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Executive Summary

Performance assessment (PA) for the Area 5 Radioactive Waste Management Site (RWMS) on the
Nevada Test Site considers, among other processes, both liquid- and vapor-phase solute transport
via advection and diffusion to the accessible environment. In support of the PA, this study

devel ops estimates of present-day liquid and vapor fluxes at three well locations near the Area 5
RWMS. It also evaluates liquid- and vapor-phase solute diffusion models. Predictions of fluxes
and evaluations of diffusion model formulations are based upon matching field data for chloride,
stable isotopes of oxygen and hydrogen, and water potentials measured in the three wells.

Present-day liquid and vapor flux estimates are sensitive to several uncertain parameters, the most
important being the timing of the shift from a cool, mesic climate to awarm, arid climate between
26 thousand years (ky) ago and 13 ky ago. Asthe climate changed to drier conditions, vegetation
changes caused a mgjor shift in the vadose-zone liquid and vapor flow patterns as observed in the
matric potentials and chloride accumulation profilesin the shallow vadose zone. The system
continues to dry, so the duration of the post climate-change period affects estimates of present-day
fluxes. Other factors affecting estimates of liquid and vapor fluxes are, in order of importance
determined in this study, a) material properties and their vertical distribution, b) root-zone capillary
pressure, and c) infiltration rates during the pluvial period prior to the climate change.

The estimated liquid and vapor flux profiles vary with depth, material properties, and time since the
most recent major climate change. In al cases, upward liquid fluxes vary between 0.0 and

0.02 mm/yr, with the transition between upward and downward flux occurring at depths between
20 and 70 m. The maximum upward liquid flux tends to occur between depths of 5 and 20 m,
depending upon the simulation conditions. Vapor fluxes are aways upward, with marked increases
to as high as 0.03 mm/yr occurring above depths of 10 to 30 m, depending on simulation
conditions. Below those depths, upward vapor fluxes are on the order of 0.0025 mm/yr.

Due to the low estimated liquid and vapor fluxes, diffusion may be a more important process for
contaminant migration at the Area5 RWMS. Diffusion model formulations for chloride, aliquid-
phase solute, and heavy oxygen and hydrogen isotopes in water molecules, which migrate in both
the liquid and vapor phases, are evaluated by comparison of predicted solute profiles with
measured field data. Aswith the flux estimates, multiple parameter uncertainties must be
considered, leading to arange of predicted solute concentration profiles. The results are split with
more diffusive model combinations leading to better matches to data at some wells and less
diffusive model combinations matching the data at other wells. 1n general, the stable isotope
simulations support a shorter warm, dry period. Thus, if climate warming occurred concurrently
with end of the pluvial period, the stable isotope simulation results support a shorter vadose-zone
drying period and the lower present-day upward fluxes associated with such timing.

The simulations in this study seek to match data resulting from complex subsurface process
occurring over the tens of thousands of years. Multiple uncertainties in those processes affect the
simulations. Further, the nature of predictive modeling is to abstract and simplify complex
processes into a manageabl e framework. Overall, the models yield good, but imperfect matches to
thefield data. No single model matches all data sets better than another. Thus, because the
predicted fluxes are very low for al situations considered and because the diffusion models capture
the observed trends and often the match the data well, this study supports the following
recommendations:

a) Consider equally all fluxes estimated with post-pluvial periods of 13 ky and 26 ky.

b) Consider both the more diffusive and the less diffusive model formulations presented in this
study in the PA and investigate whether the model formulation differences lead to significant
differences in contaminant flux estimates at the ground surface.
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1. Introduction

Performance assessment (PA) for the Area 5 Radioactive Waste Management Site (RWMS) on
the Nevada Test Site considers, among other processes, both liquid- and vapor-phase solute
transport to the accessible environment. Due to the relatively shallow depths of disposal in a
system with hundreds of meters of unsaturated media above the water table, upward migration of
contaminants to the ground surface has become a greater concern than downward migration to the
aquifer. Thisconcern is compounded by recent studies indicating the existence of driving forces
that yield upward liquid and vapor fluxes in a system previously thought to have either small or
zero downward fluxes. However, direct measurement of liquid or vapor fluxesin arid vadose
zonesisvirtualy impossible. Thus, the fluxes must be estimated using simulation techniques
integrated with field and laboratory measurements of material properties and environmental
tracers.

1.1 Objectives

The objective of the present study is to develop a process model for simulating gas and liquid-
phase flow and solute transport in the unsaturated zone of the Area5 RWMS that is consistent
with measured and observed data. The results of simulations with the model will be used to
provide estimates of liquid and vapor fluxes and an evaluation of gas-phase and liquid-phase
diffusion model componentsin the PA for the RWMS. The development of this model is based
on the following approaches:

1. Useresults and concepts from several previous studies to devel op a comprehensive
vadose-zone flow and transport model for this system.

2. Useexigting data sets to constrain and confirm model parameters, boundary conditions,
and initial conditions.

3. Provide multiple results to indicate ranges in model flux predictions based upon multiple
boreholes and their associated material properties, chloride concentrations, and stable
isotope ratios.

4. Provide resultsthat either validate or increase confidence in individual components of the
overall system model used for performance assessment.

1.2 Nomenclature:

Predictions of present day liquid and gas fluxes depend on hydrologic processes that occurred
over many tens of thousands of years. In the present study, there are multiple references to the
timing and duration of a pluvial period during the Pleistocene, when percolation exceeded
evaporation and transpiration, resulting in net downward flow. Prior to that pluvia period, dry
conditions are assumed to have been prevalent for tens of thousands of years, resulting in massive
accumulation of chloride in the shallow vadose zone. To describe the evolution of the hydrologic
system in this study, the following nomenclature for time is adopted:

e ka=thousand years before present
e ky =thousand years

The system considered involves multiphase movement of water. The termsliquid and vapor are
used, respectively, to describe the two phases of water, whereas fluid refers to either the liquid or
vapor phases, depending on the context. The term “water” is used exclusively to refer to the
liguid phase, to maintain consistency with such terms as “water content”, and air refersto the gas
phase in the porous media of which afraction iswater vapor.

1
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Matric potential, water potential, capillary pressure, and suction are terms found in the literature
to describe the energy state in partially saturated porous media. In this document and the
associated model, we rely on the following relation for capillary pressure (Peyp), Vapor pressure
(Pyapor), and water pressure (Pyaer),

Pcap = I:’vapor - Puater

where Py 40 IS atmospheric pressure (with a correction for vapor pressure lowering discussed in
Section 1.5.3) and P4 1S used to solve the liquid volume flux (q) equation as:

q = -(kR/p) grad(Pyaer - pQ)

where k is the permeability, R isthe relative permeability, p is viscosity, p isliquid density, and g
represents the accel eration due to gravity. The data cited |ater are given in terms of water

potential or matric potential, which corresponds to the P4 term. The magnitude of atmospheric
pressureis quite low (0.1 MPa) compared to the measured water pressures (less than —1.0 MPa)
and modeled root-zone capillary pressures (4.0-8.0 MPa), so that the capillary pressures discussed
are approximately equal to the negative of the reported water pressures.

1.3 Background

Severa previous studies have produced data, conceptual models, and flux interpretations for the
system under investigation. REECo (1994) describes the development and data collection in
three deep pilot wells surrounding the Area 5 RWMS. These wells, UE5S-PW-1, UE5-PW-2, and
UE5-PW-3, arereferred to in other reports and from here on as PW-1, PW-2, and PW-3 (Figure
1). REECo (1994) provides parameter estimates of soil-water retention and unsaturated hydraulic
conductivity relationships for multiple samples at varying depths in each well. The relationships
are based upon the van Genuchten- Mualem formulations for these properties in unsaturated
porous media (Mualem, 1976, van Genuchten, 1980). They also provide tables of chloride mass
measured in core and cuttings, *°Cl/**Cl measurements, oxygen and hydrogen stable isotope ratio
measurements, water potential measurements, porosity, and bulk density with depth in the wells.
Young et a. (2002) report on anew set of material property data from the upper 32 m of Area5,
measured directly on samples from PW-1 and the Science Trench (ST) boreholes ST-1 and ST-2
(Figure 1). Whereas previous methods involved estimating unsaturated hydraulic conductivities
from soil water retention relationships (Mualem, 1976; van Genuchten, 1980), this data set was
developed by measuring the unsaturated hydraulic conductivities directly using an Unsaturated
Flow Apparatus (UFA). The material property fits have quite different van Genuchten (1980)
empirical fitting parameters than those estimated by REECo (1994) (see Table 1 through Table
4). However, the new parameters lead to very similar characteristic curves within the water
content ranges of interest for this study and help support the conclusions of the modeling. The
REECo (1994) and the Young et al. (2002) data sets are used to parameterize the model in the
present study and are discussed later in this report.

Tyler et al. (1996) discuss the role of paleoclimate in recharge and describes the use of chloride,
chlorine-36, and stable isotopes in assessment of historic vadose-zone flow, using data from
PW-1, PW-2, and PW-3. Key conclusions Tyler et al. (1996) make that form the basis for future
conceptual models of Area 5 vadose-zone flow (e.g. Shott et a. 1998, Y oung et al. 2002, and the
present study) are that:
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o Deep vadose-zone data can be used to interpret paleohydrologic behavior

e Infiltration at PW-1, PW-2, and PW-3 likely occurred during past pluvia climatesand is
not occurring under present conditions. Pluvial climates most likely developed prior to
full glacial maximum conditions approximately 20 and 120 ka.

e Themost recent pluvial period (20 ka) may not have been sufficient to induce deep
infiltration everywhere and recharge to the water table is not widespread.

e Surface geomorphology influences areas of infiltration during pluvial climates.

