayer and Walters (1995) present a framework for evaluating ground water recharge at the
Hanford Site by combining information about land use, vegetation and soil types, data from lysimeter
and tracer studies, and numerical simulation results using a geographic information system (GIS).
The use of a GIS effectively integrates both hard and soft data to evaluate the effects of spatial
variability. The integrated recharge assessment subtask will expand the work by Fayer and Walters
(1995) to further address issues of spatial variability and measurement uncertainties.
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6.0 Concluding Remarks

The recharge studies that have been conducted since the National Academy of Sciences report
(Galley 1966) have expanded our understanding of the near-surface water balance and ground water
recharge in both natural and disturbed settings. The studies at Hanford indicate that recharge rates
are highly variable, ranging from nearly zero to greater than 100 mm/yr depending on precipitation,
vegetative cover, and soil types. Coarse-textured soils without plants yielded the most recharge.
Finer-textured soils, with or without plants, yielded the least.

Lysimeters provided accurate, short-term measurements of recharge as well as water-balance
data for the soil-atmosphere interface and root zone. Tracers provided estimates of longer-term
average recharge rates in undisturbed settings. Numerical models demonstrated the sensitivity of
recharge rates to different processes and forecast recharge rates for different conditions. These tools
(lysimetry, tracers, and numerical models) are all considered vital to the development of defensible
estimates of natural ground water recharge rates for the performance assessment of a LLW disposal
facility at Hanford. Continuing the measurement of key recharge parameters (soils, vegetation, and
climate) at specific waste sites will assist in estimating potential recharge conditions. However, large
uncertainties in the time dependence of both vegetation and climate will require careful analyses of
the interaction of these two important variables. For example, rooting depths may change over a
short period (tens of years) in response to climate and alter recharge rates by several orders of
magnitude.

The effort to build a LLW disposal facility at Hanford is just in the planning stages and no
decisions have been made regarding its exact location, layout, or design. In lieu of the actual design
and location, a conceptual model of the LLW disposal facility was used to identify four general areas
where recharge estimates were needed: the protective barrier, the barrier edge, the natural ecosystem
surrounding the facility, and the entire Hanford Site. Potential scenarios that would impact the
recharge estimates were identified. They included changes in climate, soil, vegetation, and land use
for periods ranging from 100 to greater than 10,000 years.

For preliminary performance assessment calculations, we recommend assuming a recharge rate
of 0.5 mm/yr through the Hanford protective barrier. This assumption is consistent with an 8-year
record of lysimeter data and with engineering design specifications for the 1000-year design life of
the barrier. At the barrier edge, a higher recharge rate of 75 mm/yr should be assumed. For the
natural ecosystem surrounding the barrier edge, estimated recharge rates of 5.0 and 25.4 mm/yr
should be assumed for sagebrush and cheatgrass communities, respectively. These values represent
conservative estimates based on the lysimeter and tracer data reported in Tables 3.1 and 3.2. For the
entire Hanford Site, we recommend using the recharge distribution map reported by Fayer and
Walters (1995). These estimates reflect our current knowledge of the soils, vegetation, and climate
conditions. The estimates will be updated as more information becomes available.

Past recharge studies at Hanford were used to prepare plans to address the project needs for
recharge estimates. The plans include efforts to use the strengths of different methods (lysimetry,
tracers, modeling) to provide the necessary data and to address several outstanding issues. These
issues include questions about the accuracy of the methods, conflicting estimates for the same
location, spatial and temporal variability, and processes such as preferential flow and vapor flow. The
plans will be reviewed by a panel of experts in May 1995 so that the Recharge Task remains focused
on producing the information necessary to the project.
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Appendix A

Recharge Estimation Methods

The various methods that are available for estimating natural ground water recharge are based
on quantifying water flow and solute transport processes in the unsaturated zone. In this section, the
fundamental principles and governing equations that are used to describe unsaturated flow and solute
transport are briefly reviewed, followed by descriptions of methods that have been used for estimating
natural ground water recharge rates at Hanford.

A.1 Fundamental Concepts and Governing Equations

Water flow and solute transport processes in the unsaturated zone are complex and multi-
dimensional, and generally occur under nonisothermal conditions, with multiple fluid phases (i.e.,
liquid water and water vapor).- For brevity, the following discussion will be limited to the description
of isothermal, single-phase (liquid water) flow and solute transport, in one dimension (the vertical
direction). Additional details are provided elsewhere in this report, where needed, to address non-
isothermal conditions and multiphase flow effects.

Water moves from regions of higher to lower potential energy. This potential energy (H) can
be expressed as

H=h,+h,+hy +h, , (A.1)
where  h, = gas pressure potential
h, = osmotic potential
hy, = matric potential
h, = gravitational potential.

Gas pressure potential represents the difference between the external gas pressure and atmospheric
pressure. Osmotic potential (i.e., solute potential) represents the potential energy lowering caused by
the presence of solutes. Matric potential consists of hydrostatic pressure and the capillary and
adsorptive forces that attract and bind water to the soil matrix. Gravitational potential is the energy
associated with the location of water in the Earth’s gravitational field, measured w1th respect to some
reference point such as the ground surface or the water table.

Gas pressure and osmotic potentials are generally considered to be negligible, so that the total
potential is simply taken to be the sum of the matric potential and the gravitational potential. This
sum, when expressed on an equivalent height-of-water basis, is commonly referred to as the hydraulic
head, or H. The matric potential is also referred to as the soil water pressure head, which is negative
for unsaturated conditions. Corey and Klute (1985) provide a detailed discussion on the application
of the potential energy concept to soil water equilibrium and flow.

The flux (q) of water through soil is proportional to the hydraulic head gradient (dH/dz) where

z is depth, measured positive downward from the soil surface. For saturated systems, the flux can be
determined with the Darcy flow equation

q=-Ks— ,
dz (A.2)
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where K is the saturated hydraulic conductivity. For unsaturated soils, the hydraulic conductivity is
nonlinearly related to the pressure head or water content. Therefore, Equation A.2 is usually
modified as

dH (A3)
q =-K(6) 4z

where K is the flux of water per unit gradient of hydraulic head and 6 is the volumetric water content,
or volume of water per unit bulk volume of soil. :

To describe transient water flow in the vertical direction, Equation A.3 is combined with the
equation of continuity,

©_ o
ot az

(A.4)

where t is time, z is depth and u is a source or sink term used to account for water uptake by plant

roots to give
% _ a K((-))— +u (A.5)
ot az dz

Equation A.5 is known as the Richards equation (Richards 1931) and forms the basis for most
process-based descriptions of water movement in the unsaturated zone. Equation A.5 can also be
expressed as

(A.6)
% _ 9| Kty 2 K| 0
ot az 0z

The advective-dispersive solute transport equation can be written as

(A.7)
M.}.a(e_c) a GDQ.(.:_ gc +¢
ot ot oz 0z

where solute concentration associated with the solid phase of the soil
soil bulk density

solute concentration of the fluid phase

solute hydrodynamic dispersion coefficient

source or sink for solute.
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If the source or sink terms in Equations A.6 and A.7 are neglected, and the adsorbed concentration is
related to the solution concentration through the linear equilibrium sorption isotherm, (i.e., s = kqc),
Equation A.7 reduces to the standard advection-dispersion equation

(A.8)
R _pdc %

ot 0z oz

where v = g/6 is the average pore water velocity, and R = 1 + pky/8 is the solute retardation factor.
The hydrodynamic dispersion coefficient can be defined as

D = 1Dy, + alvl (A.9)

where 7 is a tortuosity factor, D, (L2/T) is the coefficient of molecular diffusion in the pore fluid, and

o (L) is the dispersivity. The tortuosity factor can be written as a function of 6 using a relationship
such as that of Millington and Quirk (1961),

T=0103/6,2 (A.10)
where 6 is the saturated water content.
Equations A.3, A.6, A.7, and A.8, or variants of these equations, form the mathematical basis

for most of methods used to estimate natural ground water recharge. Some of these methods are
described below.

A.2 Soil Water Balance

Estimating natural ground water recharge using the soil water balance method requires
quantification of the terms in the following water balance equation:

AS=P+I1-ET-DxR (A.11)

where  AS = change in soil water storage (L/T)

P = natural precipitation (L/T)

I = irrigation (L/T)

ET = evapotranspiration (L/T)

D = drainage below root zone (i.e., recharge or net residual flux) (L/T)
R = net overland flow (i.e., runoff or runon) (L/T).

The water-balance components in Equation A.11 are depicted in Figure A.1. The units of measure-
ment for these components are generally expressed as the volume of water per unit area per unit time.
Therefore, units of equivalent water depth (cm or mm) per unit time are used throughout this report.
The methods used to measure or calculate each of these water-balance components are described in
the following sections.

A.2.1 Soil Water Storage

Soil water storage is the total quantity of water in the soil zone of interest. Soil water storage is
calculated by integrating water content measurements made at different depths within the soil profile.
Changes in calculated storage over a selected time interval represent the AS term in Equation A.11.
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Figure A.1. Water-Balance Components

Water contents in surface soils are determined at most of the field sites at Hanford using the
neutron probe or gravimetric sampling techniques. Neutron probes are calibrated by linear regres-
sion of measured volumetric water contents and corresponding neutron probe counts or count ratios.
The technical procedure used for monitoring water contents using the neutron probe is described by
Gee et al. (1989). Gravimetric water contents are converted to volumetric water contents by multi-
plying by the soil bulk density.

In an analysis of neutron probe data collected from lysimeters at the Hanford Site, Jones (1978)
reported that the accuracy of measurements of volumetric water content made using the neutron
probe cannot be expected to be better than about £0.005 cm3/cm3. Reginato and Nakayama (1988)
report average errors in volumetric water contents determined using neutron probes in agricultural
soils of up to $0.01 cm3/cm3. A detailed description of the estimation of errors in volumetric water
content measurements made using the neutron probe and the uncertainties in the associated calibra-
tion curve is given by Haverkamp et al. (1977).

