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EXECUTIVE SUMMARY 

The National Low Level Waste Management Program (NLLWMP) of the Department 

of Energy (DOE) established the Transport Assessment--Arid Task at Pacific 

Northwest Laboratory (PNL) in 1978. The primary focus of this task has been 
the assessment and development of modeling technology used to predict the 

transport of water and radionuclides through unsaturated sediment (i.e., 

unsaturated zone transport). Transport of materials through unsaturated soil 

is expected to be the dominant pathway for contaminant migration at most shal­

low land burial sites. To evaluate the magnitude of transport at an arid site, 

PNL conducted a field and modeling study to measure and predict water movement 

under vegetated and bare soil conditions. 

We measured drainage in both bare and vegetated soil at a field location 

on the Department of Energy 1 s Hanford site near Richland, Washington, during 

wet years (1983 and 1984). Both direct measur~ents of actual drainage and 

indirect measurements of changes in moisture profiles confirmed that water 

moves below the root zone and is lost to deep drainage during periods of low 

evapotranspiration. Measurements indicated that over 10 em of drainage 

occurred during a 1-year period from bare sandy soil and over 5 em of drainage 

from a grass-covered field site. It should be noted that these drainage values 

were specific to this field site because of soil and plant characteristics. 

While this amount may be representative for some portion of the Hanford site, 

it cannot be considered as a reference for the entire site, as other site­

specific characteristics could result in significantly greater or less 

drainage. 

Water balance at this field site was also estimated using UNSAT-10, a com­

puter model that describes transient unsaturated flow in soils. Plant evapo­

transpiration was simulated using a time-dependent transpiration function for 

cheatgrass (Bromus tectorum). The UNSAT-10 model simulations confirmed that 

coarse-textured soils could transmit water below plant root zones. Although 

the average annual rainfall at the Hanford site is 16 em, the 1983 test year 

precipitation exceeded 28 em with nearly three-fourths of the precipitation 

occurring during five winter months (January, February, March, November, 
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December). The moisture content at all depths in the soil increased to maximum 

values and the monthly average potential evapotranspiration were lowest during 

these five months. 

Moisture content profiles were measured at depth, with a down-well neutron 

probe, at biweekly intervals from January 1983 through June 1984, and these 

data were used to estimate drainage from the profile. Grass roots were not 
found below 1 m, hence, moisture changes below 1 m were assumed to be caused 

primarily by drainage. Upward capillary flow was considered negligible because 

the soil was a coarse sand and the water table was below 10 m. The large 

amount of drainage from this arid site is attributed to rainfall distribution 

pattern, shallow root zone, and soil drainage characteristics. These observa­

tions confirm earlier observations by Cline, Uresk and Rickard (1977) that 

drainage can occur below grass-covered areas at the Hanford site. 

Simulations using the unsaturated flow model predicted about 5 em of 

drainage from the grass site using daily climatic data, measured soil hydraulic 

properties, and estimated transpiration parameters for cheatgrass at the Han­

ford site. Improvements in the comparisons between measured and predicted 

drainage are anticipated with more direct measurements of grass cover trans­

piration. However, both measurements and model predictions support the con­

clusion that under conditions where above average rainfall occurs during 

periods of low potential evaporation and where soils are coarse, significant 

drainage can occur from the root zone at an arid site. 

Waste management at arid sites in the western United States will require 

that special attention be paid to soil characteristics, precipitation distribu­

tion, and plant cover to adequately predict site-specific recharge rates. 

Infiltration barriers may be required at sites where recharge is found to be 

significant. The UNSAT-10 model appears to be a useful tool in assessing 

unsaturated-zone recharge at arid sites. 
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INTRODUCTION 

Shallow land burial is the primary disposal method for low-level radio­
active waste. Sites in the arid west, where precipitation is low and where 
thick, unsaturated soil zones persist, are generally considered the most ideal 

for this type of waste disposal (Mercer, Rao and Marine 1983). These sites 

provide an environment that tends to minimize contact of water with the waste, 
thereby minimizing the potential problem of ground-water contamination. 

There has been considerable interest in documenting the amount of water 

flow that actually occurs at depth in the unsaturated zone at arid sites 

(Brownell et al. 1975; Jones 1978; Winograd 1g81). Estimates of water flow 

rates in the unsaturated zone at the Department of Energy•s Hanford site 

(Washington) and Nevada Test Site have generally ranged from a few millimeters 

or less, to slightly over 1 cm/yr (Winograd 1981; Jones 1978; Wallace 1978). 
Detailed water balance studies at these arid sites are needed to better 

quantify the amounts of water that may be available for the transport of 

radionuclides. 

Recent lysimeter studies (Jones, Campbell and Gee 1984) at the Hanford 

site indicate that significant quantities of water flow (in excess of 5 cm/yr 
drainage} can occur in bare soils under arid conditions (16 to 25 em of annual 
precipitation}. However, mast burial sites will likely have same vegetative 

cover, which can transpire significant quantities of water, thus, reducing the 
amount available for drainage. To evaluate drainage at an arid site, we 

measured the water balance of a grassRcavered site and used the unsaturated 

flow model, UNSAT-10, to simulate water balance at the site. This report is 
structured in the following manner: 1) basic considerations for unsaturated 

flow modeling are presented; 2} the unsaturated flow code, UNSAT-10, and its 
input data requirements are discussed; 3) the field measurements and methods 

for calculating water balance are presented; and 4) the field test results are 

compared with those from model simulations • 
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MOOEL CONSIDERATIONS 

The following section contains a detailed analysis of how water flows 
through unsaturated soil. The concept of modeling water flow in an unsaturated 

hydrologic zone is explained, and the data input requirements are listed. 