Tyler et al. (1996) discuss distinct double bulgesin chloride datain PW-1 and PW-3 and apply a
simple analytical model to estimate infiltration rates during the most recent pluvial period. They
do not seek to explain the processes controlling the shape of the first chloride bulgein all three
wells. Also, their discussion of soil-water age based on chloride accumulation in the three wells
provides valuable insight for the predictive modeling discussed later in this report.

Tyler et al. (1999) apply the stable-isotope decay-length method of Barnes and Allison (1983) to
estimate upward fluxes at al of the wells shownin Figure 1. Scanlon (2000) used the same
method for study sites in the Chihuahuan Desert of Texas. In both cases, the estimated upward
fluxes are high. An upper bound as high as 0.2 mm/yr was estimated by Tyler et al. (1999).
However, there are some assumptions associated with that method that should be examined.

First, the method assumes equilibrium between downward diffusion of isotopically enriched
water with upward advection of isotopically depleted water. Asdiscussed later in thisreport, itis
unlikely the system isin such equilibrium. Downward diffusion of dissolved chloride and
isotopically enriched water appears to be in atransient state. Second, the method was originally
developed for very shallow soils. The applications cited here extend the method to systems below
xeric root zones. However, the analytical solution does not seek to account for that added
complexity. Detailed evaluation of the decay-length method for estimating upward advection is
beyond the scope of the present study. Here we note that process model estimates of upward
fluxes (Shott et al., 1998; Young et a., 2002; Walvoord et al., 2002a,b; and the present study),
incorporating more detailed material properties as well as plant/soil interactions are well below
the analytically derived upper bound of 0.2 mm/yr.

Shott et al. (1998) develop a conceptual model delineating the movement of moisture in the
vadose zone beneath the Area5 RWMS into four regions. The upper region, zonel is
characterized by upward liquid flow toward the large capillary pressure created by transpiring
plants. Zone Il is described by Shott et al. (1998) as being static and of variable thickness. They
estimate a static zone at PW-1 between 40 and 90 meters deep. Zone |1 is described as existing
under quasi-steady state conditions, being dominated by gravity drainage or vertical downward
flow, conditions reached a considerable time after the end of a much wetter past climatic period.
Finally, Zone IV is characterized as the lowest portion of the vadose-zone, where the hydraulic
potential is near zero. Shott et al. (1998) consider both liquid and vapor flow. However, they
disregard vapor flow, suggesting the thermal-driven vapor flow would only be significant in the
top meter and that pressure gradients are insufficient for isothermal vapor flow. Contrary to the
estimates by Tyler et al. (1999), Shott et al. (1998) argue that upward fluxes are very small and
can beignored in PA calculations. Shott et a. (1998) aso conducted transient liquid-phase flow
simulations to assess the potential for episodic rainfall to infiltrate below the root zone. A key
conclusion of that study is that the maximum depth of infiltration during a 14-year simulation was
lessthan 0.5 m. An additional conclusion addressed in greater detail hereisthat the potential for
diffusion of solutesin the upper zone is eliminated due to the dry conditions.

Young et al. (2002) extend upon the conceptual model of Shott et al. (1998), seeking to better
constrain upward liquid flux at the Area 5 site (specifically near PW-1). The report contains
information on climate reconstruction and a new set of material property data from the upper
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32 m of the Area 5 site, measured directly on samples from PW-1, ST-1, and ST-2 (Figure 1).
The climate reconstruction provides temperature and precipitation variations for 8 intervals with
period lengths ranging from 500 to 5000 years extending back 24 ky. Their numerical model,
similar to that of Walvoord et al. (2000a) described below, prescribes a boundary condition in the
root zone that effectively sets avery large capillary pressure and removes water flowing to that
node in the model. Thus, no infiltration penetrates below the root-zone node during the entire

24 ky sequence and the large capillary pressure provides an upward pressure gradient. Although
multiple sensitivity runs were conducted accounting for uncertainty in the climate variations over
the past 24 ky, the simulated water velocities, capillary pressures, and water saturations are
virtually identical in al runs, due to the control exerted by the root-zone boundary condition
node. Upward liquid velocities estimated by Y oung et a. (2002) for the PW-1/ST-1 vicinity
range from 0.0 to 0.05 mm/yr, with the largest flux occurring about 4 m below ground surface.

Walvoord et a. (2002a,b) devel op the deep arid system hydrodynamics (DASH) conceptual
model and generate fully coupled numerical simulations of time-dependent chloride transport in
the PW wells. The conceptual model of Walvoord et al. (2002a,b) provides the basis for most of
the simulations presented herein, and is described in more detail in Section 1.4. Walvoord et al.
(2002b) modeled chloride transport at PW-1, PW-2, and PW-3 with a multiphase flow and
transport model in the presence of a geothermal gradient and a high root-zone capillary pressure.
A key result of the paper with respect to the chloride data is that the variation in measured core
chloride between the three wells isfit reasonably well by varying the magnitude and timing of the
pluvia flux. The flow and transport model of Walvoord et a. (2002a,b) assumed homogeneous
properties, based upon arithmetic averages for material properties for the three PW wells and
utilized high thermal gradient estimates. Although not vital to the conclusions of their paper,
estimates of liquid and vapor fluxesin the current analysis are improved using more detailed
material property analyses, more reasonable thermal gradients, and incorporating uncertainty in
root-zone capillary pressure and extent and date of the recent pluvia period. Thusin thiswork,
we revisit the chloride modeling of Walvoord et al. (2002b), building on their conceptual model
to better define flux in the subsurface at the Area5 RWMS.

1.4 Conceptual Model

The deep arid system hydrodynamics model (DA SH) is based upon the conceptual model and its
implementation as a numerical model described by Walvoord et a. (2002a,b). The model links
vegetation changes that occurred during the last climate change to the driving function for current
liquid and vapor fluxes in the system. Also part of the model, although less important to net
liquid and vapor flux, are the nonisothermal conditions that exist between ground surface and the
water table. A key component of this conceptual model is that the transition to awarmer and drier
climate and replacement of mesic vegetation with xeric (desert) vegetation induced the
development and maintenance of very large capillary pressuresin the root zone. The root-zone
capillary pressure during this dry period is large enough that episodic infiltration events are
damped in the shallow subsurface and do not penetrate to the deeper vadose-zone flow regime.
Andraski (1997) supports this conceptual model, showing constant damping of water content,
temperature, and capillary pressure fluctuations with depth to the base of the roots in the shallow
vadose zone over a 5-year period that included afairly wet El Nifio climate.

Figure 2 provides a schematic of the conceptual model, showing the flow direction reversal that
occurred due to the vegetation shift associated with climate change after the last pluvial period.
Figure 3 shows the transport processes under present day climatic conditions. One of the key
uncertainties affecting predictions of liquid and vapor fluxes is when the last pluvial period
occurred. Data sets for vadose-zone chloride, water pressure, and stable isotopes from the Area 5
site are used here to build the conceptual model and later to serve as simulation targets for the
process model.
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1.4.1 ChlorideProfiles

The chloride profiles from PW-1, PW-2, and PW-3 (Figure 4) and the chloride accumulation
profiles (Figure 5) are described in detail by Tyler et a. (1996). The depths to the water table are
approximately 235 m, 256 m and 270 m for the three wells, respectively. PW-1 and PW-3 are
predominantly sandy from the ground surface to the water table, whereas PW-2 has relatively
clay rich and gravel rich intervals at depth. For each of the three wells, high chloride
concentration near the base of the root-zone indicates that downward percolation of water is not
occurring under present conditions. Rather, chloride deposited at ground surface as dry or wet
fallout is carried into the root zone with precipitation and deposited there as the water is then
transpired to the atmosphere. Walvoord et a. (2002a) suggest that plants exclude salts from
entering the roots. However, a prevalent plant in Frenchman Flat, Atriplex (saltbush), sequesters
chloride in leaf-bladder cells and then releases it back to the environment when those cells
rupture. The net effect, however, isthat chloride is concentrated in the root-zone, just as with
plants that exclude the salt.

The presence of secondary chloride bulges in PW-1 and PW-3, but not in PW-2 provide insight
regarding the climate prior to the last pluvial period and the spatial variability of factors affecting
infiltration. The absence of a deep secondary chloride bulge at PW-2 suggests that the last
pluvial period fully flushed the vadose zone at that location. Tyler et a. (1996) note that PW-2 is
located along an intersection of two alluvial fans, which may have focused overland flow and
enhanced percolation rates below the root zone during the last pluvia period. Discussion of
aluvia fan mechanics with John Whitney (USGS Denver, personal communication) highlight
that the complex nature of drainage on these systems could easily alow sites within afew
kilometers to experience quite different magnitudes of infiltration during the proposed pluvia
period. Thus, PW-2 shows only elevated chloride concentrations since the last pluvial period,
whereas, assuming 105 mg/m?-yr constant deposition (Tyler et al., 1996), approximately 100 ky
of chloride accumulation is present in PW-1 and PW-3 , indicating incomplete flushing during the
past pluvial period. The location and shape of the secondary bulge is directly related to chloride
accumulation prior to the last pluvial, strength of the last pluvial, and to alesser degree, timing of
the last pluvia. Matching the shape and location of the secondary bulge provides a ssimulation
target in the present study.