A.2.2 Precipitation

Precipitation and other weather data are recorded at the HMS, located between the 200-East and
200-West Areas (see Figure 1.1). The HMS was constructed as part of the Manhattan Project in
1944. Hourly observations began on December 7, 1944 (Stone et al. 1983). However, complete
records were not compiled for several years and only since January 1947 have hourly records been
available on a continuous basis (Hoitink and Burk 1994). These data are available on magnetic tape
at least as far back as 1957.

The HMS collects hourly data on precipitation (i.e., rain and snow), air and soil temperatures,
wind speed and direction, solar radiation, relative humidity, atmospheric pressure, cloud cover, etc.
(Stone et al. 1983; Hoitink and Burk 1994). Precipitation is also recorded at several other water
balance study locations and lysimeter facilities using tipping bucket and standard collection rain
gauges. Tipping bucket rain gauges typically measure precipitation to within 0.3 mm. Precipitation
can also be calculated from weighing lysimeters from the weight changes, as described later in
Section A.3.

A4



A.2.3 Irrigation

Irrigation is a significant part of several experimental studies at Hanford (Freeman and Gee
1989; Waugh et al. 1990; Sackshewsky et al. 1991; Gee et al. 1993). The study described by Gee
et al. (1993) uses irrigation to create artificial rainfall conditions on lysimeters to test the performance
of capillary barriers under total precipitation rates ranging from 32 to 48 cm/yr (2 to 3 times the
long-term average). These irrigation treatments represent potential climate/land use change scenarios.

A.2.4 Evapotranspiration

Evapotranspiration (ET) represents the combined processes of plant transpiration and evapora-
tion. ET can be determined from lysimeter weight changes or from the solution of Equation A.11
after the other water balance components have been determined. Bowen ratio and eddy correlation
techniques have also been used to estimate evapotranspiration rates at Hanford (Kirkham 1993), and
whole plant gas exchange systems have recently been developed for measuring ET rates on vegetated
lysimeters (Link et al. 1992a,b).

ET can also be estimated as some fraction of PET, which is a measure of the maximum amount
of water that can be absorbed into the atmosphere given the atmospheric vapor density and radiant
energy condition (Jones et al. 1984). PET at the Hanford Site is generally calculated from solar radia-
tion, wind speed, and other climate data using the Penman equation in Doorenbos and Pruitt (1977).
PET can be used to empirically estimate actual evaporation and transpiration without describing any
controlling physical processes such as diffusion and convection. In the absence of plants, only evapo-
ration is considered for the ET component in Equation A.11.

A.2.5 Drainage

Drainage below the root zone is also referred to as recharge, net percolation, or net residual flux
(Phillips 1994). This component of the water balance is usually calculated using Equation A.11 (and
measurements or estimates of the other terms) unless it can be measured directly using lysimeters.
This water balance component can be negative, indicating upward flow, and can be induced by
thermal gradients and capillary imbibition. Upward flow may occur, for example, when a water table
is located near the soil surface. This particular example is generally not applicable for most of the
Hanford Site because the water table is sufficiently deep [10 to 100 m or more below the ground
surface (Gee 1987)] to be well below the plant root zone.

A.2.6 Net Overland Flow

Runoff or runon is generally considered to be negligible for most of the Hanford Site because
the surface soils are typically coarse-textured and the Site is relatively flat. However, this water
balance component may be significant when the soil is frozen and when rapid snowmelt occurs,
especially on terrain with a significant slope.

A.3 Lysimetry

The water balance method is classified as an indirect physical method because drainage or
recharge is not directly measured. The only method available for directly measuring drainage or
recharge is lysimetry. One of the strengths of lysimetry is that it provides a control volume in which
a number of water balance components can be measured directly, thus providing the necessary data
to calibrate numerical models that can then be used to forecast recharge.

The Hanford Site has one of the most extensive networks of lysimeters in the world. Descrip-

tions of various lysimeters in use at Hanford are provided by Kirkham et al. (1991), Gee and Jones
(1985), Gee et al. (1989), and Freeman and Gee (1989). Two principal types of lysimeters are used
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at Hanford: drainage lysimeters and weighing lysimeters. The drainage lysimeters consist of cylin-
drical, soil-filled containers instrumented with neutron probe access tubes or sampling ports that allow
for the measurement of water contents at different depths. Some of these lysimeters have closed
bottoms to prevent water from draining out of the lysimeters. These closed-bottom lysimeters are
more accurately referred to as “collection” lysimeters. Others have suction candles and drainage
systems that allow water draining out of the bottom of the lysimeter to be measured directly.

Most of the lysimeters drain via gravity flow. Drainage water is collected periodically and
weighed to document drainage rates (Gee et al. 1993). The bottom of some of the lysimeters contain
suction candles. Water removal (drainage) can be initiated by applying a vacuum (up to 100 cm of
water) to the suction candles. A schematic of a suction-candle vacuum system is shown by Gee et al.
(1989).

The weighing lysimeters consist of soil-filled containers, 1.5 m on a side, and approximately
1.5 m deep, resting on platform scales that have a 9,090-kg capacity. The scales are connected to
dataloggers that record voltage changes corresponding to lysimeter weight changes. Design specifi-
cations for the weighing lysimeters are given by Kirkham et al. (1991).

Lysimeter weight changes are calculated using a linear regression of weight-voltage data for the
calibration range of each scale. Periodic calibration of the scales is required to ensure that deviations
from any measured weight do not exceed the manufacturer’s published tolerance of + 0.02% of the
loaded value (Weigh-Tronix, Inc., Fairmont, Minnesota). Lysimeter weight changes result from
water-storage changes, which are caused by precipitation, irrigation, evapotranspiration, and drainage.
Weight changes, expressed in terms of equivalent units of water depth, are determined by dividing the
lysimeter weight changes by the area of the lysimeter. According to Campbell et al. (1990), the
lysimeter scales have a resolution of + 50 g (0.02 mm).

Although they provide the only direct means of measuring recharge, lysimeters have several
disadvantages, compared to some other indirect methods. Lysimeters are usually fixed in space and
are, therefore, limited in their ability to quantify the effects of spatial variability. The soils filling
many (but not all) of the lysimeters at Hanford represent composite samples of the surrounding
sediments. Therefore, the natural stratification or layering is usually not preserved. The length of
data record that is available from lysimeters is also relatively short, so that meaningful long-term
averages are difficult to obtain from lysimeter records.

A.4 Zero-Flux Plane

The zero-flux plane method for estimating recharge relies on determining the location of a
plane of zero hydraulic gradient in the soil profile (Wellings 1984). The location of this plane can be
directly determined using sensors to measure soil suction or capillary pressure (e.g., tensiometers,
heat dissipation sensors, thermocouple psychrometers). Recharge for a given duration is calculated
by integrating water-content measurements below the zero-flux plane to determine the change in total
water stored in the profile. A decrease in total storage below this plane over the time period is
assumed to be recharge. Unfortunately, this zero-flux plane is not always stationary, and the method
cannot be used during periods of high infiltration if the hydraulic gradient becomes positive down-
ward throughout the profile.

A.5 Unit Hydraulic Gradient

While studying drainage losses from lysimeters, Black et al. (1969) noted that a “unit
gradient” condition often occurred. This condition arises for fairly uniform (homogeneous) soils
when the water content is nearly constant with depth, and results in dH/dz = 1. For unit gradient
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conditions, Equation A.3 reduces to q = -K(8) and the flux of water moving through the soil is equal
to the unsaturated hydraulic conductivity of the soil. Unit gradient conditions have been observed in
some lysimeters and at some water balance study locations on the Hanford Site (Rockhold et al.
1988; Gee et al. 1989). For unit gradient conditions, recharge rates can be estimated from the
measured (or estimated) unsaturated hydraulic conductivities and the volumetric water content of the
soil below the plant root zone (Nimmo et al. 1994).

Both direct and indirect methods are available for measuring or estimating unsaturated hydrau-
lic conductivities (Klute and Dirksen 1986; van Genuchten et al. 1992). However, no single method
appears to be suitable for providing reliable estimates of unsaturated hydraulic conductivity over a
wide range of conditions for all Hanford soils. Independent measurements and estimates of unsat-
urated hydraulic conductivities for Hanford soils have been reported by Rockhold et al. (1988); Gee
et al. (1991); Connelly et al. (1992a, b); Rockhold et al. (1993); and Wright et al. (1994).

A.6 Tracers

Various chemical and radioactive tracers can be used to estimate natural ground water recharge
rates in arid and semiarid environments. As noted by Phillips (1994), these tracers should possess
several characteristics. Most importantly, the tracer must be conservative, meaning that it is not
adsorbed onto the solid phase and not produced in the soil or taken up by plants through the roots.
The rate at which the tracer is introduced into the soil must also be known. Murphy et al. (1991)
evaluated the feasibility of using various environmental tracers to estimate recharge rates at Hanford.
These tracers included chloride, chlorine-36, and tritium, which are discussed below.

A.6.1 Tritium (3H)

Large quantities of 3H were released into the environment by atmospheric nuclear weapons
testing, mostly during the early 1960s (Phillips 1994). Some 3H was also generated from sea-level
nuclear weapons testing in the 1950s. This entered the hydrologic cycle as tritiated water vapor,
which behaves similarly to water vapor. Therefore, 3H is an excellent tracer for water movement in
both liquid and vapor phases (Phillips 1994). The use of bomb 3H as an environmental tracer is
limited because it has a half-life of approximately 12.45 years (Phillips 1994). Furthermore, there is
some question at Hanford (where copious quantities of tritium have been produced) as to the relative
contribution of bomb pulse tritium versus Hanford derived tritium in the soil profile.