BASIC CONCEPTS OF UNSATURATED FLOW MODELING 

To understand unsaturated-flow modeling, the physical mechanisms involved 
must be reviewed. Although in this report we simplify unsaturated-flow model­

ing into a one-dimensional analysis, the process is mechanistically complex. 

The unsaturated zone constitutes the transition region between the atmosphere 

and a ground-water system. Passage of water through this zone is very dynamic 
and depends on detailed variations in the hydraulic properties of the water in 

the soil (hereafter referred to as soi1 water). Precipitation in the form of 

rain and snow falling directly on the soil surface is usually viewed as the 

primary water input to this zone, but water from irrigation can also contribute 

substantial input. 

Water moves downward through soil under the influence of gravity as long 

as sufficient water is present to overcome the restraining forces in the porous 

soil matrix (described rigorously as capillary or matric potential). Water is 
extracted from the unsaturated zone through surface evaporation and by roots of 

actively transpiring plants. The rates of both extraction processes depend 
directly on available solar energy (heat radiation}, surface winds, and atmos­

pheric vapor density. 

Water moves through soil via two physical mechanisms: capillary Darcian 
flow (liquid phase) and vapor diffusion. Darcian flow is described by hydrau­
lic conductivity and matric potential gradients, both of which manifest extreme 

variation with even small changes in water content. Vapor diffusion results 

from thermal gradients and is mainly important near the soil surface where it 

controls actual surface evaporation. 
mated by energy balance methods such 

Maximal potential evaporation rates esti­
as Penman•s (Penman 1948) can be realized 

only when sufficient water is near the soil surface; otherwise, a dry soil 

layer limits evaporation. 
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Soil Water Flow 

A soil is saturated when all void space (i.e., space not occupied by soil 
particles) is filled with water. An unsaturated soil contains air-filled void 
space as well as water. The measure of water quantity contained by a soil is 
called water content, which is the volume of water per unit of soil bulk vol­
ume. Part of the water in an unsaturated soil will exist as vapor contained in 
the air-filled pore space, with the amount depending on soil temperature. In 
view of the greater density of liquid water, relatively moist soils will con­
tain a comparatively small amount of vapor. Water moves in an unsaturated soil 

as both liquid and vapor. The movement is always directed from regions of 
higher to those of lower potential energy (water potential) when isothermal 

conditions prevail. Total water potential is expressed as 

• = • + • + • + • p s m z (1) 

where ~P' ~s• ~m' and ~z are the pressure, solute, matric, and gravitational 

potentials, respectively. Pressure potential represents external mechanical 
forces; solute potential represents the attraction forces of water to higher 
solute concentration (osmotic forces); matric potential represents the adsorp­
tive forces of the soil; and gravitational potential is the energy associated 

with the water's location in the earth's gravity, measured with respect to some 
reference point that is usually taken at the soil surface. The negative of the 
gradient of total potential is the force causing water movement in a soil. In 

most cases the pressure and solute potential are not present (equal to zero), 
and the total potential is then called hydraulic potential. When the quantity 
of water is expressed as weight, the units of potential are centimeters of 
water. The matric potential, ~m• is a negative quantity and can be expressed 
in terms of a pressure head, -h, where h is the positive suction head (Richards 
1965). In a horizontal soil column, water moves from lower toward higher suc­

tion heads. The relationship between pressure head and water content is called 

the soil water characteristic curve. This curve is distinct for each soil and 
is required by the model as input information. A characteristic curve is usu­

ally not a single-valued functional relationship because hysteresis effects 
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effects cause different matric potential values or energy states to be 

associated with a particular water content, depending on whether a soil was 

dried or wetted to that water content. 

Water moves through different soils at different rates for the same 

hydraulic potential gradient. The hydraulic conductivity, denoted K(e), 

represents the ability of a soil to transmit water at different rates from wet 

• 

to dry locations. One-dimensional water flux, ql• is described in terms of J 
K(e) by Darcy 1 s law: 

ql = -K(e) (:~) (2) 

Hydraulic conductivity, which is a positive function of water content, e, 

decreases rapidly by many orders of magnitude from its maximum saturated value 

as water content decreases. Units of hydraulic conductivity are cm/hr or cm/s, 

when potential,~. and depth, z, are expressed in em. 

