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1.0 Introduction

A fandtill cover svstem 1 being considered for mstallation as part of the closure process at the
Los Alames National Laboratory, Technical Arvca (TA-) 34, Matenal Disposal Arca eMD A (G
Low-Level Radactive Waste Stie. Landfill covers are one of the most common managoment
approaches for reducimg risks from buried waste sies. Covers serve two prmary sk redoction
rodes. First. they serve as a barrier between the waste and the surface environment. thus reducing
the potential for waste exposure by erosion and transport of wastes 1o the surtace by flora and
fauna. Second. land il covers reduce the downward movement of water into and below the waste
zone, This decrease in downward flux is expected to reduce the rate ol waste container
degradation and downward transport of contamnants 1o the groundwater svstem, The modeling
and analvsis discussed m this report focus on estimating the downward fux of water through the

cover and o the wasle zone.

For this assessment, the performance of the monolithic evapotranspiration (£ cover for
MDA G desenibed in Day et all (2005) was examined (Frgure 1) BEvapotranspiration covers arg
mtended to provide water storage sufficient 1o contam spring snowmell within the cover unnl it
s5oused through BT later o the vear. The cover design proposed for MDA G has a variable
thickness with @ sunomuom 2.5-m (8241 thick cover over the waste, The cover s composed of
crushed Bandeher Tuft mixed with 6 percent bentonite and 12 percent angular cobbles. and has
shallow surface zone designed 1o promote plant growth, Addinonal information on the general
performance of BT covers can be found in Bonaparte ot al, 2004y TTRC {20073, Nvhan (20033,

and Seanlon gt all 2002y

Fhe remainder of this report describes the approach, resulis, and conclusions of this study. An
overview of the HYDRUS software package selecied for the modeling, a discussion of the i
data used W conduct the model simulations, and information about mode! sensinvity © varatons
i conditions are provided in Section 2. The results of the modeling are presented in Scection 3

these results and the ancertanties related to the modeling are discussed in Section 4.
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2.0 Methods

Three major considerations for this study were the selection of an appropriate modehny package.
the selection of representative mput datasets, and the sensitivity of the model to vartations in
condiions such as cover thickness and itial soil pressure. This section explains why specific

chotces were made and discusses the efforts made o constrain model sensitivity.

21 Selection of the HYDRUS Model

Many software packages are available for evaluating landfill cover performance: the HYDRUS
model (Simunek et al, 1998 and 1999) was selected for this study. The HYDRUS model is
based on Richards” equation (the theoretical equaton for vertical unsaturated flowy and allows for
the analysis of water flow and solute transport m varably saturated porous media. The reasons

for this sclection and the basic characteristics of the HYDRUS package are presented below.

The Hvdrologic Evaluation of Landfill Performance (HELP) model (Schroeder ¢t al.. 1994 s
often used for landfill cover modeling. However, recent literature {Albright et al., 2002 Scanlon
et al. 2002), the dratt EPA alternative cover gumdance (Bonaparte et al, 2004), and I'TRC cover
guidance (2003) all indicate that HELP is a poor choice for modeling BT and capiliarv-barrier
covers, especially in semiand environments. This s mainly because the HELP model s not
based on Richard’s equation and thus cannot preperly represent the dvnamics of water content
changes and fluxes, particularly under drv climate conditions. Also, HELP s hmited 10 one-

dimensional (-1 or pseudo two-dimensional {2-D) muodeling.

Other landfill performance models based on the Richards’ equation {e.g.. UNSAT-11) could have
been selected for this study: however, using HYDRUS offered several advantages. First, 2-D and
three-dimensional {(3-D) versions of HYDRUS (HYDRUS2D and HYDRUSS3I) are available,
and future studies at MDA G may require 2-D or 2D modelmg. In fact, HYDRUS2D (Simunek
et al. 1999) was used m an carly phase of this study. Second. models are more casily developed
and mmplemented using HYDRUS because of ity graphical interface. Third, the apportunity
exysted to discuss the modeling appreach and resulis divectly with the author of the HYDRUS
package (1 Simunek, University of California, Riverside). Finally, recent versions of the code

have received excellent reviews by the scientific community (Selker, 2004,

Maost of the modehing work undertaken 1o evaluate cover performance at MDA G was conducted
with HYDRUS-1D, version 3.0 (Simunek et al, 1998), HYDRUS-ID uses a finite-clement
approach for simulating the one-dimensional movement of water, heat, and multiple solutes in
varably saturated media. Consequently, it s used extensively to address a wide variety of waste
disposal and other hvdrologic problems that require consideration of vanably saturated porous