Allison (1981) described two simple methods for estimating mean annual recharge using
bomb-3H profiles. In the first method, assuming steady-state (with constant water content) and piston
flow (no dispersion), and that 3H moves with the mass fluid flow, recharge is estimated by dividing the
total amount of water stored in the profile above the 3H peak by the time elapsed since the fallout

. peak. In the second method, local annual recharge or net residual flux (J;) is estimated by evaluating
the 3H mass balance as

J,=TIT, (A.12)

where T is the total quantity of 3H stored in the soil profile per unit area. T is calculated as
) :
T=| T,,dz (A.13)
0

where f = the depth below which the 3H concentration is negligible
T, =3H concentration at depth z
8, = volumetric water content at depth z.
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The term T, is given by

n
Ta =), WiTpiexp (1)
i=1 (A.14)

where W, = weighting factor that accounts for year-to-year variations in recharge
Tpi = average 3H concentration in precipitation for year i before sampling
A = decay constant for 3H

n = number of years considered prior to sampling.

Allison and Hughes (1978) tested different schemes for estimating the weighting factors (W;)
but determined that using a constant value of 1 was adequate. An application of this method for
estimating natural ground water recharge in a semiarid region of New Mexico is described by Mattick
et al. (1987). Both of the methods described above require the 1962 to 1965 bomb-3H peak to-be
- clearly identified in the soil profile.

A.6.2 Chlorine-36 (36Cl)

36(l1 is produced naturally in the atmosphere but was also produced indirectly, as a byproduct
of nuclear weapons testing, by thermal neutron irradiation of chloride in sea water (Phillips 1994).
This bomb 36C] was released in measurable amounts only during the sea-level tests in the 1950s,
rather than during the stratospheric tests of the 1960s (Bentley et al. 1982; Elmore et al. 1982).
Therefore, the maximum fallout of 36Cl] preceded the maximum 3H fallout by about 10 years
(Phillips 1994). The average estimated 3H and 36C1 fallout resulting from nuclear weapons testing for
the northern hemisphere is shown in Figure A.2.

The 36Cl1 fallout entered the hydrologic cycle as chloride anion, dissolved in precipitation and as
dry fallout (Phillips 1994). The natural 36Cl/Cl] ratio in precipitation and dry fallout for eastem
Washington has been estimated to be 150 x 10-15 to 200 x 10-15 (Bentley et al. 1986). 36Cl is conser-

vative, chemically stable, and nonvolatile. Therefore, unlike 3H, it is a tracer for the transport of
- solutes only in the liquid phase. The half-life of 36Cl is approximately 301,000 years (Phillips 1994).

The methods used to estimate natural ground water recharge from 36Cl/Cl ratios are essentially
the same as those described previously for 3H. Since 3H moves in both the liquid and vapor phases, it
can move faster than 36C1. This suggests that estimating recharge from the bomb 36Cl pulse could
underestimate actual recharge rates but might be better for predicting the movement of other non-
volatile solutes. There is also some uncertainty about the local influence Hanford Site operations
may have had on the time-dependent concentrations of both 36Cl and 3H in precipitation falling on
the Site. A summary of Site operations that may have affected the concentrations of these tracers is
given by Murphy et al. (1991).

A.6.3 Chloride

Meteoric chloride (Cl-) originates primarily from sea salts and is continuously deposited on the
land surface by precipitation and as dry fallout. This Cl- moves into the soil profile with infiltrating
precipitation. CI- is conservative and nonvolatile, and is almost completely retained in the soil when
water evaporates or is transpired by plants (Phillips 1994). Therefore Cl-, like many other tracers,
may concentrate in the root zone as a result of evapotranspiration. The Cl- mass balance method has
become a relatively popular method for estimating recharge rates. A brief description of this method
is given in the following paragraphs.
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Figure A.2. Average Northern Hemisphere 3H and 36C1 Fallout Corrected to 1985
(Phillips et al. 1988)

Assuming one-dimensional piston flow (no dispersion), recharge or net residual water flux can
be calculated from Cl- measured in a soil profile as

J; =Dy/Ca (A.15)

where J, is the net downward residual water flux at the depth of measurement (L/T), D4 is the Cl
deposition rate (M/L2 T), and C is the measured Cl concentration in the soil water (M/L3). The value
of C4 can be determined by plotting cumulative Cl content with depth against cumulative water
content at the same depths. The slopes of straight line segments correspond to C,; for the depth
interval (Phillips 1994). Changes in the slopes of different line segments, corresponding to the
different depth intervals, can represent temporal variability of recharge rates.

In soils with high pH and high adsorption of other anions, anion exclusion can result in faster
movement of Cl- than 3H. Previous studies have shown a direct correlation between clay content and
anion exclusion (Warrick et al. 1971). Most of the sandy soils on the Hanford Site have relatively
low percentages of clay, so the effects of anion exclusion in these soils should be relatively minor.
James and Rubin (1986) reported an increase in the velocities of Cl- over pore water velocities of
about 10% in columns containing sandy soils. This increase in velocities was directly attributed to
anion exclusion.
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Phillips (1994) suggests that systematic uncertainties in estimated Cl- deposition rates (D)) can
be as great as 20% if the Cl- mass balance technique is extended to estimate recharge rates prior to the
Holocene epoch (approximately 10,000 years before present). Errors in estimated deposition rates
linearly propagate into the recharge estimates made using the Cl- mass balance method. However, it
is generally assumed that there is no Cl- mass balance signature in Hanford sediments that can be
interpreted beyond 13,000 - 14,000 years ago because the Hanford Site was covered by glacial water
during cataclysmic flooding at that time. Therefore, the uncertainty in Cl- deposition rates at the
Hanford Site should be less than 20%.

The major uncertainty in the use of chloride is the application of this tracer technique at dis-
turbed sites, where recharge rates may have changed drastically. Under these conditions, chloride and
other tracers’ estimates of recharge should be used with extreme caution.

Murphy et al. (1991) evaluated the feasibility of using several other radioactive tracers to
estimate recharge at Hanford. Significant quantities of some radioactive tracers such as iodine-129
were generated during site operations. Some of these tracers may also be useful for estimating
recharge during the past 40 to 50 years on the 200 Area Plateau.

A.7 Numerical Simulation

If sufficient data are available, Equations A.6 and A.7, or variants of these equations, can be
used to simulate soil-water dynamics and solute transport in response to observed or estimated
weather data and tracer deposition rates. Scanlon (1992) recently used simulations of this type to
estimate recharge rates in the Chihuahuan Desert of Texas. This is the most data-intensive method
for estimating natural ground water recharge rates and probably yields recharge estimates that have
the most uncerntainty. Nevertheless, numerical simulation has several unique advantages over the
other methods.

Numerical simulation is useful for investigating “what if”’ questions. For example, how do
predicted recharge rates change if precipitation doubles or triples as a result of climate change? Also,
how do predicted recharge rates change if the dominant vegetation changes from deep-rooted sage-
brush to shallow-rooted grasses as a result of range fires? These types of questions either cannot be
answered or require an impractical amount of data to answer using lysimetry or tracer techniques.
Numerical simulation can also be used to evaluate the sensitivity of recharge estimates to different
parameters. Such a sensitivity analysis can help focus future data collection activities on the areas or
parameters that have the greatest influence on the system.

Although numerical simulation is the only practical tool that can be used to forecast recharge
rates for future climate and land use scenarios, it relies on the use of numerous parameters estimated
from data to represent climate, soils, and vegetation characteristics. Lysimeter data are useful for
testing numerical simulation models, and for refining the mechanistic descriptions of various
processes in these models.

As noted in Section 5.0 of this report, the 1985 recharge workshop peer-review panel made
several recommendations regarding improvements that could be made in modeling capabilities for
simulating soil-plant-atmosphere systems and estimating recharge at Hanford. These included the
incorporation of a mechanistic formulation of nonisothermal processes, and a capability for assessing
the importance of hysteresis. UNSAT-H is the primary computer code used to estimate natural
ground water recharge rates at Hanford. The capability for modeling nonisothermal water flow
processes in the liquid and vapor phases and hysteresis in the soil hydraulic properties has been
recently added to UNSAT-H (Fayer and Jones 1990). This code has been extensively tested using
data from several of the lysimeter experiments at Hanford and other sites since the 1985 recharge
workshop (Fayer and Gee 1992; Fayer et al. 1992; Fayer 1993; Martian and Magnuson 1994).
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Appendix B

Review of Previous Work

In this appendix, several water balance and recharge studies that have been conducted on the
Hanford Site are briefly reviewed, and the purpose and outcome of the associated research are
summarized. The recharge studies are grouped initially by Hanford Site area. This review is
followed by brief discussions on studies related to surface protective barriers and model-based
recharge predictions. The locations of various study sites referred to in this appendix are shown in
Figure B.1.

‘B.1 200 Areas
B.1.1 Deep Well Test Site

Several recharge and water balance studies have been conducted in the 200 Areas. Starting in
June 1969, 4 wells were drilled at Hanford coordinates 32-49 specifically for the purpose of
providing data for evaluating recharge fluxes on the 200 Area Plateau. These wells were located
within about 15 m of each other (Hsieh et al. 1973), and about 1.6 km south of the 200 East Area
(see Figure B.1). The predominant vegetation in the area is sagebrush and cheatgrass. The soil is a
relatively uniform sand to sandy loam, with some gravel.

Well 32-49A was drilled in June 1969, to a depth of about 76.3 m. Coarse gravel and cobbles
were encountered at this depth and prevented further drilling. Sediment samples were collected
during drilling to determine field water contents and water retention characteristics. Neutron probe
data were also collected after the well casing was installed to measure volumetric water contents.
These data were reported by Brownell (1971) and Routsen and Fecht (1979).