[Equation (2)] has the same units. Combining Darcy 1 s 

Water flux per unit area 

law--Equation (2)--with 

the equation for water conservation and expressing potential in terms of suc­

tion head, h, gives the flow equation 

ah a [ c(h)--- =--- K(h) at az (-'ll + 1)] + S(z,t) ,, ( 3) 

The term c(h) is 

units of cm-1• 

-do equal to dh and defined as the 

K(h) is expressed explicitly as a 

soil water capacity with 

function of h by means of the 

soil water characteristic, which is usually represented by a single drying 

curve; and S(z,t) is a plant root sink term in units (em water per em 

soil/hr). Depth, z, in Equation (3) is positive downward from the surface, and 

soil water flux is given by 

ql = K(h) (l_tl_ + 1) ,, 

4 
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which is positive in the downward direction. The soil water flow model is 
described by a finite-difference representation of Equation (3) for each soil 
layer by using an implicit-difference solution scheme for h, calculated over 

the profile at each time step. Mathematical description and details of the 

UNSAT-10 model are provided elsewhere (Simmons and Gee 1981; Bond, Freshley and 

Gee 1982) • 

The fundamental assumption used in solving Equation (3) is that matric 
potential is a continuous physical quantity in the transition between soil 

layers. On the other hand, this implies that there is a discontinuous behavior 
of water content between layers. Accuracy of the finite-difference solution is 

controlled by the mass balance error allowed over the nodal representation of 

the soil profile. An interested reader can refer to excellent text books on 

soil physics (Hillel 1982; Marshall and Holmes 1979; Hanks and Ashcroft 1980) 

for further clarification of soil water flow concepts and measurement of soil 

water properties. 

Hydraulic Properties of Soil Water 

The soil water characteristic curves and hydraulic conductivities are 
required to describe unsaturated water flow. Measurements and calculated esti­

mates of these properties are represented in the UNSAT-10 model by polynomial 

functions that have been least-squares fitted to the data. Polynomial repre­

sentations used in the computer program avoid large data storage requirements 

associated with many soil layers and provide a convenient interpolation method. 
Details of the polynomial descriptions are provided elsewhere {Simmons and Gee 

1981; Bond, Freshley and Gee 1982). Where soil water characteristics can be 
considered to be represented by exponential type relationships, simpler expres­

sions can be used {see McKeon et al. 1983). An obvious requirement is that 
data on soil water properties must cover the range of water contents expected 
to be encountered in a particular simulation • 

Water Storage 

Water storage by a soil profile is characterized by a water content dis­
tribution with depth. The distribution at any time depends ultimately on the 
detailed spatial variability of hydraulic properties and the flux and temporal 
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distribution of any flux of water at the profile boundary. Infiltrating water 
that exceeds soil water holding capacity at a particular profile location will 

contribute to deep drainage, which 1nay possibly enter the ground water depend­

ing on depth of the water table. Therefore, a single set of measured hydraulic 

properties cannot correctly represent an areal region. An estimate of the sta­
tistical distribution is required to determine areal drainage flux. The pres­

ence of soil layers further complicates the modeling of unsaturated flow. Soil 
layers consisting of a variety of distinct media such as clay, silt, sand, and 

gravel have a physically deterministic effect on water movement patterns. Some 
layers will rapidly transmit and others will impede soil water movement. On 

the other hand, the location and types of various soil layers may be stochas­

tically unknown in a natural soil profile. Such variability contributes sub­

stantially to the uncertainty in making predictions about unsaturated flow. 

Growing plants are powerful and efficient extractors of stored water. The 
relationship between potential transpiration and climatic conditions must be 

quantified in an unsaturated-zone simulation. Active plant roots have a water 

withdrawal distribution that also must be taken into account. Indeed, estimat­
ing water balance over an areal region accurately is impossible without quanti­

fying and modeling transpiration and root growth in detail. 

THE MODEL AND INPUT DATA REQUIREMENTS 

The UNSAT-1D computer model (Gupta et al, 1978) was originally developed 
to describe vertical, one-dimensional, unsaturated water movement under typical 

agricultural conditions. It was designed as a model for isothermal {i.e., uni­
form temperature) water flow in the liquid phase. Many models with similar 

objectives are reported in the literature [e.g., Nimah and Hanks {1973), Hillel 
(1977), and Feddes et al, (1976)]. A model application by Klute and Heermann 

{1978) suggested an extension to include isothermal vapor flow. All unsatu­

rated flow models depend on the quantity and quality of crucial site-specific 

input data. Physical phenomena for which no supporting numerical information 

is available cannot be modeled, regardless of how complex the model is. In 
view of the continued revisions to unsaturated flow theory and technology, 

models should be considered as research tools to aid understanding and should 
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not be interpreted beyond the limitations of input data. A review by Molz, 
Davidson and Tollner (1979) provides an outline for the current understanding 

of unsaturated flow. 

We used the UNSAT-10 model for this study because it allows us to describe 
the soil water flow processes clearly and account for time-dependent (transi­

ent) behavior that typically controls soil water movement at arid sites. 

The following input information is necessary to define an unsaturated flow 
model simulation of a specific site: 

~ depth of the soil profile and location of each soil layer. The maxi­

mum depth is the lower boundary condition location. 

o type of lower boundary condition specified as a water table or free 

drainage situation. Free drainage conditions are applicable if the 

water table is actually deep below the simulated profile. 

~ the soil hydraulic properties defined by a soil water characteristic 
curve (water retention relationship) and hydraulic conductivity/water 

content relationship for each soil type present in the profile. 