media, HYDRUS numerically solves the Richards” equation for satyrated-unsaturated water low
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and Fickian-based advection-dispersion equations for heat and solute wansport. The water How
part of the model, which was the feature of HYDRUS wsed specitically for this study, can
address constant or tme-varying prescribed head or flux boundaries, boundaries controlled by
atmospheric conditions, and free-drainage boundary conditions. The flow region m HYDRLUS
can include nonuniform soils. Unsaturated soil hydraulic properties can be described using a
variety of analytical functions (e.g.. van Genuchten-type parameters) and both evaporation and
root water uptake (transpiration) can be modeled. The HYDRUS package has been extensively
tested, used for regulatory-based assessments, and used for rescarch. Additional mformation on
the HYDRUS modeling package can be found in the HYDRUS-1D manual (Simunck et al.
FOUKY,

2.2 InputData
The HYDRUS model requires various input parameters to define the atmospheric boundary
conditions for the simulations and to specify the hvdraulic properties of the cover materials. This

section discusses the data selected to charactenize these parameters.

2.21  Atmospheric Input Data

The atmospheric input data {e.g., site-specific precipitation and potential ET time-series values)
are important controls on how well a landfill cover model actually represents cover performance
{Bonaparte et al., 2004; [TRC, 2003). These data can be a key source of uncertainty, especially
in semiarid environments where the BT and precipitation are of similar magnitudes, and
precipitation s highly variable in time and space. Because of the wmportance of the atmospheric
input data to the modeling, substantial effort was spent in determining the best approach for
constraining the atmospheric boundary in HYDRUS. The objective of this effort was to develop

input data that accurately represented the site under current chimatic conditions.

The paramount concern in developing atmospheric input data was 1o constrain I’ as this s
often where the greatest uncertainty exists. Overestimation of ET leads to underprediction of
downward fluxes (seepage) and vice versa. Four different approaches for estimating I'T were
examined by Simunek and McTiver {2004) using data from the ET cover studies of Nvhan
(2003) and Nyhan et al. (1997); these evaluations are desceribed below.

Nyhan (2005} and Nyhan et al. (1997} conducted a multivear study of an ET cover design on
Mesita del Buey at a location just west of MDA G. The general configuration of the cover design
that was evaluated and some aspects of the experimental design are shown in Figure 2. The
Nvhan and Nyhan et al. research provides an excellent basis for examining different approaches
for predicting ET at the disposal facility because of the study location’s close proximity 1o
MDA G. Furthermore, experimental data were collected on a daily basis and, as such, provide a

detailed record of site conditions.

I
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Using daily total precipitation and other meteorological data collected at the experimental site
described in Nyhan (2003), Simunck and McTiver (2004) conducted simulations to determing
which of four approaches to constraining E'T yiclded results that best matched the Nyhan water
content profiles, seepage. and interflow (side drainage) data. The four approaches estimated daily
F'T using (1) the water balance equation to caleulate BT directly from the 1993 experimental data
(as reported in Nvhan, 2003), (2)the original version of the Penman-Maonteith  equation
(Monteith. 1965 and 1981}, (3) the combination Penman-Monteith formula (FAO. 1990}, and
{4) eddy covariance data collected at the Los Alamos, TA-6 meteorological station {see
<htipr/fweather lanlgov/ ) The Penman-Monteith approaches calculate “potenual” B, or the
maximum amount of water that can be lost o evapotranspiration under given atmospheric
conditions. The other two methods vield “actual” ET values, which may be less than potential
1 because of factors such as the depth of the evaporation front in the soil. Although each of the
four approaches has associated problems (Simunek and McTiver, 2004), they currently represent
the best means of constraining E'T. For comparison purposes, cumulative F'T values for 1993,

determined with each of the four methods, are plotted in Figure 3.

Simunek and MeTiver used HYDRUS-2D because the Nyhan experimental design had capillary
barrier effects that caused interflow in addition o downward {low. Daily precipitation and other
parameters were held constant to allow the effect of the different E'T datasets to be readily seen.
Direct (forward) and inverse modeling were nsed 10 evaluate the four ET approaches using the
1993 data reported in Nyhan (2003). For the direct simulations, the Nyhan experimental B data
(approach 1) yielded reasonable predictions of water content. However, the simulation did not
predict seepage and, although it did predict interflow, the flux was underestimated. Both seepage
and interflow occurred in the actual field experment. The two Penman-Monteith approaches
greatly underpredicted water contents, failed to predict scepage. and predicted only minor
interflow. The eddy covariance approach severely overpredicted water contents, scepage. and