Uncertainty regarding the timing of the most recent pluvial is addressed in several studies (c.f.
Tyler et d., 1996; Walvoord et al., 2002a,b; and Walvoord et a., 2003). Tyler et a. (1996)
compare multiple different records used for estimating when the last pluvial period ended,
showing arange from about 10 ka to 50 ka. The more recent values are based upon glacia stage
analyses and the older values are derived from analyses of the chloride accumulation (Figure 5).
Whereas the PW-2 record indicates flushing about 25 ka, infiltration may not have penetrated
below the root zone in PW-1 and PW-3 more recently than 50 ka. In specifying the recent pluvial
period at about 13 ka, Walvoord et a. (2002b) invoke arguments and citationsto local |ake level
increases from 14.5 to 13 ka and vegetation changes from woodland to desert scrub between 15
kaand 12 ka. Their modeling using that date results in reasonable matches to the chloride data
for cores; they did not use the cuttings chloride data. Walvoord et a. (2003) describe uncertainty
in estimating the timing of the last pluvia period, depending upon which method is used in the
estimate. They note that locally, stable isotope analyses predict a range between 16 ka and 8 ka;
capillary pressure analyses predict 32 ka (and longer); chloride deposition estimates predict
between 16 ka and 32 ka. They also note that within these broad ranges, there is no transition time
that wholly satisfies all lines of data.

The climate reconstruction of Young et al. (2002) is consistent with the chloride analysisin the
present report, where the maximum time since the last period of flushing is about 25 ky,
depending on local factors. Uncertainty in estimates of the time of hydraulic transition from a



Area 5 RWM S Vadose-Zone Flux Report

pluvial period to adry period istreated in the present study by considering both 13 ka and 26 ka
for the time of its occurrence.

1.4.2 Chlorine-36 Data

In predictive simulations, the time since the last pluvial period affects estimates of present day
fluxes. As discussed above, the exact timing of the last pluvial period isuncertain. Chlorine-36
data collected by REECo (1994) provide an independent indicator of the duration of recent dry
climatic conditions in which percolation below the root zone has not occurred.

%Cl (half-life 301,000 years) is produced via neutron activation of *Cl and spallation of K and
Cain the atmosphere and carried underground with percolating soil water. High concentrations
of *Cl were added to meteoric water during a period of global fallout from atmospheric testing of
nuclear devicesin the 1950s and 1960s. Prior to 1950, **Cl/Cl ratios ranged between 450 and 550
x10™ for approximately the past 10,000 years. However, prior to about 11 ka, *Cl/Cl ratios were
higher than they are now due to geomagnetic field fluctuations (Plummer et a., 1997, Wolfsberg
et al. 2000). REECo (1994, Appendix E.2) reports **CI/Cl ratios measured in samples from
PW-1, PW-2, and PW-3. Although the data are sparse, plotted in Figure 6, they show a consistent
trend decreasing initially with depth in each of the three wells, and stabilizing below 30 min
PW-3 and below 40 m in PW-1 (no data are available for PW-2 below 20 m).

Two different conceptual models are considered to explain the high signals decreasing with depth
in the three wells. Thefirst involves mixing of recent bomb-pulse with pre-bomb modern water.
For this conceptual model, liquid-phase water percolating below the root zone in the last 40 years
would have penetrated to depths greater than 30 m, bringing some component of bomb-pulse
fallout to such depths. Because the bomb-pulse fallout occurred less than 40 years prior to these
measurements, diffusion is not a reasonable explanation for the downward migration. However,
if advective flux carried the bomb-pulse chlorine-36 to such depths, it also would have flushed
the chloride bulge observed in the upper 10 meters, putting this first conceptual model in conflict
with other lines of evidence discussed in thisreport. Tyler et a. (1999) note that sampling in the
region indicates that bomb-pulse chlorine-36 has not penetrated below about 2 min the alluvial
material.

The second conceptual model (REECo, 1994; Tyler et a., 1999) suggests that the elevated signals
represent the **CI/Cl ratiosin fallout during the last period of geomagnetic fluctuations that
occurred prior to 11 ka. Consistent with other measurements at the NTS, the bomb-pulse signal
would be only in the upper few meters (e.g. Fabryka-Martin et al., 1998; Tyler et a., 1999), and
thus was not found by REECo (1994) at the depths sampled. We extend upon this interpretation
and consider why the signals stabilize below 40 and 30 m, respectively, in PW-1 and PW-3. With
ahalf-life of 301,000 years, radioactive decay alone cannot explain the decrease from 800 to
500x 10 in the *CI/Cl ratiosin PW-1. However geomagnetic fluctuations resulting in
decreases in the fallout signal and mixing with much older (dead or decayed with respect to
chlorine-36) porewater during the last pluvial period are possible explanations. Fabryka-Martin
et al. (1997, Figure 3-2) show the reconstructed atmospheric **Cl/Cl ratio may have varied
between 2 and 1.5 times the present (pre-bomb) ratios, with the minimum occurring about 25 ka.
Tyler et al. (1999) show asimilar plot with the *Cl/Cl ratio in atmospheric fallout 25 ka only
dightly greater than the modern signal, whereas it was nearly two times as great as 15 ka. Thus, if
the last pluvial flushing the system was about 25 ka (discussed in Section 1.4.1), then the ratios
measured at depth in PW-1 and PW-2 may represent the fallout during that time period. A single
sample ratio of 184 x 10™° in PW-1 is explained by Tyler et al. (1999) aslikely dueto
measurement error. It could also be that the sample represents a small isolated zone that never
experienced downward flow in the last several hundred thousand years. With this conceptual
model, the highest values in the shallow vadose zone reflect the peak fallout ratio of about
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1000 x 10™ 15-24 ka. In conjunction with the other lines of evidence indicating no recent
downward flow below the root zone, bomb-pulse chlorine-36 in only the upper two meters of
aluvium, and up to 30 ky of chloride accumulation in the upper 20 m, this second conceptual
model provides a compelling independent complement.

1.4.3 Capillary Pressure

Capillary pressures measured by REECo (1994) are shown in Figure 7 for boreholes PW-1,
PW-2, and PW-3. The two methods used by REECo (1994) for measuring capillary pressure, FP
(afilter paper technique) and CX-2 (awater activity meter), are valid at high and low capillary
pressure, respectively. Thus, the data are used qualitatively in the present study. These profiles
have been considered by Shott et al. (1998), Walvoord et al. (2002b), and Y oung et al. (2002) in
development of the large capillary-pressure root-zone conceptual model. The curves exhibit the
exponential character representative of transient response to a step change in capillary pressurein
the root zone at the end of the last pluvia period due to vegetation shifts (Walvoord et al. 2002b).

1.4.4 Stablelsotopes

Because they are a component of the water molecule itself, the stable isotopes of hydrogen (D
and H) and oxygen (*°*0 and *?0) are good tracers of water movement (REECo, 1994; Tyler et al.,
1996, 1999). Unlike chloride, which serves as atracer for liquid-phase water only, these stable
isotopes trace water movement in both the liquid and vapor phases. Further, due to the mass
differences between H,*%0, HD®0, and H,'20 water molecules, measurements of these stable
isotopes provide insight into evaporation and condensation processes in this nonisothermal
multiphase system. Stable isotope data are reported as ratios in delta notation as

180 180
[(160 (sample) — O (standard)}
50 =1000x o
o (standard)
{(5 (sample) — E (standard)}

oD =1000x 5

— (standard)

H

where the standard ratio is the standard mean ocean water (SMOW) ratio. Tyler et al. (1996,
1999) report the stable i sotope measurements in the three PW wells and several other boreholesin
the vicinity of the Area5 RWMS. These data, plotted in Figure 8 and Figure 9, show the
enrichment of both oxygen and hydrogen isotopes near the surface and the depletion with depth.
The shallow enriched values indicate substantial evaporation whereas the deeper, depleted values
indicate a past cooler climate where liquid percolated to depth before substantial evaporation
could occur. The shape of these curves indicates downward diffusive mass transport of the
enriched signal. Assuming liquid and vapor fluxes are upward just below the root zone, the net
diffusive mass transport downward must therefore be stronger than the advective mass transport
upward. Whereas these data describe a system with a downward concentration gradient because
the soil water is most enriched in stable isotopes near the surface, upward concentration gradients
would exist for contaminants emplaced at depth.

These data, described in greater detail by Tyler et a. (1996), are used in this study to evaluate the
DASH model formulation for vapor diffusion and fractionation between liquid and vapor species.
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There are several features in the stable isotope profiles that warrant consideration with regard to
this project. These are discussed in greater detail by Tyler et al. (1996) and are summarized here.

e PW-2 showssignificant variationsin 8D and 80 at about 50 m, 150 m, and 225 m.
With achloride age date in the entire profile of less than 35 ky, variations in the input
signal would not be entirely damped out due to diffusion. Thus variationsin the stable
isotope signal penetrating below the root zone prior to and during the last major pluvial
period are preserved somewhat in the depth profile.

e PW-1and PW-3 show only modest variationsin 8D and 30 below 100 m depth. The
chloride age dates for these deep liquids approaches 100 ky. Small time-scale variations
would not be preserved over this time frame due to diffusion. The variations at about
250 min both wells, however, implies afairly long-time variation that occurred under
higher recharge rates long before the PW-2 profile flushed completely.