~ the rainfall and potential evapotranspiration for each day of the 

simulation period. including the pattern of diurnal variation. Rain­

fall should be by hour, and diurnal variation should be expressed as 
a fraction of daily amounts for each hour. 

3 properties of the soil-surface vapor-diffusion layer that forms when 
soil has attained air-dry conditions. These properties include layer 
thickness and characteristic vapor diffusivity. A water content 
limit for layer formation is required. 

• the initial water content distribution over the soil profile as 

• established by a water movement history or direct measurement. 

• 
a an optional, measured, soil temperature distribution if non­

isothermal vapor flow conditions are important. A distribution is 

required for each period with substantial alteration in temperature. 
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, plant growth and water extraction behavior. This information must 
include a root density distribution as a function of the growth 

period and actual transpiration as some factor of the potential value 
when water is not limited. 

The above list represents a considerable amount of data. The difficulty 
of unsaturated flow modeling is that some of the data usually cannot be mea­
sured directly, and so must be estimated by various theoretical methods. The 
major advantage of an unsaturated flow code is the ability to incorporate known 

processes (e.g., infiltration, evaporation, redistribution) that control the 
water flow and transport at a given site so that the effects of these processes 

on contaminant migration can be quantified. 
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MATERIALS AND METHODS 

A vegetated area located on the Hanford site, near Richland, Washington, 
was selected for the water balance study. The location of the grass study area 

is shown in Figure 1. The site is located in a slight depression approximately 
900 m wide and several thousand meters long in a northeast-southwest direc­
tion. A range fire several years ago removed brush species from the site, so 
that brush growth now appears only at the burn area perimeters. The vegetation 

community of grasses is quite typical of disturbed areas on the Hanford site 
where natural revegetation has occurred. The vegetation is composed primarily 

of a mixture of two grass species: cheatgrass (Bromus tectorum) and Sandberg's 

bluegrass (Poa sandbergii), comprising 35% and 27% of the total cover, respec­
tively. The cover estimates were made using a canopy-cover method described by 
Daubenmire (1959). The growth of both grasses is confined to late fall and 

early spring. The soil is well drained and nearly uniform to a depth of 3.5 
m. The top 0.6 m contains 79% sand, 17% silt, and 4% clay and is classed as a 
loamy sand. From 0.6 to 3.5 m, the soil contains 92% sand, 5% silt, and 3% 
clay and is classed as a sand. A rock/gravel layer lies below the 3.5-m depth. 
The rock/gravel layer is estimated to be several meters thick from observations 
of excavations at adjacent sites. The water table is below 10 m. 

Water balance data at the site are collected by recording precipitation 
events; monitoring other meteorological variables, including air temperature, 
humidity, and wind speed; measuring the soil profile water content; and measur­
ing evapotranspiration losses from weighing lysimeters at the Buried Waste Test 
Facility (BWTF} site. Precipitation is measured with both a collection rain 
gauge of plastic and a tipping bucket connected to a CR-21 data logger 

(Campbell Scientific Inc., Logan, Utah} that records the time of each 0.25-mm 
increment of rainfall. Hourly and daily relative humidity and maximum and 

minimum air and soil temperatures are also collected at the site. Additional 
climatic data, including solar radiation, are available from the Hanford 
Meterological Station, approximately 27 km northwest of the grass site. 
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Meterological 
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I Hanford Site 

Buried Waste Test Facility--...... 

Transpi~tion E~aluation Site ~ • 
• 

Pacific 
Northwest Laboratory 

FIGURE 1. Location of Hanford Site and Research Sites 

Soil moisture measurements were made with a down-well-type neutron mois­
ture probe. The neutron probe, Model 503 (Campbell Pacific Nuclear Inc., 
Pacheco, California), was field calibrated by converting gravimetric moisture 
data to volumetric water content from samples collected during installation of 
access tubes in December 1982 and performing a regression of probe-count ratio 
against volumetric water content for all samples collected below 30 em. The 
calibration moisture data ranged from 5% to 20% by volume. Soil samples col­
lected during the summer of 1983 at 30-, 60-, and 90-cm depths adjacent to 

access tubes confirmed that the calibration was adequate, even for relatively 

dry soil (<5% by volume). 

Neutron probe measurements were taken at 15-cm intervals to a depth of 
165 em and at 30-cm intervals down to 345 em. Soil moisture values determined 
by the neutron moisture probe were converted to an equivalent water depth by 
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multiplying each volumetric moisture content by the appropriate depth interval 
of 15 or 30 em. These values were then summed to produce the water content for 
the soil profile layers of interest. Data sets collected from the probe were 
entered in an interactive data base/plotting program on a VAX 11/780 computer. 
The program generates summary tables and plots to provide a profile of average 
volumetric water for each sampling interval and water content through time for 

the field site. 

Soil profile moisture was measured at approximately 2-week intervals at 

25 neutron access wells installed in a 5-by-5 grid with 6-m spacing between 
wells. Standard deviations of the mean at each sample interval ranged from a 
high of 1.5% water near the surface during the wet months to a low of 0.5% 

water at lower depths. The average standard deviation for the 1- to 3.5-m 
samples was generally less than 1% volumetric water content. Because the site 
is uniform and a large number of locations (25) were sampled, we estimated that 
drainage values from the 3.5-m depth are good to about 0.5 em. 