A second well, number 32-49B was installed approximately 12.5 m east-northeast of well -
number 32-49A, in October 1969 (Brownell 1971). This well was drilled to the water table, located at
a depth of about 94 m below the ground surface. Samples collected during the drilling of this well
were used to measure 3H concentrations using electrolytic enrichment with gas counting (Isaacson
et al. 1974). The method of tritium analysis was reported to provide 3H data as low as 3 to 5 tritium
units (T.U.) with an accuracy of + 0.5 T.U. (Tadmor 1973; Isaacson et al. 1974). One T.U. is
defined as 1 3H atom per 1018 H atoms.

A third “well”, identified as 32-49C, was hand-augered to a depth of approximately 4.4 m at a
"location approximately 24 m south of the second well, in March 1970 (Brownell 1971; Enfield and
Hsieh 1971). Thermocouple psychometers and temperature sensors were placed in the well hole and
the hole was then backfilled. These sensors were installed to measure diurnal and seasonal tempera-
ture and matric potential gradients to estimate the rates and direction of water flow. Data from these
sensors are reported by Enfield and Hsieh (1971).

The fourth well, number 32-49D, was drilled in June 1970, approximately 16.8 m south-south-
east of well number 32-49A (Brownell 1971). This well was drilled from the ground surface to the
water table, located approximately 95 m below the soil surface (Hsieh et al. 1973). An instrumented
cable of thermocouple psychrometers and diode temperature transducers was installed at specific
depth intervals in the well hole down to the water table (Hsieh et al. 1973). The well was then
backfilled around the instrumented cable.
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Figure B.1. Water Balance and Recharge Study Locations at the Hanford Site

Soil samples were collected during the drilling of well 32-49D to determine 3H concentrations,
and to measure or calculate hydraulic properties for different soil horizons. Unsaturated hydraulic
conductivities were estimated using the method of Millington and Quirk (1959, 1960, 1961), with the
matching factor of Jackson et al. (1965).

A fifth well, number 19-47B, was drilled during that time at a site located approximately 4 km
south of the 32-49 coordinates. This well was also sampled for 3H.

The volumetric water contents from well 32-49A and the 3H data from wells 32-49B, 32-49D,
and 1947B are plotted in Figure B.2. The 3H profiles were considered to be classic examples of
vertical 3H distributions in undisturbed areas of the vadose zone at Hanford (Brownell 1971). The
high surface values of 3H were thought to be influenced by the 3H concentration in recent precipi-
tation that occurred prior to sampling. Note that the higher 3H values at depth are influenced by the
groundwater. Unfortunately, recharge fluxes cannot be accurately estimated from the 3H profiles
shown in Figure B.2 because the sampling interval for the wells was relatively coarse (1.5 m), and the
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Figure B.2. Neutron Probe Log of Volumetric Water Contents and Tritium Profiles for
Wells 32-49A, 32-49B, 32-49D, and 19-47B
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peak 3H concentration occurred at (or above) the first measurement depth. As noted previously, there
is also some uncertainty about the local influence Hanford site operations may have had on the time-
dependent concentrations of 3H in precipitation falling on the site. Note that the surface (0 to 1.5 m
sampling depth) 3H concentration of 1490 T.U. for well 19-47B is considerably greater than the aver-
age peak 3H fallout for the northern hemisphere reported by Phillips et al. (1988) (see Figure A.2).

The thermocouple psychrometer data were intended to provide field measurements of tempera-
tures and matric potentials from the land surface to the water table. These profiles should define the
direction of soil water movement in response to annual cycles of precipitation and temperature.
Thermocouple psychrometer data collected from well number 32-49C in May 1970, indicated an
upward flux of water above the 3-m depth, and a downward flux below 3 m (Enfield and Hsieh
1971). The upward fluxes were attenuated with depth, being higher near the soil surface as a result of
the greater evaporative demand, and water uptake by plant roots. Data from well number 32-49D
show similar behavior, with a sinusoidal temperature pulse from seasonal temperature variations
propagating as deep as 6 m (Hsieh et al. 1973).

Enfield et al. (1973) used averaged thermocouple psychrometer and diode temperature
transducer data from well number 32-49D, with estimates of the soil hydraulic properties, to evaluate
the steady-state water flux, q (L/T), in the deep unsaturated zone (below the 6-m depth) using the
following equation,

q=-KV(hy -2z)-D, VT - D, VOP (B.1)
where K = unsaturated hydraulic conductivity (L/T)
V = vector gradient operator (L-1)
h, = matric potential of soil water (L)
z = depth (L), measured positive downward
D, = themmal fluid diffusivity or the sum of the thermal liquid diffusivity and the Lhennal
vapor diffusivity (L2 /T per °K)
Dy, = osmotic fluid diffusivity (L2/T per bar)
OP = osmotic potential (bars)
T = absolute temperature (°K)

Equation B.1 accounts for thermal and osmotic pressure effects under steady-state flow conditions.

Electrical conductivities measured from saturated soil paste extracts were less than 0.5 ds/m, so
the osmotic potential and the flow induced by an osmotic gradient were assumed negligible (Enfield
et al. 1973). The psychrometers were assumed to be in equilibrium with the soil water, and the
system was assumed to be at steady state. The method for calculating unsaturated hydraulic con-
ductivities (Millington and Quirk 1959, 1960, 1961; Jackson et al. 1965) was also assumed to be rea-
sonably accurate, and layering of the soil profile was neglected. With these assumptions, equation B.1
reduces to the general differential equation presented by Phillip and de Vries (1957) for one-dimen-
sional vertical flow under combined temperature and matric potential gradients.

Enfield et al. (1973) estimated that the flux due to gravitational and matric potential gradients
was 0.3 mm/yr (downward). The flux due to the thermal gradient was estimated to be -0.04 mm/yr
(upward). Thus, a net downward flux of 0.26 mm/yr was calculated. Enfield et al. (1973) cautioned
that the exact determination of the rates and even the direction of flow is uncertain given the variabil-
ity of the water retention data, uncertainties in the methods used to calculate the unsaturated hydraulic
conductivities and thermal diffusivities, and because the potential affects of osmotic gradients were
neglected.
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B.1.2 200 East Area Closed-Bottom Lysimeter

A lysimeter facility was designed and constructed in early 1972 to provide a more controlled
environment for testing the hypothesis that meteoric water percolates down to the water table beneath
the 200 Area Plateau. The facility was located approximately 1 km south of the 200 East Area, also
at Hanford coordinates 32-49 (see Figure B.1). It consisted of two 18.5-m deep lysimeters and an
instrument room, depicted in Figure B.3. The sediments filling the lysimeters consisted of material
that was excavated during construction of the facility. These sediments were sieved and uniformly
packed into the lysimeters, creating a much more homogeneous profile than the natural system. The
lysimeters at this facility are the oldest at the Hanford Site and may be the deepest in the world.

The lysimeters were instrumented with thermocouple psychometers and temperature sensors,
and neutron probe access tubes. One of the lysimeters was constructed with a closed bottom to
intercept and collect any water that might otherwise percolate. The purpose of the closed-bottom
lysimeter was “to demonstrate beyond all doubt whether or not meteoric water is percolating to the
underground water from the surface at the 32-49 Hanford coordinates” (Brownell et al. 1975).

Isaacson et al. (1974) and Brownell et al. (1975) described the facility and its instrumentation,
and presented data for the 1971-1972, 1972-1973, and 1973-1974 water years. Last et al. (1976)
presented water content profiles based on neutron logs for the 1974-1975 and 1975-1976 water
years. Jones (1978) presented lysimeter data and an apalysis of the observed water movement for the
1976-1977 water year.

During the early years of monitoring, there was no evidence to suggest that meteoric water was
percolating down to the bottom of either of the lysimeters. Seasonal pulses of water from winter
precipitation percolated as deep as 4 and 6 m in the closed- and open-bottom lysimeter, respectively
(Brownell et al. 1975). These pulses eventually dissipated during the summer in dryer, hotter years
(Last et al. 1976; Jones 1978). Therefore, data from the 200 East Lysimeter Facility have been cited
as evidence to support the contention that zero, or nearly zero recharge occurs on the 200 Area
Plateau (Routsen et al. 1988). Although the soil filling the lysimeters was initially free of vegetation,
the presence of plants growing on the lysimeters was not discussed in any of the early reports. While
previous investigators had concluded no recharge was occurring, Jones (1978) used the unit gradient
method and estimated that recharge rates, based on neutron probe data and associated measurement
error, could be up to 5 mm/yr.

During the mid-1980s, the 200-East Area Lysimeter facility was not monitored and the open-
bottom lysimeter was excavated. Photographs in Gee and Heller (1985) and Gee et al. (1989) docu-
ment the presence of plants growing on the closed-bottom lysimeter. Fayer et al. (1986) suggested
that plants growing on the lysimeters may have been responsible for the apparent lack of recharge
during the early years of monitoring. These references also contend that, without the presence of
plants, water would have moved deeper into the lysimeters to eventually become recharge.

The presence or absence of plants, the plant type(s), and the type of surface cover (i.e., gravel
versus finer-textured soils) are important with respect to current waste management practices at
Hanford. As noted previously, the ground surface overlying buried waste storage tanks in the
200 East and West Area is usually covered with gravel, and herbicide is commonly applied to prevent
plant growth so that roots will not penetrate into the waste zones. This condition (no plants and
gravel covered surface) is optimal for maximizing recharge. -

PNL resumed monitoring of the 200 East Area Closed-Bottom Lysimeter in an attempt to
demonstrate the potentially significant and detrimental impacts of current waste management
practices in the 200 Areas.. In February 1988, vegetation and wind-blown sediment which had
accumulated on the surface of the closed-bottom lysimeter were removed and an active monitoring
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Figure B.3. Plan View and Cross Section of the 200-East Area Closed-Bottom Lysimeter
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program was initiated (Gee et al. 1989; Gee et al. 1994). The closed-bottom lysimeter, maintained
with a bare-soil surface, was monitored for a period of about 3 years (February 1988 to March
1991). Neutron probe data were collected from the 3 access tubes in the lysimeter during most of
this time on a biweekly to monthly basis. Two additional neutron probe access tubes were monitored
at two adjacent locations during the same time period. One tube was located just southwest of the
lysimeter in an area dominated by sagebrush, and the other tube was located directly south of the
lysimeter in an area dominated by cheatgrass. The relative locations of the lysimeter and adjacent
access tubes are shown in Figure B.3.