For the purposes of this project, we do not seek to reconstruct the stable isotope input function to
the deep vadose zone for the past 100 ky or more. Such an effort would be valuable, but would
require more detailed climate reconstruction than has been done in past studies and linkage of the
climate reconstruction to precipitation and vegetation. Because we are most interested in vapor
phase diffusion, liquid-vapor partitioning, and fractionation as it might be relevant to performance
assessment modeling of present-day conditions, we focus primarily on the upper, shallow
portions of these profiles. The process for assigning boundary conditionsis discussed in Section
3.2.3 and the model results are discussed in Section 4.3.

1.5 Modeling Approach

151 Story Board

The remainder of this report describes the modeling approach, data sets, model parameters,
boundary conditions, uncertainties, and predictive results. In this section, the overall processis
described. A catalog of the resultant ssmulationsis discussed in Section 4 after the above-
mentioned items have been introduced. A simple flow chart for the flow model processis shown
in Figure 10 and summaries of the simulations are presented in Table 6 and Table 7. Discussion
regarding material properties, variable parameters, and model assumptions are provided in the
remaining sections of this report.

1.5.2 Approach

Using material property parameters compiled in other studies, one-dimensional column models
are constructed to estimate vertical vadose-zone fluxes and transport processes at wells PW-1,
PW-2, and PW-3. Present day fluxes are sensitive to the timing of the last pluvial period when
infiltration persisted below the root zone. The chloride profiles measured in the three wells
provide evidence for when the last pluvial period occurred. Therefore, coupled transient flow and
trangport models are advanced from approximately 100 ka, seeking to match field observations of
chloride while considering uncertainty in the timing of the last pluvial period. Liquid and vapor-
phase stabl e i sotope transport is simulated with these models from the end of the last pluvia
period to the present, with the goal of representing the upper portion of those profiles for which
boundary conditions and initial conditions are more certain. The chloride transport models are
used to estimate deep percolation rates during the last pluvia period, the timing of whichis
treated as an uncertain parameter in these smulations. Whereas the chloride transport
simulations are used to constrain assumptions and parameters of the model that affect present day
liguid and vapor fluxes, the stable isotope simulations are used to confirm the duration, or at least
the range of values considered, of the present dry climate and to evaluate the diffusion model.



Area 5 RWM S Vadose-Zone Flux Report

The material property parameters used to populate the models are obtained from previous studies
in which they were either estimated or measured directly. For each well, homogeneous and
heterogeneous property distributions are used in the models. For the homogeneous parameter
models (also referred to as uniform property models), average values for each parameter are
applied over the entire model domain. For the heterogeneous models, zones associated with
specific samples are populated with the parameters measured on those samples. Table 1 through
Table 4 list the properties specified for each of the different models considered in this study.

Boundary and initial conditions are required for the flow and transport components of the model.
Perhaps the most important boundary condition is the fixed root-zone capillary pressure. This
boundary condition is varied to examine its sensitivity on mode results. Other boundary and
initial conditions include the percolation rate and time of occurrence and duration of the last
pluvial period, the chloride deposition rate, and the stable isotope concentrations in the shallow
vadose zone.

1.5.3 FEHM Flow and Transport Code

As described in Walvoord et a. (2002a), the finite element heat and mass transfer (FEHM)
computer code [Zyvoloski et al., 1997] is used for simulating unsaturated flow and transport in
accordance with the DASH conceptual model. FEHM is maintained in software configuration
management in accordance with the Y ucca Mountain Software Quality Assurance Program.
Version 2.21 was used in this study. FEHM simulates nonisothermal, multiphase,
multicomponent flow in porous media. For vapor transport, FEHM incorporates 1) pressure
driven vapor flux following Darcy’slaw and 2) diffusive vapor flux driven by vapor pressure
gradients. Vapor pressure gradients can be caused by thermal variations and vapor pressure
lowering at large capillary pressures. The latter has a much larger impact on vapor flux in the
present system and is discussed in greater detail in Section 3.3.

The van Genuchten relative permeability function [van Genuchten, 1980] describes the
relationships between permeability and saturation and between pressure and saturation.
Assumptionsinherent in FEHM include: (1) Darcy’s Law appropriately describes the movement
of liquid and vapor, (2) local thermal equilibrium between the fluid and the rock is maintained,
and (3) solute transport does not affect the transfer of fluid or heat. Additional assumptions
imposed in this study, but not inherent to FEHM, include (1) 1-D vertical flow adequately
represents the hydrodynamics, (2) air flow is negligible, (3) chloride behaves conservatively
(nonsorbing and nonreactive) and is nonvolatile, and (4) fractures, macropores, or other
preferential flow paths do not affect the system. Chloride is assumed not to exit the soil through
plant liquid uptake. Although saltbush does, in fact, sequester chloride in leaf bladder cells, the
chloride is released when the cells rupture, thus allowing it to mix back in with the shallow
surface soils, consistent with the approximation specified in the model.

The models and solution algorithms for FEHM are described in detail by Tseng and Zyvol oski
[2000] and Zyvoloski et al. [1997]. In this study, one-dimensional columns are simulated with
finite-element grids of variable vertical spacing. Each system considered (PW-1, PW-2, PW-3) is
modeled with a 225-node, one-dimensional finite-element grid. Increased resolution (0.1 m) is
applied near boundaries and coarser resolution (1.0 m) is used elsewhere. The pressures on
bottom boundary nodes are fixed at atmospheric pressure to represent water table conditions.

Fixed temperatures are specified at the top and bottom boundaries establishing a heat flux through
the vertical column that isfairly uniform and quite low. The air column remains static (the air
pressure gradient is zero), volume changes and vapor-phase displacements induce a minor
component of advective vapor flux (recall vapor refers to water vapor). Most movement of vapor
isviadiffusion from avapor pressure gradient.
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The boundary conditions at the top of the model are specified differently depending upon whether
the time period of consideration is associated with adry climate and xeric vegetation or with a
pluvia climate and mesic vegetation. The timing of these events, discussed in Section 1.4, is
summarized here. Dry climates are considered for the time period from approximately 100 kato
the most recent pluvial period, and since the end of the most recent pluvial period until the
present (discussed in Section 1.4).

During the two dry periods, a constant, large capillary pressure boundary condition is specified at
approximately the base of the root zone, 3 m below ground surface. Due to the large capillary
pressure specified at this location in the model, water-pressure gradients cause flow toward this
specific node. Water is drawn to this node from above and below and it is removed asit arrives,
approximating the process of transpiration. In addition to Walvoord et al. (2002a,b), Young et al.
(2002) and Scanlon et al. (2003) implement a similar root-zone boundary condition. During the
two dry periods, water is applied at the top of the model at a concentration and rate appropriate to
provide a chloride deposition rate of 105 mg/m?yr (Tyler et a., 1996). All of the water applied
at the surface is subsequently removed by the large capillary pressure boundary node at 3 m
depth, leaving the chloride behind at this depth. Hence, the chloride bulges develop in the root
zones a all three wells.

During the pluvial period, the root-zone boundary condition is turned off, making the infiltration
rate at the top node an important model parameter. During this period, the infiltration rate
represents the deep infiltration that penetrates bel ow the root zones of mesic vegetation. Itisa
model parameter determined to yield results that best match the secondary chloride bulgesin
PW-1 and PW-3, and the apparent complete flushing of any previously accumulated chloridein
PW-2.

The equations governing the conservation of liquid mass, energy, and noncondensible gas mass
equations are solved in a quasi-coupled formulation with the solute mass-transport equations. The
transport equations use the flow rates and temperatures obtained in the heat- and mass-transfer
solution at each time step. Therefore, fully coupled flow and transport (without feedback from the
transport solution) is approximated by using small time steps in the simulations. Some of the
unique modeling components implemented in this study include vapor pressure lowering
(important in the root zone increased capillary pressures lead to reduced vapor), and moisture-
dependent solute diffusion in both the vapor and liquid phases. Vapor moves predominantly via
diffusion from the vapor pressure gradient. Vapor displacements induce a minor component of
advective flux vapor flux. In the solute transport equations, FEHM uses a standard mathematical
formulation for the solute dispersion coefficient. Moisture-dependent diffusion coefficients for
liquid and vapor phase solutes, based on the Millington Quirk formulation (Jury et al., 1991) and
the modified Millington Quirk formulation (Jin and Jury, 1996), are employed. Liquid-diffusion
based on the Conca and Wright (1992) model are also employed.

All simulations conducted in this study use FEHM’ s standard pure implicit formulation for
discretization of the time derivatives. Upstream weighting is used in the spatial discretization
using FEHM' s finite-volume formul ation.

2. Data Sources

Multiple data sets are used to parameterize the model and to check its reliability. In addition to
porosity, the primary material property parameters describe the constitutive relationship between
hydraulic conductivity and capillary pressure. Chloride measurements provide targets with which
to constrain the coupled flow and transport model. Stable isotope data are used as confirmation
targets and to evaluate the vapor and liquid diffusion component of the transport model. The
chloride data, capillary pressure data, and stable isotope data were presented in Section 1.4. Here
the material properties used to populate the models are reviewed.