Figure 2 shows the placement of access wells and supporting instrumenta­
tion. Each well was installed at a depth of 3.5 m according to the following 
steps: driving in a split-tube sampler, then driving in the surrounding casing 
to the same depth, extracting the split-tube sampler, and removing soil mate­
rial from the split-tube sampler. These steps were repeated approximately 
every 50 em until the rock/gravel layer was encountered at approximately 
3.5 m. This process provided representative soil samples from each depth 
increment and ensured an access well with minimal disturbance to the surround­
ing soil material. Soil collected from each split-tube sample was returned to 
the lab to determine gravimetric water and root content. Roots were extracted 
from the soil using a flotation screening process, described by Al-Khafaf, 
Wierenga and Williams (1977), that uses a dispersant and salt mixture to float 
off organic material. 

Evapotranspiration (evaporation plus transpiration) rates were measured 
with two weighing lysimeters located at the BWTF, 2 km north of the field test 

site (see Figure 1). One weighing lysimeter had a bare soil surface, and the 
other had vegetation similar to the field test site. The weighing lysimeters 
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FIGURE 2. Location of Access Wells and Instrumentation at Grass Site 

were fully automated and had a resolution of 50 g, equivalent to 0.02 mm of 
water. Hourly average weights were recorded on tape and via phone lines by a 
laboratory computer. 

Simulations of the water balance at the grass site were made using 
UNSAT-10, a one-dimensional, finite-difference computer code that uses 
Richard's equation to calculate liquid flow of water in soil (Gupta et al. 
1978; Bond, Freshley and Gee 1982). This code simulates infiltration, redis­

tribution, and drainage using known or estimated hydraulic properties. Also 
included in the code are several evaporation, transpiration, and 
algorithms. Selection of a specific algorithm to describe these 

dependent on the sophistication of the available data. 

We used a water balance approach to analyze our field data. 
water in a soil profile at any time during the year is a function 
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starting water content, precipitation, evaporation, transpiration, internal 
redistribution, and water movement on or off the surface. This relationship 
can be expressed as 

where 

W = Si + P - E - T ± 0 ± R 

W = total water in the profile (em) 

Si = initial storage (em) 
P = precipitation (em) 
E = evaporation (em) 

T =transpiration (em) 
D = drainage (em) 
R = runoff/run-on surface (em) 

(1) 

Three assumptions were made in adapting Equation (1) to the field test 
site. First we assumed that the upward movement of water below the 1-m depth 
was insignificant based on the following observations: the field root distri­
bution data indicated that 99% of the root mass was located above 0.6 m, with 
no roots measured below 1m; the low hydraulic conductivity of drained sandy 
soil; and the deep water table (>10m). The second assumption was that only 
one-dimensional (vertical) flow was considered, which for this well-drained 
site appears appropriate. Finally, runoff/run-on were assumed to be zero 
because the generally level soil surfaces and sandy soils found at the site 
minimized ponding or lateral surface flow. No surface flow was observed during 
the study period. Based on these assumptions, we determined that drainage from 
the entire profile could be expressed as 

D = S - W + P - E - T (2) 

For drainage below the 1-m depth, we assumed no root uptake below this depth, 
so that no evapotranspiration-induced storage changes were considered. Hence, 
the site drainage could be estimated simply by the storage changes after 
maximum storage occurred and can be written as 

13 



D = Smax - W (3) 

This value was considered a conservative estimate of site drainage because it 
does not consider subsequent input of drainage from the upper 1 m into the 

lower layer . 
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RESULTS 

PRECIPITATION 

The rainfall during 1983 exceeded the long-term average by 177%, and 

above-normal precipitation at the Hanford site has continued during the first 
half of 1984 (131%). The normal precipitation distribution at the Hanford site 
is slightly weighted to the winter months, with 64% of the precipitation occur­

ring between the 6-month interval of November to April. In 1983, the 5-month 

(January, February, March, November, December) period accounted for nearly 
three-fourths of the annual precipitation. Figure 3 shows the accumulated and 

yearly distribution of precipitation recorded since 1979. Figure 4 shows the 
1983 accumulated precipitation at the grass site and Hanford Meteorologic 

Station, compared to a 70-year average for the Hanford site. 

DRAINAGE TEST RESULTS 

A field drainage experiment conducted in April 1984, provided us with data 

relating moisture content versus time and depth during uniform drainage. Plots 
of moisture content versus time, for each depth, flow time dependent drainage. 
It should be noted that during the course of the experiment, the maximum change 
in water content at any depth was only about 0.06 cm3/cm3• In many cases, the 

daily change in water content approached the precision of the neutron- probe 

measurement (±0.005 cm3;cm3) . Because the moisture content data were complete 

and consistent, we calculated the conductivity values assuming that a unit 

hydraulic gradient existed at all depths throughout the experiment. The con­
ductivity values reported hereinafter should be regarded with this in mind . 