Soil-water storage above the 4.9-m depth in the 200-East Area closed-bottom lysimeter and at
the adjacent vegetated sites is shown in Figure B.4. Despite precipitation being 15%. below normal

450
] -0— Closed-Bottom Lysimeter
1 |2~ Adjacent Site (Cheatgrass) March 29, 1991
| [ Adjacent Site (Sagebrush)
400 n
: '\Q‘" r, :C\ G - 0
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Figure B.4. Soil-Water Storage Above the 4.9-m Depth in the 200-East Area Closed-Botto
Lysimeter and at Two Adjacent Vegetated Sites
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during the 3-year period when the lysimeter was maintained free of vegetation, soil-water storage in
the upper 4.9 m increased by 132 mm. No net increase in soil-water storage was evident at the
adjacent vegetated sites. Water storage changes below the 4.9-m depth were negligible.

After March 1991, the site was not monitored for several months and plants (mostly tumble-
weeds) invaded the lysimeter. By July 1991, the plants had removed all of the water that had accumu-
lated since 1988, effectively reducing the potential recharge to near 0 mm/yr. These results demon-
strate the ability of plants to quickly establish themselves on this soil, and to extract water from signifi-
cant depths. These results also support the supposition by Fayer et al. (1986), that water would have
probably moved much deeper into the closed-bottom lysimeter to eventually become recharge if no
plants were growing on the lysimeter.

The soil-water dynamics in the 200-East Area closed-bottom lysimeter were simulated from
April 8, 1988 through December 31, 1992 using the UNSAT-H computer code (Fayer and Jones
1990) to estimate the potential drainage or recharge rate below the 4.9-m depth. Two sets of simula-
tions were conducted: one without plants, and one with plants. As noted previously, the lysimeter was
maintained free of vegetation from February 1988 through March 1991. After March 1991, the site
was not monitored for several months and plants (mostly tumbleweeds) invaded the lysimeter. For
the simulations reported here, plants were assumed to become active on April 15, 1991.

The data required to estimate plant parameters for use in UNSAT-H are scarce. However, Fayer
and Walters (1995) reviewed the available data and literature and estimated representative plant param-
eters for cheatgrass, bunchgrass, and sagebrush. The parameters estimated by Fayer and Walters
(1995) for sagebrush were used to represent the tumbleweeds that were found growing on the lysime-
ter. A maximum rooting depth of 3 m and a bare fraction of 20% were assumed.

The hydraulic properties for the sand in the lysimeter were represented using the Brooks-Corey
(1964) water retention and Burdine (1953) relative permeability models, using parameters reported
by Fayer and Gee (1992; Case 3) for a texturally-similar soil. The soil hydraulic properties were
assumed to be non-hysteretic. Soil hydraulic properties and plant parameters are listed in the input
files contained in Appendix C.

The initial conditions used for the model simulations correspond to the water contents meas-
ured on April 8, 1988. These initial water contents were converted to equivalent tensions using the
Brooks-Corey water retention parameters given in Appendix C. Initial tensions were assigned for
each node of the model grid by linearly interpolating from the tensions corresponding to each water
content measurement.

The upper boundary conditions were derived from weather data obtained from the HMS.
Hourly precipitation data were used, and snow was treated as equivalent rainfall. Windspeed, cloud
cover, relative humidity, solar radiation, and minimum and maximum daily air temperatures were
used to calculate PET using the Penman method (Doorenbos and Pruitt 1977). Calculated PET
- values were. set.equal to zero on days where snow was reported covering the ground at the HMS.

A unit gradient condition was used for the lower boundary.

Figure B.5 shows daily precipitation, soil-water storage, and drainage rates. Without plants, the
observed and simulated storage values fluctuated from seasonal variations in precipitation and
evaporation, but increased steadily from the initial condition. The observed and simulated storage
values decreased soon after plants became active. Although not exact, the storage match is sufficient
to demonstrate the effects of water uptake by plant roots. Several attempts were made to calibrate the
model parameters to improve the match between observed and simulated water content profiles and
storage values. However, the uncalibrated simulation results shown in Figure B.5 matched the
observed data as well or better than any of the results that were obtained during calibration attempts.

Figure B.5 shows that the predicted drainage rates increased slowly but continuously for the
simulation without plants. For the simulation with plants, the estimated drainage rate increased slowly
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and then decreased soon after the plants became active. On the final day of the simulations
(December 31, 1992), the estimated drainage rates for the simulations with and without plants were
approximately 0.1 and 2.4 mm/yr, respectively. The predicted drainage rate for the simulation with-
out plants was still increasing sharply by the final day of the simulation and would likely be much
greater if the simulation was continued into 1993.

This comparison between field data and simulation results demonstrates the ability of the
UNSAT-H model to reproduce the observed water balance in lysimeters reasonably well, and
improves our confidence in its ability to provide reasonably accurate estimates of recharge rates.
Other more detailed comparisons of lysimeter data and model simulation results are reported by
Fayer et al. (1992) and Fayer and Gee (1992).

Prych (1995) recently estimated recharge rates at several locations on the Hanford Site using
the chloride mass balance and 36Cl bomb-pulse tracer methods. One of his study sites was in the
200 Areas, adjacent to the 200-BP-1 Operable Unit. Alternative interpretations of data from two bore-
holes yielded estimates of recharge rates ranging from 0.062 to 1.8 mm/yr. These values bracket the
recharge rate of 0.26 mm/yr that was estimated by Enfield et al. (1973) using Equation B.1 with soil
temperature and hydraulic property data for the 200 East Area deep well test site.

The studies described above indicate that the evaporative demand for water on the 200 Area
Plateau is very high, especially during the summer, and that natural vegetation is very efficient at
extracting water from deep in the soil profile. The tritium, chloride, and lysimeter data collected
during these studies, and the simulation results for the 200-East Area closed-bottom lysimeter all
suggest that some very small amounts of natural groundwater recharge may occur (< 10 mm/yr), even
when deep-rooted vegetation is present. Exact rates have been difficult to determine due to spatial
variability and measurement uncertainties. Some of the other lysimeter studies described below
demonstrate that significant quantities of drainage or recharge can occur where the soils are coarse-
textured and when vegetation is absent or shallow-rooted.

B.2 300 Area

Water balance and recharge data have also been collected from several lysimeter facilities
located just north of the 300 Area (see Figure B.1). Although these facilities are a considerable
distance from the 200 Area Plateau, the soils and vegetation are similar to those found on the
200 Areas.

B.2.1 Buried Waste Test Facility

The BWTF is located about 6 km northwest of the 300 Area and adjacent to the 300 North
Burial Ground. Originally constructed in 1979, this facility was designed for field studies of water
balance and radionuclide transport (Phillips et al. 1979; Jones and Gee 1984). More recently, data
from this facility have been used for testing water balance models (Fayer and Gee 1992).

The BWTF consists of seven corrugated, galvanized-steel caissons, bolted together in the
arrangement shown in Figure B.6, and two weighing lysimeters. These lysimeters are filled with
sediment that was excavated from the area. Thermal and hydraulic properties of the sediments are
described by Cass et al. (1981) and Rockhold et al. (1988).

The data collected and analyses performed with respect to the BWTF lysimeters differ markedly
from the data and analyses obtained from the 200 East closed-bottom lysimeter. Results from the
BWTF have shown drainage rates of up to 100 mm/yr through the unvegetated sands and somewhat
lower, but significant drainage rates for sands with shallow-rooted grasses (35% of annual precipi-
tation; see Table 3.1). They also indicate that recharge is reduced when deep-rooted plants are
present. The BWTF studies have illustrated the complex interactions among vegetation, soil, and
climate that influence recharge rates.
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Figure B.7. Schematic of the Special Waste-Form Arid Lysimeter Facility

B.2.2 Special Waste-Form Lysimeters - Arid Facility

The Special Waste-Form Lysimeters-Arid (SWLA) facility, (formerly known as the Commercial
Waste Test Facility), is located adjacent to the BWTF. This facility was completed in 1984 (Gee and
Jones 1985), and is described in detail by Walter et al. (1984, 1986). The facility consists of 10 lysim-
eters (caissons) with sealed bottoms. Each caisson is 1.8 m in diameter and 3 m deep (see
Figure B.7). The caissons are filled with soil materials very similar to those in the BWTF lysimeters,
and are maintained in a vegetation free state.

The purpose of the SWLA facility was to evaluate the leaching of solidified low-level waste in
an arid environment. Accordingly, each lysimeter contains a 208-L volume of commercial waste that
has been solidified with either bitumen, polymer, or cement. The hydrology of the lysimeters was
also studied in order to interpret the leaching and transport characteristics of commercial wastes.

The lysimeters of the SWLA facility all exhibited a distinctive seasonal pattern in water storage
(Walter et al. 1986; Jones et al. 1988). Peak water storage occurred during the late winter months,
which corresponded with the season of peak precipitation at the site. On average, approximately 30%
of precipitation became drainage in the absence of plants. Peak drainage from the lysimeters occur-
red in the late spring or early summer, implying a travel time through the lysimeters of approxi-
mately 5 to 6 months (Jones and Seme 1993). When winters were especially cold, and no significant
snowmelt occurred during most of the winter, rapid snowmelt in late winter and early spring pro-
duced a sharp peak in storage.