10
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2.1 Constitutive Relationships

Relative conductivity and capillary pressure are modeled as functions of water content following
the relationships developed by van Genuchten (1980). These relationships are based on
measurements of moisture content at several capillary pressures and measurements or estimates
of both saturated hydraulic conductivity (Ksat) and residual moisture content. Whereas REECo
(1994) estimated the hydraulic conductivity-water content relationships, Y oung et al. (2002)
measured them directly. With these measurements, the data were fit to van Genuchten’s
equations resulting in two fitting parameters (alpha and n) for each soil sample. Figure 11 to
Figure 14 show the van Genuchten curves for hydraulic conductivity as a function of water
content for measured data from REECo (1994) for boreholes PW-1, PW-2, and PW-3 aswell as
the new datafrom Y oung et a. (2002) for PW-1. The parameters are listed in Table 1 through
Table 4. Throughout this report, the Y oung et a. (2002) data are often referred to as DRI and the
REECo (1994) data are referred to as REECo. These figures also include an average curve for
each borehol e dataset that was generated by using the geometric means of Ksat and alpha, and the
arithmetic means of porosity, residual water content, and n. The average curves are used in
calculations of transport that assume a homogeneous soil profile. Justification for using the
geometric mean for aphaand Ksat can be found in Zhang (2002). Finally, inthe PW-1 and
PW-3 REECo (1994) dataset, several measurements were removed from the calculation of the
average curve because they have very high alphavalues that are outside of accepted values from
the literature (Carsel and Parrish, 1988). One explanation for the high reported alphavaluesis
that the analysis, as performed in 1993, required subjective visual curvefitting. It is possible that
the high values represent local minimain the solution space that should have been rejected. They
are regjected here because the fit parameters are not physically viable.

2.2 Measured Material Properties

In addition to the van Genuchten properties derived from core samples, measurements of
capillary pressure, porosity, bulk density, and in-situ moisture content are available for various
samples. The parameter discussion sections below address measurement issues and utility of the
data setsin the current modeling effort.

2.2.1 Porosity

Porosity ties hydraulic conductivity to a specific moisture content in the numerical model.
Further, FEHM implements molecular diffusion in both the liquid and vapor phase as a function
of both porosity and moisture content (see Section 3.3.1)

REECo (1994) calculated core porosities from measured dry bulk densities assuming agrain
density of 2.65 g/cm®. They also measured water-saturated porosities on samples used to estimate
hydraulic conductivities. Errors due to water 1oss during measurement render the measured
porosities unreliable (REECo, 1994). Therefore, only calculated porosities are used in this report.

In most cases, several porosity values are calculated within 1 m of each of the samples REECo
(1994) used to compute hydraulic conductivity. These values are arithmetically averaged to
generate a singe porosity associated with each retention curve used to compute van Genuchten
fitting parameters. Then, homogeneous and heterogeneous porosity distributions are used to
populate the numerical models, just as was done with the retention curve parameters (Table 1
through Table 4). The average porosities for PW-1, PW-2, and PW-3 are 40%, 37%, and 35%
respectively.

11
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2.2.2 Bulk Density

Bulk density was measured by REECo (1994) on the samples used to calculate porosity. Itisaso
used in this study to calculate chloride mass as a function of depth.

2.2.3 Water Content

Volumetric water content measured on core samples tends to be quite low throughout the
unsaturated zone with the mean volumetric water contents ranging from 7.9% in PW-3 to 10.9%
in PW-2 and 12% in PW-1 (REECo0, 1994). In-situ moisture content is perturbed by the air
drilling process and is used in this modeling study in a qualitative manner only.

3. Predictive Model Design
3.1 Overview

Starting with constitutive relationships for material properties, boundary and initial conditions are
assigned and simulations are conducted to match observations of solute concentration and,
qualitatively, capillary pressure. These simulations lead to predictions of liquid and vapor fluxes.
A formal calibration procedure was not implemented due to scope constraints on this project and
boundary condition uncertainty for the flow and transport models. Thus an intuitive approach
was taken to refine the model to provide reasonable matches with observations while generating
ranges in the fluid fluxes representing system uncertainty.

The conceptual model upon which the simulations are based suggests that the system has been in
atransient, drying state since the end of the last pluvial. The duration of this drying period
impacts predictions of vadose-zone liquid and vapor fluxes. The root-zone capillary pressure
exerted by xeric vegetation drives the upward fluid movement under current conditions. Thus,
predicted fluxes should be sensitive to the specified root-zone capillary pressure. Additionally,
fluxes should be somewhat sensitive material to propertiesin the vadose zone. Therefore, various
property sets are considered in simulations at three-different locations near the Area5 RWMS.,
For each property set modeled, the timing of the last pluvial period and the present day capillary
pressure are varied to examine predicted flux sensitivities to those parameters. These two
parameters exert the greatest influence on flux predictions. Several other parameters associated
with the chloride and stable isotope simulations are held constant. These include the chloride
deposition rate and the duration of the last pluvial period. For either of these, variation in advance
parameter estimation studies along with the other parameters could lead to optimization in the
matches between simulations and observations. The fixed and variable parameters are discussed
in more detail later in this section.

3.1.1 Multiple Wellsand Property Sets

Materia property data from the three PW wells are used to create avariety of simulations that
represent arange of possible subsurface conditions. For the purposes of generating a range of
possible flux behavior in the face of uncertainty in material properties, we present simulations
that incorporate both the heterogeneous properties measured for each borehole, aswell as
homogeneous property simulations that use the average curves shown in Figure 11 to Figure 14.
For PW-1, we present simulations using both the REECo (1994) and Y oung et al. (2002) data sets
for van Genuchten properties. Thus, we have 8 distinct material distributions based on 4
homogeneous and 4 heterogeneous material property sets. In the heterogeneous property sets,
intervals are defined by the midpoint between measurement locations. This method leads to
zoned heterogeneity with sharp property changes that do not capture the true spatial variability of
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material properties on the meter to sub-meter scale. Nevertheless, the heterogeneous simulations
demonstrate how material variability affects chloride distribution and flux in a gross manner.

3.2 Boundary and Initial Conditions

Flow and transport model boundary conditions are based either on present day measurements or
on estimates from previous studies. The key boundary and initial conditions for the model are
described in the next several subsections. At each of the locations representative of PW-1, PW-2,
and PW-3, one-dimensional finite-element grids are constructed. The grids are of variable
resolution, with higher resolution near the surface. The bottom boundary is specified with water
table conditions. The upper boundary and root-zone nodes are specified according to the climate
state. For the dry climates prior to and since the most recent pluvial period, high capillary
pressures are specified in the root zones and water is applied at the surface, primarily asa
mechanism to introduce chloride to the system. During the pluvial period, the root-zone boundary
isturned off and the rate of infiltration at the top of the modél is specified (determined
subjectively) to best simulate the transport of pre-pluvial chloride at each well (see Section 1.5.3).

3.2.1 Root-Zone Capillary Pressure

Fluxesin the DASH model are controlled by the root-zone capillary pressure. Whereas low
capillary pressure must have prevailed in past wet climates, high capillary pressureis required to
prevent downward percolation as implied by the chloride data. M easurements of sap potential in
creosote bush suggest that root-zone capillary pressure as high as 8 MPa could be maintained at
the site (Odening et al., 1974) and we use this value as amaximum. Simulationsusing 4 MPaare
also presented to show predictive sensitivity to this boundary condition. The double-bulge
chloride data at PW-1 and PW-3 suggest that very little downward flow below the root zone
occurred for along period of time prior to the last pluvial. Furthermore, datafrom all three PW
wells support more than 10 ky of chloride accumulation in the shallow vadose zone since the
most recent pluvial flushing (Tyler et a., 1996). Thus, the simulations of all PW wells are
designed to provide three periods including a dry period with high root-zone capillary pressure,
then awet pluvia period with low root-zone capillary pressures and significant downward
percolation, and finally another dry, high root-zone capillary pressure period leading up to the
present. The magnitude of the root-zone potential and the timing of the pluvia flushing are
treated as uncertain parameters. For the purposes of this study, the duration of the pluvial is
treated as afixed value of 1 ky. Other paleoclimate studies have indicated that the most recent
pluvia period was of short duration (c.f. Walvoord et a., 2002b). To afirst order, the model is
sensitive to the total volume of infiltration, the product of infiltration rate and pluvial duration.
Our scoping studies show that halving the duration of the pluvial and doubling the infiltration rate
or doubling the pluvia period and halving the infiltration rate lead to nearly identical predictions
of chloride profiles and present day fluxes (in each case, the duration of the pluvial period isless
than 15% of the present dry period duration). Thus, for the purposes of this study, the pluvia
period duration is held fixed and the infiltration rate is varied to subjectively match the secondary
bulge shape and location in the three wells.