For each depth, smooth curves were fit to the moisture content versus time 
data using the curve-fitting routine, HAVERFIT (McKeon et al . 1983) . Figures 5 

and 6 are plots of the water content data and the curves that were fit to the 
data for the 0.30-m and 0.90-m depths . The resulting equations were used to 

calculate the values of water content and water content change for each of the 
experimental measurement times. Ten time periods were selected for calcula­

tion . Conductivity values for each depth were calculated using the method of 
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Hillel, Krentos and Stylianou (1972). The unsaturated conductivities deter­
mined from the field are combined with laboratory-derived saturated conductivi­
ties in Figure 7. Two distinct data groupings are apparent, which correspond 
to the upper 0- to 30-cm layer and 30-cm to 345-cm layer. A least-squares 
regression line is fit to the log conductivity versus log water content for 
each layer grouping. The resulting power function conductivity curves are 
presented in the Figure 7 in the form of 

These conductivity curves and water release curves determined in the laboratory 

and similar curves developed for the BWTF soils were used as controlling equa­

tions in the model simulations. 
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WATER PROFILE MEASUREMENTS 

The water content for the upper (0- to 1-m depth} and lower (1- to 3.5-m 
depth} and total profile layers are plotted against time in Figure 8. The 

highest water contents in the soil profile were observed on March 23 , 1983 
(day 82) . From March 23 to October 20, 1983 (day 293}, the total stored water 
decreased as water content diminished throughout the soil profile . Losses were 
assumed to be the result of evapotranspiration from the top 1m of soil, of 
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drainage in the upper profile, and of drainage only in the lower soil pro­

file. During the summer months, the total water profile decreased at approxi­
mately the same rate as the lower profile, while water content in the upper 

layer remained relatively constant (water added by precipitation apparently 
equalled that lost through evapotranspiration and drainage). Assuming that the 
removal of water by plants is limited to the upper 1m of soil {the root zone) 
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upper layer remained relatively constant (water added by precipitation 
apparently equalled that lost through evapotranspiration and drainage). 

Assuming that the removal of water by plants is limited to the upper 1m of 
soil (the root zone) and that no significant upward redistribution of water 
occurs, then all water loss from the lower soil profile can be attributed to 

drainage. From measurements of storage differences between March 23 and 
December 28, 1983, we determined the drainage from the 1- to 3.5-m soil layer 
to be a minimum of 8.5 em. The lower soil profile layer reaches a minimum 
water content 69 days after the upper profile reaches a minimum . 

Measured water content profiles are shown in Figures 9 and 10; each curve 
represents a sampling time. Changes in water content are readily visible at 
the surface where large fluctuations occur through time. The increasing mois­

ture content caused by winter rains is readily apparent in Figure 9. The mois­
ture profile for March 23 (curve 3} is shown in both Figures 9 and 10 and 
represents the maximum water storage in the soil profile and the time of 
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downward redistribution of water is apparent, showing that by October the water 
content is approaching the initial conditions of January. Samples from 45 em 
and below exhibited a uniform decrease in moisture content with depth, charac­
teristic of drainage (Davidson et al . 1969) . The cyclic nature of soil water 
distribution is visible in Figure 11 for selected depths of 60, 90, 195, and 
345 em. The cyclic wetting and drying is readily apparent in this figure and 
the decreasing cycle amplitude and delayed arrival of water with depth is also 

visible . Observing that the soil moisture content at 345 em always remains 

above the 5% value, and that the conductivity calculated from the field drain­
age test at this moisture content is 5. 2 cm/yr, we find additional support for 
our lower profile drainage estimates of 8 em/yr . 

22 

·. 

I 

r. 

. . 



" . 
.... 

.. 

.' .. 

0 .-----------------------------------------------~ 

-50 

-100 

E" -150 
(.) 

.s::. 
c. 
Q) 

0 -200 

-250 

-300 

5-•• 

• IS ~ 4 ... 
\k ~ ·. 
~ ·. : 

\. ~ ~ 
\ · .. .... . ~ ' 

Drying 

-3- Mar 23 
···· 4·. Apr 8 
···· 5-··· May 9 
.... 9-... June 30 
--7-- Aug 23 
~ Oct5 

-350 -L------....L---.2...11~--'-----..L....------'-------' 
0 5 10 15 20 25 

Moisture (vol %) 

FIGURE 10. Water Content Profiles at Grass Site During 1983, Drying Period 

LYSIMETER DRAINAGE (BWTF) 

For comparison with the grass site, we mon i tored the water drained from 
the BWTF lysimeters (Figure 1) for the test period of 1983 and 1984. Details 

of earlier drainage studies are given elsewhere (Jones and Gee 1984). During 
1983 and 1984, water has collected in the bottom of the north (bare) and south 
(vegetation) weighing lysimeters (152-cm depth) (NWL and SWL, respectively) and 
in the south cassion (7.6-m depth). It is important to note the NWL was 
observed to be leaking during the early part of 1983 and the drainage collected 

underestimates the actual drainage. Figures 12, 13, and 14 show the cumulative 

drainage collected from the BWTF lysimeters. The most direct comparison is 
between the grass site and the south weighing lysimeter (SWL) because only this 

lysimeter is vegetated (cheatgrass transplanted March 1983). Although soil 
type and vegetation are slightly different at SWL and the grass site, the 
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water loss patterns should be similar. It is noted that for a 1-year period, 
June 1983 to May 1984, over 6 em of drainage was measured at SWL, in qualita­
tive agreement with the field-measured and computer-simulated drainage for the 

grass site. 