interflow,

HYDRUS provides an inverse simulation option that allows the user to mput certain properties
while the program optimizes others. This option was used as an additional check on how well the
four different ET estimation approaches could represent actual conditions. Under this aption,
HYDRUS estimates water contents and seepage and interflow fluxes using an initial set of
hydrologic properties {taken from Nyhan, 1997) and compares nredicted water content and
fluxes 16 the observed values reported by Nyhan (2005). The program then varies the hydrologic
properties until the sums of squares of the residuals between the observed and predicted water
contents and fluxes are minimized. Thus, the model is run many times to find the “optimal”™ set
of hydrologic properties that best fit the observed data. If the inverse simulation results for a
given T dataset show that only minor adjustments of hydrologic properties are needed and that
seepage and interflow fluxes can be reasonably simulated. this provides additional evidence that

a given BT dataset is likely a reasonable representation of actual ET values,
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Phe inverse simulations using the Nyhan experimental BT data (approach 1) resulted m good
matches for water content, cumulative scepage. and cumulative interflow (Figure 4) and the
optimized parameters using the Nyhan experimental data were not significantly different than the
measured hvdraulic properties. The Nyhan-data inverse simulations did, however, underpredict
water contents in the region just above the crushed tuffigravel contact during the two wet
periods, which occurred just alter 200 and 400 days (Figure da). The inverse results for the two
Penman-Maonteith simulations were less successful in simulating the observed water confents and
the optimized parameters for these approaches differed greatly from measured properties. The
results from the original Penman-Monteith cquation (approach 2) are shown in Figure 5 it is
evident that the caleulated and measured water contents do not mateh. especially during and after
the two wet periods (Figure 5a). Also. although the occurrence of seepage and mterflow were
predicted (Figures Sb and 5¢), the Penman-Monteith approach did not accurately simulate the
timing of the flows as shown in Figure S¢. The results of the iverse simulation using the eddy
contents, seepage, and interflow were all overpredicted and optimized values were physically
unrealistic. Additional discussion and details of the inverse modeling results can be found m
Simunek and McTiver (2004).

The Penman-Monteith approach is commonly used to constrain ET for landlill-cover
performance modeling. However, as shown by the forward simulations, this approach can result
in overestimation of F'T which, in turn, results in lower estimated downward and lateral fluxes.
This is clearly not representative or conscrvative in terms of the groundwater risk pathway. In
addition, the poor inverse modeling results suggest that this approach 1s problematic for use at
MDA G

Eddy covariance is considered 1o be one of the most accurate approaches for measuring BT if the
energy balance error can be adequately reduced. 1t was hoped that the eddy covarance data
would effectively constrain the atmospheric boundary condition  because multidecadal
atmospheric records including actual ET could be generated for Los Alamos. However, the
HYDRUS modeling shows that the eddy-covariance-based ET data from Los Alamos are
problematic and likely underestimate actual E'T by significant amounts. The annual and monthly
differences between measured precipitation and predicted ET were caleulated and it was found
that annual precipitation systematically exceeded annual ET, sometimes by a large amount. {data
not shown). This difference is clearly not correct for a semiarid climate such as Los Alamos, and
provides further confirmation that the ET values are probably underestimated. The possibility of
correcting the ET values was considered, but consultation with a micrometeorologist indicated
this is essentially an impossible task because of the nature of the errors in the latent heat

determinations {Cooper, 2004).
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In short. the S-vear-long, water-balance-derived ET dataset from Nyhan's cover demonstration
plot (approach 1) appears to be the most representative for use at MDA (. Although not perfeet,
when compared to the data available for many other landtill-cover studies, these data are
excellent for defining the atmospheric boundary conditions. The HYDRUS mverse modeling
shows that these data can reasonably reproduce very complex cover behaviors including dynamic
water content changes, interflow, and secpage. One disadvantage of using these data 10 model
FT is that they cover only 3 vears. Nevertheless, during this S-year period, annual precipitation
ranged from about 36 to 46cem (14 to 1Xin) compared to the long-term average annual
precipitation for MDA G of about 37 cm (15 in.) (Bowen, 1990). Although one of the vears
(1998} had precipitation that was slightly below average at 30 em (1410}, all other vears had
above average precipitation. Thus, even though the dataset does not adequately capture the local
long-term variability in climate, it does appear 1o represent average or slightly above-average
conditions. Another limitation to using the water-balance-derived approach is that it provides
actual FT rather than potential FT. (The HYDRUS model 1s designed 1o use potential BT as
input and then to calculate actual ET based on hydraulic properties.) Despite this inconsisiency.

however, the above analysis supports the use ot the data from this approach.