3.2.2 Chloride Deposition Rate

Chloride loading as a function of time through the last 120 ky at Area 5 has been considered in
several previous studies (e.g. Tyler et al., 1996, 1999). Our analysis uses a constant chloride
deposition rate of 105 (mg/m?-yr) as proposed by Tyler (1996). Scanlon (2000) calculates a value
of 87 mg/m?-yr for chloride deposition in the Chihuahuan desert of Texas while Phillips (1994)
measured values between 75-125 mg/m?-yr in New Mexico. Two studies, soon to be published,
have begun to investigate predictive uncertainty to the chloride deposition rate since the end of
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the last pluvial period (Scanlon et al., 2003 and Walvoord et al., 2003), the | atter at the Amargosa
Desert Research Site, near Death Valley National Monument. Refinement to the model presented
herein might benefit from similar consideration in future iterations. The sensitivity of chloride
accumulation in transport simulations to chloride deposition rateis linear in time. If the
simulated rate is decreased by 20%, the simulated time to develop the post pluvia chloride mass
must increase by 20%. As expected, Walvoord et al. (2003) show that a greater period of timeis
required to form a chloride bulge for low deposition rates. Within the range of uncertainty in
chloride deposition rates, Walvoord et al. (2003) achieved reasonable matches to the data for
post-pluvia periods of chloride accumulation between 16 and 32 Ky. In the present study,
although we only consider a single chloride deposition rate, we consider post-pluvial periods (the
parameter affecting flux predictions) of 13 ky and 26 ky, consistent with Walvoord et a. (2003).

3.2.3 Stablelsotope Ratios

Stable isotopes of hydrogen and oxygen offer a unique tracer of water in both the liquid and
vapor phase. The enriched ratios of the stable isotopes in the shallow vadose-zone result from the
present dry climate and the depleted ratios at depth are indicative of cooler wetter past climates
(Figure 8 and Figure 9). The extension of enriched ratios below the root zone indicates that the
enriched source diffuses downward, counter to the upward liquid and vapor flow identified with
the chloride transport modeling. To afirst approximation, one can assume that the enriched ratios
represent the warm dry climate since the end of the last pluvial and the depleted ratios are due to
cooler and wetter conditions during and possibly before the past pluvial. Making that

assumption, Walvoord et a. (2001, 2003) simulate present-day stable isotope profiles with the
following steps:

1. Prescribe adepleted ratio throughout the entire profile as an initial condition
representative of the system immediately after the most recent pluvial period during the
Pleistocene. Examination of Figure 8 indicates ratios of —14 and —110 per mil for delta
180 and delta D, respectively, may be reasonable.

Set the water table isotopic ratio boundary condition to the values chosen in step 1.

Set the root-zone enriched ratio boundary condition to the contemporary values measured
between 2 and 3 m. Examination of Figure 9 indicates —4 and —75 per mil for delta **0
and delta D, respectively, may be reasonable.

4. Simulate flow and transport with the full, non-isothermal, multiphase model to identify
most reasonable duration of the recent post-pluvial warm and dry conditions.

Given the assumptions described above, this approach provides a starting point for predicting the
timing of the pluvial period and evaluation of vapor diffusion models for partially saturated
porous media.

Closer examination of the stable isotope profilesin Figure 8 indicates complex location-specific
trends indicative of climatic and possibly hydraulic changes on time scales smaller than the single
pre- and post-pluvial periods considered in the present study. Most noticeable are the “S’ shaped
stable isotope profiles at PW-2. At approximately 40 m below ground surface, the ratios for both
stable isotopes are depleted more than 10% less than the values cited in item (1) above. At
greater depths, the ratios increase substantially above the “Pleistocene” values, indicating
enrichment prior to the last pluvia period. Near the water table, the ratios appear to return to
those observed in other wells, indicating the influence of the current groundwater composition.
The depleted ratios at 40 m are the most difficult to reconcile conceptually. They most likely
indicate that the timing of infiltration that penetrated to this depth is somewhat different than at
the other two wells. These ratios represent the lightest, coldest water. However, at greater depths,
less depleted and even enriched ratios are observed, indicating the isotopic signal of infiltrating
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water at PW-2 varied quite a bit (Recall the total chloride inventory in PW-2 indicates ages less
than 35 ky). The deep enriched isotopic ratios are likely remnants of the shallow vadose-zone
porewater composition just prior to the last pluvia period, not unlike the enriched signal s that
have developed since the last pluvial period.

The stable isotope profiles at PW-3 also deviate from the assumptions listed above. Although not
as pronounced, they show an “S’ shaped curve, too, with the greatest depletion at about 40 m. As
with PW-2, the depleted signals likely represent variations in temperature and timing of
infiltration during the last pluvial period. The depth of the isotopic ratio depletion maxima
corresponds with the portion of the chloride profile associated with the last pluvial period.

PW-3 and PW-1 show minor enriched excursions at great depth. These depths are well below the
secondary chloride bulges, thus indicating enrichment by some combination of surficial
enrichment and/or enriched saturated-zone compositions well before the last pluvial period.
Unraveling that paleoclimatic response is beyond the scope of this project and would have little
impact on predictions of present day fluxesin the shallow subsurface.

In this study, we focus on the upper portions of the stable isotope profiles. The deeper portions
should be examined in the context of a broader paleoclimate study. Two approaches are taken for
specifying boundary and initial conditions. One approach follows steps 1 through 4 stated above,
seeking a best match to all three-profiles for the same uniform initial condition and root-zone
boundary conditions. The second approach considers that the amount of enrichment occurring in
the shallow soils and the timing (and hence specific ratios) of Pleistocene infiltration could vary
between the three |locations. With this approach, the initial condition is set to match the specific
well’s most depleted stable isotope ratios. Thus, whereas the boundary and initial conditions for
PW-1 are set as stated above, the initial condition for PW-2's stable isotopesis—16 and —128 per
mil, respectively for delta 0 and delta D. For PW-3, they are set at —14 and —120 per mil
respectively.

3.3 Processes and Parameters

Theliquid and vapor in al simulations are governed by the same basic driving forces, which
include gravity-driven liquid flow, capillary pressure, and vapor pressure gradients. During the
pluvia period, percolating water flows to depth under the force of gravity. During the non-
pluvial periods, capillary pressure at the root zone provides a strong driving force that overcomes
the force of gravity to pull liquid up from depth. VVapor pressures are lowered throughout the
domain, according to the Kelvin effect, which arises from the energy balance across curved liquid
surfaces causing vapor pressure to be a function of capillary pressure (Case, 1994). At a constant
temperature, as capillary pressure rises, the equilibrium vapor pressure is lowered, leading to an
isothermal gradient in vapor pressure that causes water vapor transport from regions of low
capillary pressure toward regions of high capillary pressure (the root zonein thiscase). The
geothermal gradient also contributes to the net water vapor pressure gradient that drives vapor
toward the surface from below the root. The thermal gradient is quite small in the Area 5 wells,
however, and contributes to less than 1/10 of the total calculated vapor flux.

Diffusive chemical flux in all simulations follows the formulation described in Section 3.3.1,
while the advective component of liquid and vapor chemical transport is coupled to the physics of
the phase flux as described above (Section 1.5.3).

3.3.1 Liquid and Vapor Diffusion Model
Liquid and vapor-phase diffusive flux of solutesis governed by concentration gradients as

described by Fick’s Law. In porous media, the tortuous pathways the solutes take in either of the
phases effectively reduce the mass flux. Therefore, effective diffusion coefficients are needed to
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reduce the mass flux by scaling the free air or free liquid diffusion coefficients for individual
solutes. One model that applies for both liquid and vapor phase solutes in unsaturated is porous
mediais the Millington-Quirk formulation (c.f. Jury et al., 1991; page 204). This model reduces
the free air diffusion coefficient as afunction of volumetric air content and material porosity.
Similarly, it reduces the free liquid diffusion coefficient as a function of volumetric water content
and porosity. The Millington-Quirk relationships are

Deffv — 10/3/¢2 DOV
Der. = 0'7%/¢° Doy,

And amodified Millington-Quirk relationship for vapor diffusion (Jin and Jury, 1996) is
Derrv = 8°/¢”° Doy

where D¢ isthe is the effective porous media diffusion coefficient that isfit to the mass flux
equation (Fick’s Law) as:

Mass flux =-Dg; grad(C ).

D, isthe diffusion coefficient for a speciesin the absence of a porous medium, (V) and (L)
subscripts refer to vapor and liquid, a isthe volumetric air content, 0 is the volumetric water
content, and ¢ is the porosity of the media. With water contents of about 10% and air contents of
more than 30%, the reduction factors for liquid phase diffusion are substantially greater than for
vapor diffusion. Jury et al. (1991) also show that for very dry systems such as Area 5, the
Millington-Quirk model and other models converge to the same value for Dgsy. Although most
dissolved chloride transport simulations presented are computed using the Millington-Quirk
formulation, we present some results using the Conca-Wright (1992) model for diffusion asa
function of water content. The Conca-Wright model is a based on alarge data set containing
gravels, sands, and intact tuffs and was devel oped with measurements of electrical conductivity
through solutions of NaCl and KCI. The best-fit equation to the data curve of Conca-Wright is:

D, = 1 Q41+ 2.7*10g10 (6)+0.32*10g10(6))

At low water content, the Conca-Wright model for the effective liquid diffusion coefficient can
be approximately an order of magnitude higher than predicted using the Millington-Quirk model.
Therefore, the Conca-Wright model is compared with the Millington-Quirk model in two
dissolved chloride transport simulations discussed in Section 4.2.1.