MODEL SIMULATIONS 

UNSAT-1D was used to simulate water flow at the grass site during the 
period of January through October 1983. Drainage at the 3.5-m depth, water 
storage, the arrival of the wetting front at 3.5 m, and the final soil moisture 
profile were all estimated by the model. 

One-Layer Soil Simulation 

The initial field moisture, precipitation, and daily potential evapotran­

spiration (PET) values for the period January 27 to October 31 were used as 
input for UNSAT-1D model runs. A relationship of water content to hydraulic 
head and the hydraulic conductivity for the weighi ng lysimeter soil (which is 
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similar to the soil at the 1 to 3.5-m depth at the grass site), was used as 
input to the model. A routine describing cheatgrass transpiration versus time, 
taken from published results at the Hanford site (Hinds 1975), was used to 
estimate transpiration. Root growth and distribution routines were similar to 
those described by Feddes et al. (1976). 

Sensitivity of the model results to transpiration was investigated by 
varying the starting date for cheatgrass growth. Figure 15 shows the measured 
water storage curve presented earlier and two water storage curves obtained 

from UNSAT-10 using two different growing seasons for the simulated cheatgrass 
cover. For CHEAT120 the growing season begins at day 120 and continues for 
70 days; CHEAT90 is identical, except growth begins on day 90 and continues for 

70 days. The two curves coincide until day 90, at which point the initiation of 
transpiration increases the rate of water loss from the profile of the CHEAT90 

curve. CHEAT120 also exhibits a rapid loss of water after transpiration begins 
on day 120. It is important to note the overlap of the CHEAT90 and CHEAT120 
curves after day 178 caused by partial storage of a large summer rain (0.9 em) 
in the CHEAT90 simulation, after transpiration has ceased. UNSAT-10 estimated 
approximately 5 em of drainage in both runs at the 3.5-m depth, while a maximum 
flux of 8.6 em occurred at 1.8 m. Flux rates above 1.8 m were less than 
8.6 em, indicating that water was redistributed upward in the model simulation. 

The arrival of the wetting front at the 3.5-m depth is predicted 1 month 
later than actually occurs in the field. The simulated redistribution of water 
downward does not reach the 3.5-m depth until after April 30, and the water 
content behind the wetting front approaches 9%. The field data presented 
earlier in Figure 5 indicate that the wetting front reaches the 3.5-m depth no 
later than March 23, and that the water content immediately following the wet­
ting front is between 7% and 8%. 

The UNSAT-10 model simulation of 5 em of drainage appears to agree with 
the field data for the test period, but adjustments are needed to obtain agree­
ment on the final profile storage and water available for transpiration from 
the root zone. Differences between UNSAT-10 simulations and field data include 
the removal of water from the root zone and storage of water in the lower soil 
profile. 
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Two-Layer Soil Simulation 

UNSAT-1D was used to simulate water flow at the grass site during the 
period of January 1983 to June 1984. Drainage at 3.5 m, water storage, the 
arrival of the wetting front at 3.5 m, and the final soil moisture profile were 
estimated by the model. The same starting soil moisture content and meteoro­
logical information used in the single-layer simulation was used in the two­
layer simulations. The meterological information was extended through June 
1984. The soil hydraulic parameters were changed to match those determined 

during the field drainage test discussed earlier. The same transpiration algo­
rithm using cheatgrass was used, but the growing season was lengthened starting 
on day 5 and ending on day 152. During this simulation, the drainage from the 

two-layer model during 1983 was 3.5 em and 0.4 em during the first 6 months of 

1984. The field-measured moisture profile and the UNSAT-1D-predicted moisture 
profiles for December 28, 1983 and June 26, 1984 are presented in Figure 16. 
The UNSAT-1D model simulations tend to slightly overpredict the moisture in 
December 28 and slightly underpredict the moisture on June 26, but the agree­
ment is quite good showing the general trend of moisture movement, with the 
major changes occurring near the soil surface (within the top 1m of soil). 
Figure 17 shows the total water stored through time from January 1983 to June 

1984. Figure 17 also shows the actual field-measured, total stored water from 
the grass site. The storage change curves are cyclic as expected, and simu­
lated and field values match well in magnitude, but the simulated results 
appear to lead the field values, particularly for the 1984 data. An overe­
stimation of evapotranspiration as discussed below may be responsible. 
Figure 18 shows the soil water contents at 30, 90, 195, and 345 em through 
time. These data can be compared with the field data contained in Figure 11, 
which shows the data of 30, 90, 195, and 345 em for the grass site. The field 
data have broader and more delayed peaks than those predicted by the model. 
Also the field data for 345 em showed increases during both springs as compared 

to the model, which only showed an increase during the spring of 1983. These 
data suggest that the model is underestimating actual field drainage. 
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EVAPOTRANSPIRATION COMPARISONS 