As a further check on the influence of the atmospheric boundary data, simulations of the MDA G
cover were conducted using experimental data from an earlier set of landfill cover experiments
(Nyhan et al., 1990). These experiments, known as the Integrated Test Plots (ITP), were
conducted over a 9-year period from 1983 through 1993, Daily precipitation records for the
experimental peried were obtained. but the FT data were available only as cumulative BT over
2-week periods. To build a daily time series, ET values were apportioned evenly for each of the
14 days. This led to an artificial step-type appearance to the data. However. over longer time
scales, it was thought that this approximation would not severely affect the results,

Simulations based on the I'TP data vielded higher BT rates than did the 1993 experimental data
reported in Nvhan (2005). Thus, the ITP data appear to be shightly less conservative than the
newer data. This result, in conjunction with the lower resolution of the E'T data and water content
measurements found in the ITP dataset, led to the adoption of the Nyhan (2003) cover-study data
as the primary source for HYDRUS modeling of the MDA G cover. Thus, HYDRUS-1D
simulations of the MDA G cover design were conducted using the S-year atmospheric dataset
supplemented by a few 9-year simulations using the TP dataset. Additional  1,000-vear
simulations were conducted by repeatedly concatenating the S-year dataset to build a 1.000-year-

long time series.

2.2.2  Hydraulic Properties
The hydraulic properties (e.g., saturated hydraulic conductivity and the van Genuchien

parameters) of the materials used in the cover are a major control on the rate at which water
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flows through the disposal facility. Two cover maternals were modeled in this study: 1 op Taver
that consists of crushed wil with 6 percent bentomite, and g lower laver that consists solely of
crushed with The lower, crushed wi ayver was meluded o represent the operational cover placed

over disposal units during interim closure and, in some cases, the underlving waste (Fgure 14

The values wsed for the hvdraulic properties of the crushed wiff layver were reported i ovan
Genuchlen (19R7), Unfortunately, no measurements are available for the 6 percent bendonite amd
crushed il mixture included in the MDA G cover design, Consequently, the propertics for this

laver were estimated using several approaches,

One of the mteresting things that happens when crushed wil s muxed with small percentages of
bentonite 1s that the saturated hydraulic conductuvay (A, decreases dramatically, A rypical &

K

value for crushed il is about 1> 107 ems (3.3 = 107 fis). However, with the additon of 10
percent bentontie, the A can decrease by four orders o magniude (Nvhan et al, 19973 In fact, @
i0-pereent-bentonite addinion reduces the conducovity to such an extent that the resolram
crushed witbentonite material s equivalent o the “tmpermeable” clay laver used m the 118
Envirenmental Protection Agency (EPA} Resource Conservanon and Recovery Act (RURA)

cover design {MNvhan el al, 1997y,

fnn terms of the current study, i was necessary to determine how the 6-percent-bentonite addition
affects the hydraulic conductivity and other hydraulic properties of the upper layer of the
maodeled cover. Abecle (1984) conducted a laboratory and modeling study of crushed il
mixtures with various proportions of bentonite and presents two models for predienng K w
vartous compactions for a given percentage of bentonite. When used to estimate A, tor the
o-percent-bentonite  admixture, these models vielded values ranging from 2.9x 107 1w
36 10" ems (95107 10 1.8> 107 fs). Nyhan o al. (1997; reported a Ko value of
6.2 10 N emis (2.1 = 107 1) for a {G-percont-bentone/tull maxture, which sugpests that the
Abeele (1984) estimates may be low. To examine this, a Tmear regression was it berween the K,
values for pure crushed wit and the value {or the 10-percent-bentonite mixture reported in Nvhan
et al, (19973 The estumated result for the o-percent-bentonite/crushed il nuxture was
L1 107 envs (4.3 < 107 inss), Because this was the highest estimated A, value, it was selected

for use in the HYDRUS modeling.

{Thes hinear regression approach was also used 1o estimate the water content at saturation, the
restdual water content, and the van Genuchten « and » parameters. These parameters are used to
eatimate unsaturnted hydrauhic conductivities under varying water content conditions. The linear
regression approach  was pragmatic, wven  that thore were data for only two o orushud
withentonite mixtures and that oll of these properties are highly nonhnear. The approach was
discussed with Rien van Genuchien from the George B Brown, Jr. Salinity Laboratory {operaed

by the UUS, Department of Agrnculiure), who concurred that estimation using hncar regrossion
- o b &




was probably the best available approach given the lack of measurements (van Genuchien,
2004). The hydraulic properties used in the simulations are shown in Table 1.

