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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-
lTow land burial sites, To evaluate the magnitude of transport at an arid site,
PHL 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's Hanford site near Richland, Washington, during
wet years {1983 and 1984). Both direct measurements 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 Tow
evapotranspiration. Measurements indicated that over 10 cm of drainage
occurred during a 1-year period from bare sandy soil and over 5 cm 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-1D, 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-1D 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 cm, the 1983 test year
precipitation exceeded 28 cm with nearly three-fourths of the precipitation

occurring during five winter months (January, February, March, November,



December), The moisture content at all depths in the soil increased to maximum
values and the monthly average potential evapotranspiration were Towest 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 cm of
drainage from the grass site using daily ¢limatic 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 cccurs 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-1D 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 1981). 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 avajlable for the transport of
radionuclides,

Racent 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 c¢m of annual
precipitation), However, most burial sites will likely have some 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 grass-covered site and used the unsaturated
flow model, UNSAT-1D, 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-1D, 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,



MODEL 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 soil water). Precipitation in the form of
rain and snow falling directiy 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
5011 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: capiliary Darcian
flow (1liquid phase) and vapor diffusion, Darcian flow is described by hydrau-
Tic 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. Maximal potential evaporation rates esti-
mated by energy balance methods such as Penman's (Penman 1948) can be realized
only when sufficient water is near the soil surface; otherwise, a dry soil
lTayer Timits evaporation,



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

¥ o= ¢p P (1)
where ¢p’ ws, wm’ and wz 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, ¥,, 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



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(g),
represents the ability of a soil to transmit water at different rates from wet
to dry locations. One-dimensional water flux, g, is described in terms of
K(6) by Darcy's law:

a = k(&) (32) )

Hydraulic conductivity, which is a positive function of water content, b9,
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, y, and depth, z, are expressed in cm. MWater flux per unit area
[Equation (2)] has the same units, Combining Darcy's Taw--Equation {2)~-with
the equation for water conservation and expressing potential in terms of suc-
tion head, h, gives the flow equation

sh _ 3 ah
c(hy 20 -2 [K(h) @ . 1)] +5(z,t) (3)
The term ¢(h) is equal to -§% and defined as the soil water capacity with

units of cm!. K(h} is expressed explicitly as a 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 {(cm water per cm

soil/hr). Depth, z, in Equation (3) is positive downward from the surface, and
501l water flux is given by

g = X(n) G+ 1 (a)



which is positive in the downward direction, The 50i1 water flow model is
described by a finite-difference representation of Equation (3) for each soil
layer by using an impiicit-difference solution scheme for h, calculated over
the profile at each time step. Mathematical description and details of the
UNSAT-1D 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-1D 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). MWhere 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



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 may 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 fiow. 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 rapidiy transmit and others will impede soil water movement, On
the other hand, the l1ocation and types of various soil Tayers 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 Kiute 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
js available cannot be modeled, regardless of how complex the model is, 1In
view of the continued revisions to unsaturated flow theory and technology,
models should be considered as research tools to aid understanding and should



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-1D 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 s0il 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,

® type of lower boundary condition specified as a water table or free
drainage situation, Free drainage conditions are applicablie 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
simuTation 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,

2 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 inftial water content distribution over the soil profile as
established by a water movement history or direct measurement.

@ 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,



2 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 VTimited.

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,











































































DISCUSSION

The field measurements and model simulations for 1983 and 1984 are in
general agreement with data from Cline, Uresk and Rickard (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 fliow
codes may be equivalent to UNSAT-1D in evaluating the water balance under arid
conditions, Among these are UNSAT2D, 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 198D) 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, [t 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 simutations using UNSAT-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-
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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O0ften, 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.
Qur 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
a2 shallow-rooted grass-covered area during wet years at the Hanford site. The
unsaturated water flow model, UNSAT-1D, 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 condition 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 cm of precipitation) indicated that over 5 c¢m of water
drained below the 3,5-m depth, The unsaturated water flow model, UNSAT-1D,
predicted water drainage of approximately 5 cm (single layer, 10 months) and
3,5 ¢m (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-1D. 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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