The evapotranspiration rates predicted using UNSAT-10 were compared with 
evapotranspiration rates measured from the weighing lysimeter to qualitatively 
check the validity of the cheatgrass alogrithms used. The monthly totals for 
evapotranspiration are presented in Table 1. The model predicts larger values 
of evapotranspiration than the SWL for January, February, and March, and a 
smaller value during April. Correcting the evapotranspiration amounts would 
increase the drainage estimated by the model for the 1984 time period (January 
to May). Because plant cover, soil type, and energy balance differed somewhat 

between the grass site and the SWL, we did not attempt to calibrate the field 
model to the SWL evapotranspiration data, but merely used SWL data to estimate 
when the transpiration process was active during the modeling time period. 
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TABLE 1. Compa rison of Predicted and Measured Evapotranspiration 
Rates (monthly) for 1984 

Januar.z: Februar.z: March A~ril 

Measured {SWL) 1.7 2.3 4. 1 5. 2 
Predicted {UNSAT-10) 2. 3 3. 5 5.6 3. 1 
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DlSCUSS[ON 

The field measurements and model simulations for 1983 and 1984 are in 
general agreement with data from Cline, Uresk and R1ckard (1977), who observed 

that a cheatgrass site used less water than a deeper-rooted sagebrush­

bunchgrass site, and that during a wet season at the Hanford site, water 

accumulated below the cheatgrass root zone. The combined effects of rainfall 

distribution patterns, plant cover type, and soil hydraulic properties on the 

amount of annual drainage occurring at an arid site cannot be overemphasized. 

The need for detailed analysis to evaluate these effects is apparent. A recent 

evaluation of unsaturated flow models (Oster 1982) indicates that several flow 

codes may be equivalent to UNSAT 4 1D in evaluating the water balance under arid 

conditions. Among these are UNSAT20, TRUST, and VS2D. However, these are two­

dimensional codes that are considerably more expensive to run and require 

greater input detail. We have evaluated the CREAMS (Knisel [980) and HELP 

{Schroeder et al. 1984) codes for water balance measurements. The HELP code is 

a modification of the CREAMS code for use in designing cover systems at 

hazardous waste sites. The HELP code was found to be totally inadequate for 

predicting yearly drainage through a soil cover at an arid site {Thompson and 

Tyler 1984). The HELP model does not allow for upward migration and treats 

water redistribution in the soil in a superficial way. It is apparent from a 

review of CREAMS and HELP that site-specific calibrations will be required to 

use these codes to estimate drainage/recharge at arid sites. 

Model simulations using UNSAT 4 1D were useful in showing the delicate bal­
ance between mechanisms that control drainage. Although the agreement between 

measured and simulated storage and drainage could be improved, the simulations 

suggest a control mechanism for reducing drainage of an arid waste site. The 

layered soil simulations showed a greater retention of water than the single 4 

layer sandy soil, hence, less drainage occurred. An engineered cover could be 

designed to reduce or eliminate drainage at an arid site. This would involve 

using a fine-textured soil as an earthern cover with hydraulic properties such 

that the water retention and soil hydraulic conductivity would keep the water 

in the root zone during periods of low evapotranspiration. Then at later 

times, the water would be removed by transpiration processes. 
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Often, in the absence of detailed hydrologic analysis, generalizations are 
made suggesting that when annual potential evapotranspiration exceeds precip­

itation (often by factors of five or more at arid sites), no drainage occurs. 

Our data clearly indicate that drainage can occur at an arid site under circum­
stances where shallow-rooted plants grow on coarse sands and when above-average 

rainfall occurs during periods of low potential evapotranspiration. 
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CONCLUSIONS 

Significant quantities of water were found to move below the root zone of 
a shallow-rooted grass-covered area during wet years at the Hanford site. The 

unsaturated water flow model, UNSAT-10, was reasonably successful in simulating 

the transient behavior of the water balance at this site. The effects of lay­

ered soils on water balance were demonstrated using the model. Models used to 
evaluate water balance in arid regions should not rely on annual averages and 
assume that all precipitation is removed by evapotranspiration. The potential 

for drainage at arid sites exists under conditions where shallow rooted plants 
grow on coarse textured soils. This condit1on was observed at our study site 
at Hanford. 

Neutron probe data collected on a cheatgrass community at the Hanford site 

during a wet year (28 em of precipitation) indicated that over 5 em of water 

drained below the 3.5-m depth. The unsaturated water flow model, UNSAT-10, 

predicted water drainage of approximately 5 em (single layer, 10 months) and 

3.5 em (two layers, 12 months) for the same time period. Additional field 

measurements of hydraulic conductivity will likely improve the drainage esti­
mate made by UNSAT-10. Additional information describing cheatgrass growth and 

water use at the grass site could improve model predictions of sink terms and 

subsequent calculations of water storage within the rooting zone. 

In arid areas where the major part of the annual precipitation occurs dur­
ing months with low average potential evapotranspiration and where soils are 
vegetated but are coarse textured and well drained, significant drainage can 
occur. Water balance control strategies for arid-zone shallow-land burial 

sites like the Hanford site, where climatic and soil factors combine to opti­
mize drainage. may require use of fine-textured-soil covers over the waste to 
reduce drainage below the root zone • 
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