Table 1
Hyvdraulic Properties Used in the HYDRUS-1D Simulations

van Genuchten Saturated
Residual Saturated Parameters Hydraulic
Water Water Conductivity
Material Content Content a n {mid)
1- Crushed Tuff with 8% Bentonite 0 4. 0E-01 56E-02 | 30E+00 9 3E-04
2- Crushed Tuff 1.0E-02 3.3E-01 1AE+00 | 158400 25601

The hydraulic properties developed for the crushed wif/bentontie layer are highly uncertain, the
impacts of which are discussed in Section 4. A scries of crushed mufi"bentonite mixiures has been
submitted for analysis to the George I Brown, Jr. Salinity Laboratory for hvdraulic properties

analysis. However, the data will not be available until late 2005,

Gravel and cobble are also included in the cover design (Figure 1) and may affect the hydraufic
behavior of the cover. However, the effects of the gravel and cobble additions were not modeled.
Approaches do exist that allow hydraulic properties to be adjusted for the addition of gravel, but
given the large uncertainties related to the values for the basic propertics of the G-percent-
bentonite cover, the examination of the effects of gravel mixtures was deferred unul the

laboratory analyses of the crushed tuff/bentonite mixtures become available.

A topsoil and optional gravel layer are also shown n Figure 1. These features were not included
in the HYDRUS modeling for several reasons. First, these layers were not included i the
Jandscape evolution model for the MDA G performance asscssment and composite analysis
(Wilson et al.. 2005). and the decision was made 1o preserve consistency between the surface and
cover modeling efforts. In addition, the wpsoil layer is identical to the crushed wil’bentonite
material in the main cover laver except that it is amended with soil “pep.” a ground bark material
to support plant establishment. Thus, the topsoil layer should be more similar hydrologically to
the crushed wifbentonite mixture that was modeled than to topseil. Once the laboratory analysis
of the crushed wiibentonite mixture is completed, subsequent HYDRUS modeling will include
the topsail layer. Simulations with and without the optional gravel layer can also be run;
however, this will require 2-D modeling because of the strong potential for capiliary barner

eflects and intertlow generation.
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2.3 Simulations Using Variable Conditions

Stmulations were run o explore the effect of vamatons in the crushed wifbemonie laver
thickness, total profile thickness. mitial pressure head, and plant uptake on downward flux. To
precict the effect of cover thickness on flux, both the thickness of the crushed i bentonite laver
and of the total profile were varied. Thicknesses of T and 5 m (3.3 and 16 ft) were selected to
represent the topmost (erushed wiPbentonite) faver of the modeled cover. This range was chosen
on the basis of the cross section of a long slope Tength cut from the geographic information
system (GIS) cover model (Wilson and Crowell, 2003) and 15 expected to generally encompass
the remammg thicknesses of this cover layer at the site after 1,000 vears of surface erosion. The
total profile thickness was varied between 2 and 13 m (6.6 and 16 1) to assess the impact of
variable backfill conditions at the site. Simulations for 3+ and 1,000-vear periods were performed
using the daily atmospheric boundary data collected by Nvhan (2005), as described i Section

2201 1o addition, 9-vear simulations were made using the 1'TP data.

Because of the large uncertaintics associated with hyvdraulic properties at present. no sensitiviry
anatysis of the effect of these properties was performed: such analysis has been deferred until
measured hydraulic properties of the crushed tufbentonite material are available from the
George b Brown, Jr. Salinity Laboratory. The effects of two different initial pressure head
conditions were determined by conducting simulations with a -1m (-2.2 1) initial condition
(representing wet, but not saturated  conditions) and a -10m G320 anivag condition

(representing a drer condition ),

Mast simulations involved removal of water through BT directly from the surface of the cover.
However, because plants will also cause water removal o occur within the cover. a few
simulations were made using the HYDRUS root uptake feature {Simunck ot al, 19987 The
Feddes root uptake model was used to represent a generic grass cover: this model was
recommended by I simunek over the S-shaped mode! (the other root uptake mode! included in
HYDRUS see Simunck ¢t al., 1998 and 1999 for more information) as more appropriate for the
MDA G simulations (Simunck. 2005). As a starting point for the plant uptake simulations.