Observations made at the SWLA facility demonstrated the significance of the timing of pre-
cipitation events. During the 1985 water year, the facility received 50% more precipitation than in
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1986. However, evaporation for the two years was estimated to be quite similar (Jones et al. 1988).
This similarity illustrated the complex and dynamic relationships between precipitation, drainage, and
evaporation. In the case of the 1985 water year, the additional precipitation came in the form of
winter snow, and quickly entered the soil as snow melt when potential evaporation was relatively low.
Complete data and a preliminary interpretation of the SWLA study are presented in Jones and Serne
(1994). An analysis of the water balance at the SWLA facility is presented in Jones (1989).

B.2.3 Grout Waste Test Facility

A schematic diagram of the Grout Waste Test Facility (GWTF), which was also located in the
300 North Area, adjacent to the BWTF and SWLA, is shown in Figure B.8 (Gee and Jones 1985).
The facility consisted of four large field lysimeters. They were designed to test the leaching and
migration rates of grout-solidified low-level radioactive wastes generated by Hanford Site operations
(Treat 1985, Treat et al. 1985). Each lysimeter was an 8-m deep by 2-m diameter closed bottom
caisson. They were placed in the ground so that the upper rim remained just above grade. Two of
the lysimeters were used to test grout-solidified wastes; the other two remained empty. The lysimeters
were backfilled in March and September of 1985. Routine monitoring and maintenance continued
until January 1989, and some drainage samples were collected until December 1992. The facility was
decommissioned during the summer of 1994.

Because large scale grout-solidified waste disposal was proposed at a site adjacent to the
200 East Area, soils from that vicinity were used as fill for these lysimeters. Typical of the candidate
site, the lower 4 m of each lysimeter was filled with coarse sand and the upper 4 m was filled with very
fine sand. A 20-cm-thick gravel layer formed the upper surface of each lysimeter. This material was
selected to promote infiltration of meteoric waters and thereby enhance the flux of water past the
wastes. Until January 1989 the surfaces were maintained free of vegetation.

Monitoring of precipitation, water storage and drainage occurred over a 3-year period. The
data indicate that it took approximately 2 years for the 8-m deep lysimeters to reach an equilibrium
or steady-state flow condition. During the only full water year recorded after equilibrium was
reached (i.e., 1987/1988), annual water flux through the well-sealed lysimeter was on the order of
one-half of the annual precipitation. This level of deep drainage or recharge is associated with the
coarse-gravel and vegetation-free surface condition.

B.3 Grass Site

The Grass Site is located about 5 km northwest of the 300 Area and about 2 km southeast of
the 300 North Area (Gee and Kirkham 1984). The site lies in a slight topographic depression
approximately 900 m wide and several thousand meters long in a northeast-southwest direction. It is
covered with cheatgrass and Sandberg’s bluegrass; deep-rooted sagebrush and rabbitbrush cover was
bumned off before 1983 and again in August 1984 by range fires. The vegetation community of
grasses is typical of disturbed areas on the Hanford site where natural revegetation has occurred.
Brush species now grow only at the burn area perimeters. This site was of interest to study the water
balance response of a site covered with only shallow-rooted vegetation to natural precipitation events
(Gee et al. 1989).

In January 1983 a network of 25 neutron access wells were installed at the Grass Site (see
Figure B.9). From early 1983 until the summer of 1991, water content data were collected. Other
data necessary for assessing the site water balance were also collected, (i.e., precipitation, air tempera-
ture, humidity, and wind speed). Estimates of the hydraulic properties of the soils at the Grass Site
were reported by Rockhold et al. (1988) and Gee et al. (1991).

Data from Grass Site suggested that significant drainage or recharge was occurring. Early

estimates ranged from 40 to 80 mm/yr (Gee and Heller 1985; Gee 1987). Analyses by Rockhold
et al. (1990) revealed a zero-flux plane at the 120-cm depth, and a steady decrease in stored water
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Figure B.9. Schematic Diagram of Neutron Probe Access Tubes at the Grass Site

below this level since 1986. Based on average water storage changes from July 1988 through June
1989, the zero-flux plane method yielded a recharge estimate of 8.1 mm/yr. Using representative soil
hydraulic properties and the average water content below the 120-cm depth, the unit gradient method
yielded an estimated recharge rate of 2.2 mm/yr. However, considering the neutron probe measure-
ment uncertainty, the recharge rate was estimated to range anywhere from 0.06 to 28 mm/yr.

Fayer and Walters (1995) reported estimated recharge rates at the Grass Site for an 8-year
period. The overall mean value for 19 locations and eight years was 25.4 mm/yr. The data gave
some indication of the variability that might be expected in recharge. For the 19 locations, the
highest recharge estimate in a given year was anywhere from 2 to 28x the lowest estimate for that
year. During the entire eight years, the lowest annual estimate was 3.0 mm/yr and the highest was
143.5 mm/yr.

Prych (1995) used the chioride mass balance and 36Cl bomb pulse tracer techniques to estimate
recharge rates using data collected from 4 boreholes at the Grass Site. The estimates of recharge rates
obtained using these tracers ranged from 0.39 to 5.1 mm/yr. These values are within the range of
values estimated using neutron probe data and the unit gradient and zero-flux plane methods.

B.4 Arid Lands Ecology Reserve

A number of recharge and water balance studies have been conducted on the ALE Reserve.
Four weighing lysimeters, containing monoliths of undisturbed soil were constructed in the summer
of 1986 (Gee et al. 1991). Lysimeter pairs are located approximately 250 m apart in areas of plant
cover representative of two plant communities; bunchgrass, and a combination of sagebrush and
bunchgrass. Figure B.10 shows a lysimeter pair; each monolith, excavated onsite from silt loam soil,
has a surface area 1.5 m by 1.5 m, is 1.7 m deep and weighs approximately 6 Mg. Each lysimeter is
positioned on a 9 Mg capacity platform scale with a resolution of 50 g.

Measurements of evapotranspiration and other water balance parameters have been made using
the ALE weighing lysimeters since 1987. Water balances between the two plant communities have
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Figure B.10. Schematic Diagram of Weighing Lysimeters at the Arid Lands
Ecology Reserve (after Gee et al. 1991)

been found to be comparable. However, the applicability of these lysimeters may be limited by their
depth (1.7 m). Depth appears adequate for the bunchgrass plant'.community. However, it appears to
be too shallow for the combination bunchgrass and sagebrush community. For the deep-rooted
sagebrush species, this application of weighing lysimetry may be underestimating long-term evapo-
transpiration and influencing water balance estimates.

Figure B.11 is a schematic diagram of a small weighing lysimeter typical of those used for
early water balance studies on the ALE Reserve (Hinds 1973; Cline et al. 1980). These small lysim-
eters were typically about 13 cm in diameter with lengths of 100 cm or less and made of plastic.
Evapotranspiration rates were determined directly from weight changes obtained by removing the
lysimeters from the ground and weighing them. Root growth patterns were obtained by destructively
sampling the lysimeters (Cline et al. 1980). Quantitative data relating root density to evapotranspira-
tion for cheatgrass at Hanford were also collected using this type of lysimeter (Hinds 1973). The
empirical relationships that are currently used to model evapotranspiration from cheatgrass using the
UNSAT-H code are based on these data (Gee and Simmons 1979). Disadvantages of these small

‘lysimeters include their size which does not allow deep-rooted species to fully develop, and lack of
any drainage measurement (Gee and Jones 1985). While these early data were important for the
development of plant transpiration models, larger-scale lysimeter experiments were needed to
demonstrate field scale relevance. :

Murphy et al. (1991) used moisture content and chloride data from the Warden silt loam soil at
the ALE lysimeter site to estimate recharge using the chloride mass balance method. The estimated

recharge rate for this site using the chloride mass balance method was < 0.01 mm/yr (Murphy et al.
1991). '

B.5 Protective Barrier Studies

Most, if not all, of the LLW disposal facilities in the United States have a surface or near-surface
cover system in place to reduce infiltration of meteoric water and to isolate buried wastes from the
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Figure B.11. Schematic Diagram of Small Weighing Lysimeters used for ET Measurements at ALE
(after Hinds 1973)

accessible environment (EPA 1986, 1987, and 1991). The proposed facility used for disposal of
vitrified wastes from the Hanford tanks will also use a surface or near surface cover system.

The layering sequence used in most of more complex cover designs creates a “capillary bar-
rier” which prevents or limits drainage into the underlying coarser materials until the finer soil is
almost saturated at the interface with the coarser material. These capillary barriers systems are highly
effective in reducing or even eliminating the percolation of meteoric water into the underlying wastes,
especially when the surface soils are vegetated. The capillary barrier causes infiltrating water to tem-
porarily accumulate in the finer-textured soils, from where it can eventually be recycled to the atmos-
phere via evaporation or plant transpiration. A performance objective of the multilayered engineered
barrier at Hanford is to achieve a recharge rate of < 0.5 mm/yr over the 1000-year design life.

Surface and subsurface cover systems that utilize the capillary barrier concept have been
proposed and tested under a variety of climatic conditions throughout the world (Rancon 1980;
Nyhan et al. 1986; Cartwright et al. 1987; Anderson and Clausen 1988; Healy 1989; Schulitz et al.
1989; Melchior et al. 1993). A prototype protective barrier cover system has also been recently

constructed at the Hanford Site (KEH 1993).
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B.5.1 Field Lysimeter Test Facility

A field lysimeter test facility (FLTF) was designed and constructed on the Hanford Site to test
the performance of capillary barrier cover systems under arid site conditions (Kirkham et al. 1987,
Campbell et al. 1990; Gee et al. 1989, 1992, and 1993). The FLTF is located between the 200 East
and West Areas, immediately adjacent to the HMS (see Figure B.1). The facility has been operational
since 1987. It consists of 24 lysimeters (14 drainage-type, 4 weighing-type, and 6 clear-tube lysi-
meters). The lysimeters are configured to provide duplicates of 11 different treatments. These
treatments consist of different layering sequences and irrigation rates ranging from ambient precipi-
tation to 2 and 3 times the long-term average annual precipitation.