3.3.2 PhasePartitioning and Fractionation of Stable | sotopes

To simulate D and *20 transport, the isotopic water species, H,*°0, H,'®0 and HD®O, are treated
as separate volatile species with different mass-based diffusion coefficients and different phase
partitioning according to Henry's Law. As such, both kinetic and equilibrium fractionation are
enabled. H,™0 and HD®O constitute only trace fractions of total number of water moleculesin
any sample; In natural waters, the proportions of H,™°0, H,'®0 and HD'®O are 1000:2:0.32
(Merlivat and Coantic, 1975) Thus, asin the reactive geochemical transport model PHREEQC
(Thorstenson and Parkhurst, 2002; Parkhurst and Appelo, 1999), the equation structure in FEHM
assumes the presence of only one solvent, liquid H,™O. To simulate D and *20 transport, the
isotopic water species, H,'%0, and HD*®O, are treated as electrically neutral solutes.

The concentration of water moleculesin the gas phase is approximated using Henry’ s law
equilibrium partitioning coefficients for the dominant water molecule H,'°0 (c.f. Jury et al., 1991;
page 235). The molecules with the heavier trace isotopes, H,*?0 and HD*O, do not partition
between the liquid and gas phases with the same equilibrium ratios as the dominant H,™°O. Their
concentrations in the vapor phase are estimated by converting equilibrium fractionation factors
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into Henrys Law coefficients, K/
Table2.), asfollows:

. and K" similar to Thorstenson and Parkhurst (2002,

2180 H Dlﬁog ’

184
H,'°0,-H,"°0g )

logK e, = logK™ .o +log(a

18 16
Oy 2 Oy

H H D
109K {ipo, = 10K} s, +100(2,; 56, 4 200,)

where K: . iIsthe Henryslaw constant for water and o' arethe equilibrium fractionation
2

Og
factors for **0 and D. The equilibrium fractionation factors can be defined as ratios of saturation
vapor pressures (Friedman & O'Neil, 1977; Merlivat and Coantic, 1975) as follows:

b _ p(H,"°0)

aH2160|—H21609 - p(HDlGO) = 10850

_ p(H,°0)

a6 16 - :10098
H,70,-H,"0Og p(Hzlso)

Henrys law constantsin FEHM are specified in units of MPa, to solve the equation
P, = KM X

where P, is the vapor pressure of either H,*?0 or HD*°O, X is their mole fraction in water, and K"
isthe Henrys Law constant. Henrys law constants are often reported in the literature (e.g. Jury et
al. 1991) in the non-dimensiona form
C
H [¢]
Ko = =

C

where Cy and C; are gas and liquid concentrations, respectively. Converting between the two is
accomplished with (Jury et al. 1991)

RTp,
K" :KED( JF

M

Where
e Ristheuniversa gas constant (8.206x10° atm-m*/mol-K)
o T isdegreesKelvin (293 used here)
e pyisthedensity of water (1x10° g/m® used here)
e M, isthe molecular weight of water (18 g/mole)
e F converts atm to MPa (9.87 MPa/atm)
The dimensional Henrys Law constants used in this study are listed in Table 5.

Kinetic fractionation is captured in the model as aresult of different vapor diffusivities for H,*0,
H,"®0, and HD®O. Here, we use the measured ratios of the vapor diffusivities provided in
Merlivat (1975) aslisted in Table 5. Although small kinetic fractionation processes due to
evaporation and diffusion in the vadose zone are captured with this model, the dominant effect
associated with the stable isotope profiles is due to the enriched ratios resulting from substantial
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evaporation in the shallow vadose zone. This is represented in the model through specification of
root-zone stabl e isotope ratio boundary conditions.

4. Model Simulations

41 Overview

A series of simulations is conducted with the objective of matching observed chloride, capillary
pressures, and stable isotope data while predicting liquid and vapor flux profiles at PW-1, PW-2,
and PW-3. Table 6 provides an overview of the flow simulations used to develop the liquid and
vapor flux profiles. Table 7 provides an index of the flow simulations to cross reference to the
figureslisted later in this report and to the companion model parameter and output tables.

411 VariableParameters

Several model parameters are varied as part of the qualitative sensitivity analysis. For these
varying parameters, their impact on liquid and vapor fluxes are examined in the results. They are
listed below with a brief discussion.

¢ Root-zone capillary pressure: Set at 8 MPa and 4 MPa during the dry period since the last
pluvial period

e Time of transition from pluvial to drying conditions: Set at 26 kaand 13 ka.

o Material properties for each borehole model: Uniform and heterogeneous material
property distributions are used

e Theliquid diffusion coefficient was based on either the Millington-Quirk or the Conca-
Wright models for partialy saturated porous media.

For the three locations there are atotal of 8 different property sets. For each property set, the two
different root-zone potentials and the time of the last pluvial are considered, leading to 32 liquid
and vapor flux profiles for consideration. Variation in the liquid diffusion model is presented
with respect to the simulated chloride profile giving 36 chloride simulation results for statistical
comparison. When the liquid diffusion model is changed, the pluvial infiltration rate is changed
to best match to observed chloride profiles.

4.1.2 Fixed Parameters

For al simulations, the pre-pluvia period duration is 79 ky and is afunction of the assumed
chloride mass loading rate (105 mg/m?-yr). For a smaller mass-loading rate, we would require a
longer pre-pluvial period to generate the mass found in the secondary chloride bulgesin PW-1
and PW-3. For al ssimulations the pluvial period duration is 1 ky. Whereas the pluvia period
duration is held constant, the infiltration rate during that period is varied to best match profiles of
the secondary chloride bulges, including the absence of onein PW-2. Obvioudly, varying the
duration of the pluvial period, as a sensitivity parameter, would impact the pluvial infiltration rate
for simulations that best fit the chloride profile. However, Walvoord et al. (2002b) cite additional
pal eol acustrine studies supporting the assumption of avery short-duration pluvial period. During
the pluvial period, large capillary pressures are not prescribed at the root-zone model node and
infiltration moves downward from the surface. Post-pluvial, dry period durations of 26 ky and
13 ky are considered to reasonably sample the uncertainty in the parameters discussed previoudly.

Several parameters are held constant in the simulations. They are listed below with a brief
discussion.
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e Root-zone potentia prior to the last pluvia period: Thisis set at 8 MPa. Variability
would mostly be either damped out over time or reset during the pluvial period (at least in
the upper vadose zone).

o Duration of the dry period prior to the last pluvial: Thisis set at 79 ky to preserve the
chloride inventory in PW-1 and PW-3, using the fixed chloride deposition rate.

e Chloride deposition rate: Set at 105 mg/m?yr. Although uncertain, this parameter is
inversely related to the amount of time required to develop the integrated post-pluvia
chloride seen in the shallow subsurface of the PW wells.

o Duration of the pluvial flushing period: Although uncertain, thisis set to 1000 years
(after Walvoord et al., 2002b). Reduction in the duration would require increase in the
pluvial flow rate, leading to the same liquid mass flow over the pluvia period and minor
impacts on the predicted present-day flow rates.

o Pluvia infiltration rate: Assuming a 1000 year period, the pluvial infiltration rateis
subjectively fit to match the predicted and observed |ocation of the secondary chloride
bulge. Thus, it isaunique, but fixed parameter for each simulation. It islarge for PW-2
asisrequired to flush the entire secondary bulge from the system and smallest for PW-1,
where the downward migration rate of the secondary bulge is smallest.

o Stableisotope concentrations below the root zone since the last pluvial period: Lacking a
detailed process model for estimating isotopic enrichment in shallow vadose-zone
material sincethe last pluvial, these are set to the present day measured values.
Walvoord et a. (2003) note that the present isotopic composition may be more enriched
than at earlier times since the last pluvial period due to warmer temperatures for the last
8 ky.

e Stableisotope concentration in the entire vadose zone immediately after the pluvial
period: These too are fixed to measured values, thus missing fluctuations resulting from
climate changes before and after the pluvial period.

4.2 Flow Fields Based on Chloride Simulations

The following sections present results from the numerical modeling of chloride transport. The
simulations assume that chloride is a conservative tracer that moves only in the liquid phase.

The three PW wells, each with distinct material properties and varied history of chloride transport
allow usto create a set of simulations spanning awide range of behavior since 106 ka. The
output from these simulations provides a range of reasonable vapor and liquid fluxes that we
would currently expect to find in the undisturbed subsurface near the Area5 RWMS. The
simulated results are plotted with the data in Figure 15 through Figure 22 for the different wells,
property distributions, and timing of pluvial period, and boundary conditions discussed in the
next section.

4.2.1 Matching Chloride Observations

Figure 5 compares cumulative chloride mass profiles in the three PW wells with simulation
results assuming the pluvia period was 26 ka (referred to from here on as 26 ky after the pluvial
period) and using an 8 M Pa root-zone capillary pressure boundary condition. Assuming a
constant chloride deposition rate of 105 mg/(m?-yr), the length of the pre-pluvia period was
adjusted to align the total mass in the PW-3 simulation with the data. PW-3 was chosen to fit the
pre-pluvia period because it has the best signal throughout the borehole and a so contains both
the pre-pluvial and post-pluvial chloride bulges. Infiltration rates during the pluvial period
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(assumed to have lasted 1 ky) were fit individually at each well to trandate the pre-pluvial
chloride bulge to depth. In the case of PW-2, thisinvolved flushing it from the vadose zone. The
PW-1 total chloride curve is affected by the lack of datain the shallow vadose zone (analysis of
chloride measurementsin ST-1 would benefit future studies). PW-2 has much less chloride in the
upper 150 m, however the simulated chloride inventory with depth is similar to the data, due to
the large infiltration rate prescribed during the pluvia period.