30 percent of the total BT was arbitrarily assigned o evaporation and 30 percent to transpiration.
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3.0 Results

The HYDRUS modeling included short-term (5- and 9-vear) and Jong-term (1LUOO-vear)
simulations, as deseribed above. The S-year simulations use the T data documented 1 Nyhan
(2005): these data were concatenated repeatedly to build the 1,000-year time series. The Y-year
simulations use FT data from the 1TP experiment of Nvhan et al. (1990}, The results of the

stmulations are described below,

31 Short-Term Simulations

Average annual fluxes for the 5- and 9-ycar simulations are shown in Table 2. Fluxes range from
0.05 10 0.19 crvyr (0.02 te 0.075 in/yr) and were determined by dividing the cumulative amount
of water leaving the bottom of the profile by the number of years that the stmulation was run (in
this case. 3 or 9 years). The 9-vear results, conducted using the TP dataset, were comparable ©
the S-year results, but the flux was slightly lower (Table 2, stimulations 1 and 4). This difference
can be attributed to the slightly lower precipitation-to-I7T ratio that was observed in the TP data.

Table 2
Average Annual Flux for 5- and 9-Year Simulations

Thickness {m}
Simulation # Cover (6% bentonite) | Cover Plus Underlying Crushed Tuff | Flux (cmlyr)
§-Year Simulations
1 1 2 7 0E-02
2 5 15 1.9E-{11
ar 1 2 7 0E-07
9-Year Smulations
4 1 2 50E-02
5 1 3 1 08~
& 1 & 1BE-011
s A mondistiony run with an infial pressure heat of -1 m = Simulation 3 ingluded root uplake mudelng
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Typieal results for the S-vear simulations are shown m Figures 7 through 9. These results. plotted

-

from the simulation T data shown i Table 2, represent a Tem (3310 thick laver of crushed
tuffbentonite overlving 1 m (3.3 11 of crushed will The effects of the ttme-varying atmosphene
bonmdary condition can be seen i Figore 7. This figure represents the datly et flux through the
surface (top) of the profife. with segative flux indicating the removal of water from the cover,
Values oscillate arcund zero depending on whether precipiiation or BT was greater on g given
day. Variations in water content through ume are shown in Figure 8, in which the effect of the
two different cover materials 15 clear from the sharp mansition at a depth of Lm (3.3 #1)
Cumulative water a1 the bottom of the profile {ie., total water pussing Urough the botiom
houndary of the profile over the simulation period) during the S-vear stmdation 8 shown
Figure 9. The nonlinear cumulative water plot indicates that steady-staie conditions {i.e., a near

constant flux over fime) were not guite reached.

3.2 Long-Term Simulations

The comphance period of the MDA G performance assessment and composite analvsis i 1,000
vears. Consequently, a series of 1LO00-vear simulations was conducted: the aunospheric data
series for these simulations was generated by concatenating the S-vear datasews as discussed
section 2.2, The average annual fux vesubts for these simulations are shown in Table 3 Values
were generally lower than Hluxes for the Sevear simulations, rangng from 0.003 10 0.07 cmvyy
{0001 10 .03 v,

Table 3
Average Annual Flux for 1LO00-Year Simulations
Thickness (m)
Crushed Tuff f Crushed Tuff / Bentonite
Bentonite Layer Layer Plus Underlying | Initial Pressure
Simulation Crushed Tuff Head (m)
7 1 2 10
& 5 8 ~10
G 3 2 -0
10 1 8 10
11 i 2 -1
12 5 r
13 ! 8 1 7 OE-02
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Figure 7
Daily Surface Fluxes for HYDRUS Simulation 1
{S-vear simulation)
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Pypical results for the 1.000-vear stmulattons, based on data from simulation T (Table 3y, ave
shown m Frgures 10 through 120 Simufation 11 represented a 1-m {3.3-11) thick cover overlving
Py (3.3 1) of crushed Wit The effects of the tme-varving atmospheric boundary conditon on
surtace fluxes can be seen in Figure 10, Variations m water content through time are shown in
Figure 111 as with the S-vear simulation shown in Figure 80 this figure shows a markad contrast
mowater content at the aterface between the orushed twttbentonite laver and the vrderlving
crushed wifwaste. Comudative water at the bottom of the profile over the 1OOO-vear sumudanion
period 15 shown in Figure 12, This cumulative water plot mdicates that steadvestate conditions
(near-hinear changes i water feaving the bottom of the profile over tme) were achieved over
mast of the sumulation period, Because a tow steady-state flux was reached, the average annugl
fluxes tended o be lower than i the S-vear simulations (Table 3} In other words, the S-vear
simudations were dominated by the higher fluxes durmg the ymtial dramage phase of the profile.
whereas the LOOO-vear simudations were more influenced by the long-erm. steadv-stawe

condittons.
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Figure 10
Daily Surface Fluxes for HYDRUS Simulation 11
{1,000-vear simulation)
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4.0 Discussion