A schematic diagram of the FLTF is shown in Figure B.12. The lysimeters at the FLTF are
instrumented with neutron probe access tubes for measuring water contents, tensiometers for moni-
toring soil-water pressure heads, and thermocouple psychrometers for measuring soil temperatures.
The bottoms of the lysimeters are sloped toward ports which are used to collect drainage water.
Weighing lysimeter weight changes are recorded on an hourly basis.

Compared with the bare soil lysimeters at the FLTF, those with vegetation have exhibited
approximately twice the water loss rates and amounts (ET). Root growth rates of 14 mm/day have
been observed in the clear-tube lysimeters for sagebrush. Such rapid growth caused roots to intrude
the full depth of the lysimeters in a single growing season. Intrusion was followed by rapid water
removal to nearly 8 vol%, which is the plant extraction limit in the silt loam soil. Analysis of barrier
treatments has shown that those lysimeters that have drained have not lost water by liquid drainage,
but rather by vapor-phase transport. The observed drainage is closely approximated by estimates of
downward vapor transport caused by thermal gradients (Campbell and Gee 1990).

Weighing Lysimeter

Drainage Lysimeters

$9503018.1

Figure B.12. Schematic Drawing of the Field Lysimeter Test Facility Showing One-Half of the
Parallel Configuration of Lysimeters (after Gee et al. 1989)
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A record-breaking snowfall of 1425 mm (56.1 in.) occurred during the winter of 1992/1993.
This extreme snowfall was more than four times the long-term average reported for the years 1912 to
1980 by Stone et al. (1983). In the spring of 1993, over 30 mm of drainage occurred from the
unvegetated lysimeters that had been previously subjected to 3 times the long-term average precipita-
tion. This drainage was the result of spring melt water from the record winter snowfall. No drainage
was measured from any of the vegetated or unvegetated lysimeters subjected to ambient precipitation.
The occurrence of this extreme event, and the subsequent drainage from the lysimeters, indicates that
long-term lysimeter and surface barrier monitoring programs are required for testing different bar-
rier designs and their performance under extreme, but realistic conditions. Extreme events must be
accounted for when evaluating the long-term performance of a LLW disposal facility at Hanford.

Alternative models to simulate soil-water dynamics in response to evaporation and transpiration
have been investigated using weighing lysimeter data from the FLTF. The SWIM (Ross 1990),
SPUR-91 (Carlson and Thurow 1991), and UNSAT-H (Fayer and Jones 1990) computer codes have
all been tested using these data. Simulation results from the UNSAT-H code were compared with
data from the FLTF by Fayer and Gee (1992). Fayer et al. (1992) concluded that field-measured
sorption and hydraulic conductivity data were important to the prediction of drainage. They also
referred to needed work in the areas of unsaturated hydraulic conductivity measurements below
-20 kPa, hysteresis, snow cover, frozen sdil, the calculation of potential evaporation, and the effects of
temperature variations on water and vapor flow. They also alluded to the need for conducting long-
term comparisons. Longer-term modeling studies are currently underway using data from both the
bare and vegetated lysimeters at the FLTF.

B.5.2 Small Tube Lysimeter Facility

The Small Tube Lysimeter Facility (STLF) is located immediately adjacent to the FLTF
(Waugh and Link 1988; Waugh et al. 1991). The STLF field experiment was designed to test and
quantify whether the use of a gravel mulch at the surface of a protective barrier, which is designed to
control erosion, will significantly increase water storage and result in drainage through a multilayer
barrier. As a result, a variety of surface covers and precipitation rates have been examined in terms of
impacts on storage, drainage and ET. Twenty-one treatment combinations are possible, each with
5 replicates; twenty treatment combinations were studied with 100 of the lysimeters.

‘The STLF, depicted in Figure B.13, is composed of 105 lysimeters arranged in a 21-by-5 array
(Sackschewsky et al. 1993). Each lysimeter is 169-cm long and has a 30.4-cm inside diameter; each
is set into a sleeve within the array. The tops of the sleeves and lysimeter tubes are approximately at
grade, and the sleeves are set in the steel grating surface of the STLF array and suspended in air. An
inflatable rubber insulting collar has been placed in the annulus between each sleeve and its lysimeter
to minimize heat transfer with the atmosphere. Each lysimeter has an aluminum collar for lifting and
weighing. This collar also serves as a coupling for plant-gas exchange studies on photosynthesis and

The STLF was placed in service in September 1988 and Sackschewsky et al. (1993) report
findings through fiscal year 1992. The facility is not currently monitored and is in a standby mode.
Experiments involving 80 lysimeters at the STLF examined surface treatment effects, surface sand
and gravel effects, and layering sequence effects. Ten of the lysimeters were used to examine
alternate subsurface low-permeability barriers composed of clay and grout. Ten others were used to
examine the effects of infiltration and root penetration on asphalt barrier integrity.

Initial conditions and results for 90 of the 100 lysimeters are reported by Relyea et al. (1990),
Sackschewsky et al. (1991), and Sackschewsky et al. (1993). In general greater amounts of water
storage and less ET were found in the gravel mulch lysimeters than in either the gravel admix or plain
soil lysimeters (Sackschewsky et al. 1991). The lysimeters subjected to irrigation treatments
exhibited increased storage and ET. The vegetated lysimeters showed lower storage and increased
ET. The gravel mulch treatments all produced detectable quantities of drainage. A surface sand
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layer was found to behave similarly to a gravel mulch layer with regard to its effects on the soil-
column water balance. Drainage was detected from all sand-covered and gravel-covered lysimeters.
No significant storage or ET effects were observed in the layering sequence experiments. Clay and
grout treatments revealed no significant storage or ET differences and neither treatment produced
drainage. '

A significant element of the STLF study was the determination of ET for a variety of vegetation
treatments. A whole-plant gas exchange system was created which enables quantification of plant
dynamics (Link and Waugh 1989, Link et al. 1992a, 1992b). As configured in fiscal year 1989, the
device was able to measure evaporation, ET, and carbon dioxide exchange rates from the STLF
lysimeters with and without cheatgrass. At the STLF and elsewhere at Hanford, these studies are
developing simple models of ET for typical vegetation types such as cheatgrass and sagebrush.

B.5.3 McGee Ranch Study Site

The McGee Ranch Site is located at the intersection of State Highways 24 and 240; across
Highway 240 from the Yakima Barricade west of the 200 Areas (see Figure B.1). The soils in this
area were classified as Esquatzel and Warden silt loams by Hajek (1966). Near-surface soil texture
and other physical properties have been characterized by Last et al. (1995). Site characterization
indicated that fine-grained soils range in depth from 3 to 10 m. Therefore, this site was selected as
the source area for fine-grained soils which will be used as part of the multilayered surface protective
barriers for the shallow-land burial sites at Hanford. Water storage and drainage, and plant charac-
teristics from this site have been monitored to provide data necessary for the assessment of the
adequacy of protective barriers. McGee Ranch soils are used in the FLTF and STLF studies.

An unsteady drainage-flux experiment was conducted at this site in 1987 (Rockhold et al.
1988) to define unsaturated hydraulic characteristics of McGee Ranch soils. A 2-m by 2-m study
plot was employed in this first experiment, and complete results of soil hydraulic properties are
reported in Rockhold et al. (1988). A second experiment on a 4-m by 4-m study plot was used to
verify that lateral flow did not occur in the first experiment (Gee et al. 1989). The hydraulic
properties determined from these analyses can be used to estimate recharge rates using the unit
gradient method.

Prych (1995) estimated recharge rates at two locations on the McGee Ranch Site using chloride
mass balance and 36C1 bomb-pulse tracer techniques. The vegetation in the vicinity of the boreholes
at the time of sampling was sagebrush and cheatgrass. The estimated recharge rates ranged from
0.024 to < 2.1 mm/yr.

As part of the study conducted at Hanford to design and test the effectiveness of surface protec-
tive barriers for waste sites, the concept of using a gravel mulch to control erosion has also been stud-
ied at the McGee Ranch Site (Waugh and Link 1988). The conceptual protective barrier consists of
coarse materials overlain with fine-textured soil. The fine soil acts like a sponge and stores precipi-
tation until it can be cycled back to the atmosphere by evapotranspiration. Maintaining the fine soil
layer is critical to barrier performance, and, therefore, minimizing erosion from wind or runoff is a
critical issue. Mixing a given size and relative volume of gravel into the upper layer of soil has been
studied as a means of creating a desert pavement which would protect underlying soils or waste
deposits. Field studies at the McGee Ranch Site were designed to study optimum gravel size and
relative volume, and plant community response to armored surfaces. Field plots (see Figure B.14)
were used to test the effects of 12 different combinations of gravel mulch, vegetation, and precipit-
ation on soil water storage and plant abundance. A gravel admix study (Waugh 1989; Waugh et al.
1990, 1994; Link et al. 1990, 1994) revealed that additions of gravel (15 and 30% by weight) mixed
into the topsoil (upper 20-cm) layer did not significantly influence plant species composition or
abundance. However, doubling precipitation influenced both plant species composition and cover.
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B.6 Model-Based Estimates of Recharge

B.6.1 Early Hanford Modeling

Wallace (1978) used the Morton model (Morton 1975, 1976) to produce the first estimates of
actual ET at Hanford and a simple water balance model to estimate recharge. In addition to latitude
and annual average atmospheric pressure, the model calls for weekly or monthly mean values of air
temperature, dew point, precipitation, relative humidity, sky cover, barometric pressure, wind speed,
solar radiation, and the ratio of observed to maximum possible sunshine duration. Using long-term
monthly average data from the Hanford Meteorological Station, Wallace calculated the long-term
average recharge rate to be 12 mm/yr. Gee (1987) observed an illogical trend in the Morton model
relationship between precipitation and ET, and questioned whether the use of long-term averages was
appropriate in arid or semi-arid regions where climate, and in particular precipitation, was so complex
(e.g., timing, frequency, intensity).