In geperal. the fuxes for all aimulations are quite low. Results mdicate expected average annual
fluxes will be less than 0.2 cmevr (0.079 insyr), and possibly ag low as a few thousandths of a

centumeter per vear. This section discusses the effect of varied conditions on downward flux as

well as the uncertainties inherent in this modeling effors,

41  Effects of Variable Conditions

Projected Huxes appear to be sensitive 1o migal pressure conditions. as shown in Table 2 bw the
tong-term simulations iy which flux is greater with an imtial pressore of -1 m (<33 {1y than with
an nital pressure of <10 m (33 1) For example, simulation 7, which had an mitial pressure of
S0 m 32 1) showed a fluy of 0.003 codyr (00012 in/vr), m contrast, stimulation 11, which had
parameters identical o simulation 7 except for an indtal pressure of -1 m <33 11, vickded a flux
of 0.012 cnvyr (00047 insvr). As noted above, the -1 m (3.3 10 miual pressure represents a
farrly wet condition, while the -10 m (<32 1) inmital pressure is more representative of sotls with
volumeltric water contents of around 10 percent, which s similar o those commonly observed in
the shallow subsurface st MDA G,

g .

{he thickness of the laver of crushed wi?bentonite shown in Figure | has relatively hutle effect
on flux values. For simulanons 7 and ¥, both of which had an mitial pressure of -1 m 3.3 {1,

crushed wiPbentonite Taver was moereased from 1o 3m (3.3 o 16 {1, Stmulations 11 and 12,
which had a higher initial pressure head, also showed minor changes m flux when the Unckness
of this cover layer was varied, The Oux for simulation 11 which had a crushed wiifbentonit

faver thickness of Tm (3.3 10, was 0.012 comvyr (00047 moyvry the flux for simulaton 12, m

which the same laver had a thickness of S m (16 i), was slightly higher at 0018 omoyy

{0071 invrd

fhe effect of total profile duckness on infiltation charactenstics 15 also relatively small, bor
example, a total profile thickness of T-m (33-11) resulted i a Dux of .07 cmivr (9.0039 vy
(strmtlavion 11 When the erushed wiff laver was moreased o 3-m (164100 thick, the flux
mcreased o GO7 ey (0,028 v (simudation 123 In short, vanations 1 cover thickness and
overall profile thickness result in flux changes that are less than an order of magnitude. Flux does
merease with thickness, but this s probably related 10 the larger volume of initial dramage that
oceurs 1n the tucker profiles. The small vanation in flux in response 1o changes in thickness 1
probably related to the fact that even the thinnest profile examined (1 m [3 23 1] of crushed
wilbentonite overlving 1 m [3.2 1t] of crushed ity appears to have ample storage o contam

mifiiratng water until 1013 removed by B
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The addition of plant uptake also had a relatively small effect on flux values. The 5-

yoar

%

simulations | and 3, which were identical except for root uptake, showed no significant
difference in flux values (Table 23, There was, however, a shight (but insignificant) increase in
estimated flux when root uptake was added to the 1.000-year simulations. Simulation 7, with no
plant uptake. had a flux of 0.003 em/yr (0.0012 inyr) in contrast to a flux of 0.008 emiyr
{(0.0032 in/yr) for simulation 9, which included plant uptake (Table 3). This merease was
somewhat surprising. but is probably related o the grass uptake parameters that were used,
which do not allow transpiration to occur if the cover material becomes too dry. In other words,
the root uptake parameters can shut down transpirative removal of water under some conditions,
resulting in more water that can move downward through the profile compared © simulations
without root uptake. In any case, the root uptake results are considered exploratory in nature;
additional work is required to better implement root uptake for MDA G, as discussed 1 Seetion
4.2,

4.2  Modeling Uncertainties

There are major uncertainties that should be addressed v any future modeting of the F1 cover,
and there is a real possibility that revised modeling results could differ substantially from what 15
reporied here. This section discusses major uncertaintics relative to possible future modeling

work,

As explained in Section 2, the atmospheric-boundary-condition time senes {e.g., precipitation
and ETj is a critically important aspect of the cover modeling. This study used an internally
consistent set of data that was collected at Mesita del Buey. the mesa on which MDA G s
jocated. However, while these data represent near-average conditions, they do not capture the
wide variation in climatic conditions that exist at Los Alames. One means of addressing this
variation would be to model a 1.000-vear, stochastically generated time series as was done for
MDA H (LANL. 2005} However, this would require using an approach such as the Penman-
Monteith for ET, and the comparisons performed in this study indicate the Penman-Monteith
method may overpredict ET and, consequently, underpredict downward flux. 1t is possible that
the Penman-Monteith approach could be adjusted or calibrated to the cover demonstration data
and used to generate ET for the 1,000-vear stochastic weather predictions.

A few simulations were made to account for plant uptake using generic grass parameters: as
discussed above, the introduction of plant uptake did not alter the results significantly. However,
for these simulations the ratio of evaporation to transpiration was set arbitrarily 1o 111, even
though this ratio is actually dynamic over time. In addition, a generic grass cover may not
accurately reflect the characteristics of MDA s native grass or any trees that could mvade the
site. Thus, it would certainly be worthwhile to explore how the evaporation-to-transpiration ratio

and the inclusion of more representative vegetation parameters might impact the simulation
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results. Future work could include & more refined plant uptake model using maore site- specific

grass and tree uptake parameters, and a more dynamic ratio of evaporation (o transpiration

Hydraubic properties of the crushed taff-bentonite mixture are a major uncertainty, especially
since the hivdrauhe conductivity estimated here contrasts so dramatically with pure crushed wif
When the laboratary data become available. it will be important to rerun the simulations. This
will allow the sensitivity to hydraulic properties to be examined in a meaninglul wav, and will
provide a bases for determining the effect of the gravel and cobble additions to the cover,

Phe HYDRUS simulations showed a marked contrast in water contents at the contact between
the crushed wiffbentonite layer and underlying crushed witfwaste (Figures 8 and 113, Measured
hydraulic properties for the crushed wittbentonite laver will help to veritv this strong
demarcation m values. 11 the contrast remains when measured values are used. it is possible that
capillary barrier effects and interflow along the edues of the cover may he observed.
FIYDRUS-2I or possibly HYDRUS-3D simulations would be required 10 examing capillary
barnier effects and possible interflow generation. Exantination of slope length effects would also
need o be considered. A capillary barrier 15 often viewed as a design asset and is intentiar wally
meorporated mosome cover designs. However, it is important o determine if interfiow will
aceur, because engmeering controls may be needed to manage this water and rowie 1t away from
the site. The optional filtration layer shown in Figure 1 is another area were capiflary barrier

effects might occur: if this laver is meorporated in the tinal design, it should be evalugied also,

A final uncertainty that may require future assessment is the issue of preferential flow. The
maodeling presented here used porous media (matrix) tvpe flow throughout the 1.000-vear periad
and did not assume any evolution or degradation of the cover, However. the addition of bentoniic
may make the cover prone to cracking, which has been a significant failure route in RORA-type

bul the
possibihty should be assessed because cracks can route water quickly through the cover, in

clay-laver covers. The percentage of c¢lay mav be low cnough o prevent cracking,

addition. the potential for tree invasion indicates that stemflow and macropore flow in root
channels may be important preferential flow considerations. HYDRUS-2D is currently heing
used 1o examine ponderosa pine root channel preferential flow (Guan. 20051 similar simulations
coudd be conducted for MDA G,

%'im}{ it should be noted that field experiments and studies could be performed to support or

wlement future HYDRUS modeling. This applies not only fo preferential flow guestions., but
[0 dw testing of cover materials. Small- or mtermediate-scale field experiments would be very
useful as a test on expected behaviors and performance and would help identify unantic cipated

effeots and build confidence in mode! results.

ey 20 LANE TASE B8 G é ¥




Given the variety of uncertainties, one question i1s whether the HYDRUS-predicted fluxes
obtained in this study are reasonable. To examine this question, the distribution of HYDRUS
fluxes were plotted against Aluxes measured independently at MDA G using the chloride mass-
balance approach described in Newman et al. (2003). This plot, shown in Figure 13, mdicates
that the HYDRUS and chioride-based fluxes span a similar range, and conseguently. that the
HYDRUS results are “reasonable” values for the MDA G environment. It should be noted.
however. that the chloride-based fluxes represent long-term average values for current conditions
at MDA G and do not account for the addition of the proposed cover design madeled here.

Nevertheless, the comparison is useful for evaluation purposes.
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B Borehole ehloride profiles and Sux astimates
{rom Mewman ot al, 2005

Figure 13
Comparison of HY DRUS Flux Estimates and Chloride Mass
Balance Estimates for Material Disposal Area ¢
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