Smoot et al. (1989) modeled the deep infiltration of meteoric water at sites covered with coarse
backfill and maintained free of vegetation. Using the UNSAT-H code (Fayer and Jones 1990), daily
meteorological data and soil hydraulic properties typical of coarse soils, they estimated that approxi-
mately 77 percent (131 mm/yr) of annual precipitation infiltrates below a depth of 2 meters. Order
of magnitude changes in hydraulic conductivity resulted in changes in estimates of drainage of
19 percent. This was judged to be a reasonable variability in recharge to tolerate in subsequent
analyses of water flow and contaminant migration given the potential spatial variability of hydraulic
conductivity in surface sediments and covers at operational facilities at Hanford.

The first numerical models of the unconfined aquifer beneath the Hanford Site assumed no
surface recharge and consequently neglected the distributed surface recharge (Kipp et al. 1976;
Reisenauer 1979). While these models applied boundary fluxes derived from runoff from basalt
formations and recharge from the upgradient Cold Creek and Dry Creek drainages, they did not
admit any recharge of the aquifer from above through the silt, sand and gravel formations.

As the Hanford Site Surveillance Program began to update their modeling of the unconfined
aquifer in the mid-1980s, an estimate of the spatial distribution of recharge was incorporated
(Jacobson and Freshley 1990). Figure B.15 shows the distribution of recharge applied in the calibra-
tion of their model. This recharge map was based on the known distribution of surface soils, vegeta-
tion, and climate in the mid-1980s. The spatial distribution shown represents one possible interpreta-
tion; it was not assumed to be definitive. This recharge map was used in simulations of the uncon-
fined aquifer which were incorporated in performance assessment simulations in support of the
grout-solidified low-level radioactive waste form (Kincaid et al. 1993).

B.6.2 USGS Study

Bauer and Vaccaro (1990) estimated groundwater recharge to the Columbia Plateau regional
aquifer system. The unconfined aquifer beneath Hanford is part of this aquifer system which under-
lies portions of Idaho, Oregon and Washington. They used their deep-percolation model (Bauer and
Vaccaro 1987) to estimate the spatial distribution of recharge. Their model used precipitation,
temperature, streamflow, soils, land-use, and altitude information to compute transpiration, evapora-
tion, snow accumulation, snowmelt and sublimation. Daily changes in soil moisture, plant intercep-
tion, snowpack and deep percolation were computed on computational cells that ranged in size from
0.6 to 2.6 km2. To perform the calculations and present results, the cells were aggregated into
53 zones covering the 131,000 km? of the Columbia Plateau aquifer system. A relatively fine scale
map of recharge for zones 4 and 8 of the Bauer and Vaccaro (1990) study is shown in Figure B.16.
This work indicated that the timing of precipitation events in relation to soil moisture conditions and
climate are critical to recharge estimates. Unusually short but intense periods of precipitation in an
arid environment will result in a much greater quantity of recharge than would occur under normal
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weather conditions. Thus, annual precipitation is not as meaningful in arid regions, and the timing,
intensity and frequency of storm events significantly affects estimates of recharge (Gee and Hillel
1988).

B.6.3 Hanford Groundwater Surveillance Project

Figure B.17 shows the latest recharge map that has been generated for the Hanford Site (Fayer
and Walters 1995). This map was generated for the Hanford Groundwater Surveillance Project to
provide distributed surface recharge rates for PNL’s site-wide groundwater flow model. The map was
generated by combining information about land use, vegetation and soil types, data from the previ-
ously mentioned lysimeter and tracer studies, and numerical simulation results, using a GIS. This
map will continue to be updated as more data are collected.
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UNSAT-H V.2 Input File for 200 East Area Closed-Bottom Lysimeter Simulation.

1 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
3 3 1 0 3 1 kopt, kest, ivapor, sh_opt, inmax, inhmax
0.0 5.00e+05 0.0 0.0 hirri,hdry,htop, dhmax
1.0e~05 0.25e+00 1.0e-12 24.0 dmaxba, delmax,delmin, stophr
0.66 293.0 0.24 1.0 tort,tsoil,vapdif, ghtop
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 0.1190625 1 0.238125 1 0.47625
1 0.9525 1 1.905 1 3.81 1 7.62
1 15.24 1 30.48 1 45.72 1 60.96
1 76.20 1 91.44 1 106.68 1 121.92
1 137.16 1 152.40 1 167.64 1 182.88
1 198.12 1 213.36 1 228.60 1 243 .84
1 259.08 1 274.32 1 289.56 1 304.80
1 320.04 1 335.28 1 350.52 1 365.76
1 381.00 1 396.24 1 411.48 1 426.72
1 441.96 1 457.20 1 472 .44 1 487.68
Water Retention Parameters from Fayer and Gee, 1992 (Case 3)
0.4326 0.0381 9.4004 1.2846 thet,thtl,a,n
Hydraulic Conductivity Parameters from Fayer and Gee, 1992 (Case 3)
1 35.3 9.4004 1.2846 2.0

Plant Parameters for 1988 - 1990 (Note: BARE = 1.0)

1 1 1 91 366 leaf,nfroot,nuptak,nfpet, ...
6 1.0 npoint,bare
0 0.0 91 0.0 110 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 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 366 366 366 366
7.0e+04 1.0e+03 20.0 hw, hd, hn
Plant Parameters for 1991
1 1 1 1 91 366 leaf,nfroot,nuptak, nfpet, ...
6 0.2 npoint,bare
0 0.0 91 0.0 110 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 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 366 366 366 366
7.0e+04 1.0e+03 20.0 hw, hd, hn
Plant Parameters for 1992
1 1 1 1 0 366 leaf,nfroot,nuptak,nfpet, ...
6 0.2 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 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 366 366 366 366
7.0e+04 ‘'1.0e+03 20.0 hw, hd, hn

Ci1



UNSAT-H V.2 Input File for Sand Simulations.

1 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, inhmax
0.0 65.00e+0S 0.0 0.0 hirri,hdry,htop, dhmax
1.0e-05 0.25e+00 1.0e-12 24.0 dmaxba, delmax,delmin, stophr
0.66 293.0 0.24 1.0 tort,tsoil,vapdif,ghtop
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 46 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
1 320.0 1 340.0 1 360.0 1 380.0
1 400.0 1 420.0 1 440.0 1 460.0
1 480.0 1 500.0
Sand Parameters for Data from PNL-6488, p.A.l: Water Retention
0.4114 0.0000 0.0955 1.5833 thet, thtl,a,n
Conductivity:
2 131.71 0.0955% 1.5833 0.5
Cheatgrass Parameters: Use NFPET = 2
0 1 1 2 60 166 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 7 10 13 18 24 32 40 S0
60 366 366 366 366 366 366 366 366 366
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
220.0 0.5
Bunchgrass Parameters: Use NFPET = 1
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
366 366 366 366 366 366
4.0e+04 1.0e+03 20.0 hw, hd, hn
Sagebrush Parameters: Use NFPET = 1
1 1 1 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 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
7.0e+04 1.0e+03 20.0 hw, hd, hn
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UNSAT-H V.2 Input File for Silt Loam with No Vegetation.

0 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, inhmax
0.0 5.00e+05 0.0 0.0 hirri,hdry, htop, dhmax
1.0e-05 0.25e+00 1.0e-12 24.0 dmaxba, delmax,delmin, stophr
' 0.66 293.0 0.24 1.0 tort,tsoil,vapdif, ghtop
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 46 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
1 320.0 1 340.0 1 360.0 1 380.0
1 400.0 1 420.0 1 440.0 1 460.0
1 480.0 1 500.0
Silt Loam Parameters from PNL-6488, p.4.36: Water Retention
0.4440 0.0000 0.0110 1.7619 thet,thtl,a,n
Conductivity:
2 4.32 0.0110 1.7619 0.5
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UNSAT-H V.2 Input File for Silt Loam over Sand.

1 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, itopbec, et_opt, icloud
4 3 1 0 3 1 kopt, kest, ivapor, sh_opt, inmax, inhmax
0.0 5.00e+05 0.0 0.0 hirri,hdry,htop, dhmax
1.0e-05 0.25e+00 1.0e-12 24.0 dmaxba,delmax, delmin, stophr
0.66 293.0 0.24 1.0 tort,tsoil,vapdif, ghtop
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 51 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 21.0 1 24.0 1 27.0 1 29.0
2 31.0 2 33.0 2 37.0 2 43.0
2 50.0 2 60.0 2 70.0 2 80.0
2 90.0 2 100.0 2 110.0 2 125.0
2 140.0 2 160.0 2 180.0 2 200.0
2 220.0 2 240.0 2 260.0 2 280.0
2 300.0 2 320.0 2 340.0 2 360.0
2 380.0 2 400.0 2 420.0 2 440.0
2 460.0 2 480.0 2 500.0
Silt Loam Parameters from PNL-6488, p.4.36; Water Retention
0.4440 0.0000 0.0110 1.7619
Conductivity
2 4.32 0.0110 1.7619 0.5
Sand Parameters for Data from PNL-6488, p.A.l: Water Retention
0.4114 0.0000 0.0955 1.5833 thet,thtl,a,n
Conductivity:
2 131.71 0.0955 1.5833 0.5
Cheatgrass Parameters: Use NFPET = 2
0 1 1 2 60 166 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 7 10 15 20 25 30 35 40
45 50 53 56 58 60 366 366 366 366
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
220.0 0.5
Bunchgrass Parameters: Use NFPET = 1
1 1 1 1 60 166 leaf,nfroot,nuptak,nfpet, ...
6 0.5 npoint, bare
o 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
366 366 366 366 366 366
4.0e+04 1.0e+03 20.0 hw, hd, hn
Sagebrush Prameters: Use NFPET = 1
1 1 1 0 366 leaf,nfroot,nuptak,nfpet, ...
6 0.8 npoint, bare
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 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
7.0e+04 1.0e+03 20.0 hw, hd, hn
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