For the purpose and scope of this study, best-fit smulations for chloride in each of the three
boreholes were achieved visually (and subjectively). Then common statistical methods (Boas,
1983) were used to compare visually-similar results. Future studies would benefit from
guantitative parameter estimation seeking to minimize the difference between simulated and
observed chloride concentrations by varying all parameters to which the results are sensitive, and
minimizing the difference between observed and simulated chloride profiles.

Theinitial visual data matching was based on two factors. First, the location of the peak of the
secondary (deep) chloride bulge was quite sensitive to the volume of liquid allowed to infiltrate
during the 1 ky pluvia period (Table 8 and Table 9). Therefore, the pluvial infiltration rate was
adjusted by 0.5 mm/yr increments in boreholes PW-1 and PW-3 until the best visual match was
achieved. In borehole PW-2, infiltration was increased until the pre-pluvial chloride was pushed
below a depth of 150 m.

The visual match of mass and depth of chloride within the post-pluvial, primary bulge was used
to check the goodness of fit. Because of the chloride profile shape in the upper 30 min PW-1,
and in considering the other citations for aless recent pluvial period discussed in Section 1.4, we
considered a 26 ky post-pluvial duration in addition to the 13 ky period evaluated by Walvoord et
a. (2002b). Consideration of the other pal eoclimate records described by Tyler et a. (1996) and
Walvoord et al. (2003) supports this extension. Additionally, the shape of the upper 50 m of the
PW-3 chloride profile led us to explore the Conca-Wright diffusion model as away to ssimulate
more chloride mass transport to depth.

Figure 15 to Figure 18 show that for PW-1, the simulated chloride profile at 26 ky post-pluvial
period matches the data better than at 13 ky post-pluvial. The visual match is confirmed by the
statistics shown in Table 8, where the RM S error for 26 ky is consistently lower than for 13 ky for
the PW-1 simulations run with the Millington-Quirk diffusion model. In addition to alower
RMS error, the 26 ky simulations also have lower variance. Of the PW-1 simulations, the best fit
is found in the homogeneous REECo simulation using the MQ diffusion model (RMSis 23 and
the variance is 353.6).

For the PW-2 simulations using Millington-Quirk (Figure 19 and Figure 20), the statistics show
that a 13 ky post-pluvial period has alower RM S than a 26 ky post pluvia period. However, the
mean residual (data minus model) results for PW-2 show that the best-fit post-pluvial durationis
between 13 ky and 26 ky, because the mean residual is positive at 13 ky and negative for the

26 ky simulations. For example, a simulation for which the pluvial was 20 kayields a mean
residual of only 4.8 and an RM S (29.9), which isless than either the 13 ky or 26 ky simulations.
Although the global minimum best fit has not been found, the model results suggest that the
pluvial period was likely between 13 and 26 ka.

Simulation results for PW-3 using the Millington-Quirk diffusion model (Figure 21 and Figure
22) areless conclusive. In the homogeneous case, the lowest RM S error is found with a 26 ky
post-pluvial period, while the heterogeneous simulation has alower RM S for the 13 ky
simulation. In either case, the match to the datais poor in the upper 50 m of the domain as
indicated by the high variance for these simulations. One explanation is that the process model is
under-predicting diffusive massflux. Therefore, the Conca-Wright (1992) diffusion model was
implemented to reevaluate the PW-3 chloride profile; results for the homogeneous case are shown
in Figure 21. Because the new diffusion model affects the shape and position of the deep chloride
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bulge, the pluvia infiltration rate was adjusted to from 9 to 7 mm/yr (Table 8). With the higher
diffusion predicted by the Conca-Wright model, chloride transport simulations match the data
much better. At 26 ky post-pluvia the RMS error is reduced from 35.1 to 21.1, and the variance
drops significantly from 1231 to 447. The Conca-Wright model was also run on the PW-1
homogeneous case, with decidedly different results. The pluvia infiltration rate was adjusted to
2mm/yr to achieve areasonable visua fit to the deep chloride bulge; the resulting chloride profile
is shown in Figure 21.The higher diffusion of the Conca-Wright model leads to smearing of the
deep front and aless definitive shape to the chloride bulge around 45 m. The statistics show that
the 13 ky simulation has an RMS error of 23.7 compared to 29.8 for the 26 ky simulation.
Furthermore, the variance of both 13 ky and 26 ky is much higher than the MQ simulation at

26 ky. Thuswe are left with one set of simulations supporting the MQ diffusion model (PW-1)
while the simulations for PW-3 support the Conca-Wright diffusion model. Although the
chloride transport simulations are sensitive to the diffusion model, the effect on flux isminimal.
For example, the simulationsin PW-1 and PW-3 modified for the Conca-Wright diffusion model
lead to vapor and liquid flux results that are within 1% of those achieved with the base, MQ
diffusion model (Section 4.2.3).

Another possible explanation for the chloride profile at PW-3 isthat substantial chloride from the
shallow vadose zone was only partially transported to greater depth during the pluvial flushing
period (Tyler et al., 1996). Conceptualy, this type of behavior is explained with a dual-porosity
model, in which solutes can diffuse into immobile porewater, or porewater can imbibe into low
permeability zones. The result of such processesis the apparent retardation of solutes relative to
the percolating liquid velocity. This may explain the elevated chloride values between 20 and

50 m depth in PW-3, however further investigation would be required to substantiate this
hypothesis.

4.2.2 Water Pressure

Figure 23 to Figure 26 show the simulated water pressures (negative of capillary pressures)

versus the data for the three PW boreholes. Two methods (FP and CX-2) were used for collection
of the data (REECo, 1994), but these methods were not used consistently at each measurement
point. Asdescribed previously, the filter paper method (FP) is more appropriate at lower
capillary pressure while the CX-2 method is more appropriate at higher capillary pressure. The
data do, however, support the use of a high capillary-pressure root-zone boundary (4-8 MPa).
Also of interest is the fact that only the simulations using the Y oung et al. (2002) van Genuchten
property set are able to maintain capillary pressure of 0.5 MPabelow 50 m depth. Thisis of
particular note because the data indicate that the capillary pressure does not drop as quickly asthe
simulations using the REECo (1994) data would suggest. However, as seen in the following
section, the resulting fluxes of liquid and vapor are very low for all the simulations regardless of
which van Genuchten data set was used.

4.2.3 Resultant Liquid and Vapor Fluxes

Figure 27 to Figure 34 show the liquid and vapor volume fluxes generated for all simulations
considering pluvia periods at 13 ka and 26 ka, and with root-zone capillary pressure of 4 MPa
and 8 MPa. Volume flux (volume per areatime) is often called Darcy flux or Darcy velocity.
Multiplying the vapor flux by the ratio of vapor phase density to liquid phase density (1.2/1000)
converts vapor flux to equivalent liquid flux. Thus, in the simulations, the vapor flux is actually
833 times the reported liquid equivalent. To convert these values to the true pore velocity in the
unsaturated zone, one must divide by the phase content (air content or water content). In the

30 m below the root zone, water content in the simulations is typically around 8-12%, while air
content is about 28 to 32%. Thus the true velocity of the liquid phase is approximately 10x the
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reported volume flux, while the true vel ocity of the water vapor is on the order of 2500x the
reported liquid equivalent flux (833x3). Flux toward the surface is positive while flux toward the
water table is negative.

In al cases, the upward volume flux of liquid toward the root zone is less than 0.025 mm/yr while
the maximum upward volume flux of vapor (asliquid equivalent) is always less than 0.035
mm/yr.

The maximum liquid flux toward the surface is seen in the heterogeneous PW-3 simulation with
an 8 MParoot pressure and a 13 ky post-pluvial period at depth of approximately 10 m (Figure
28). The exact depth of the maximum flux is related to the depth of the root-zone boundary
condition, specified in these simulations at 3 m below these ground surface. Thus, shifting the
depth of the root-zone boundary condition (by a meter or two) in the model would lead to
associated shiftsin resultant flux profiles. The maximum upward liquid flux generated in any
simulation depends on the complex interaction between hydraulic conductivity, water content,
and capillary pressure. Although a given simulation may have a high capillary gradient, if the
liquid saturation is low, the resulting flux will be low if the van Genuchten relationship yields a
very low hydraulic conductivity. The fact that the region below the root zoneisdryingin
response to the capillary pressure of the root-zone is the main reason the estimated liquid fluxes at
26 ky post-pluvia are lower than at 13 ky post pluvial. The maximum upward vapor flux toward
the root zone is aso seen in the heterogeneous PW-3 simulation with an 8 MParoot zone at 13 ky
post-pluvia in the region immediately below the root zone (Figure 32). Maximum upward vapor
flux is controlled by the magnitude of the water vapor pressure gradient. In the FEHM
simulations, the vapor pressure of water is mainly controlled by the vapor pressure lowering
relationship, with only a minor component of the vapor pressure gradient contributed by the
temperature gradient. The vapor pressure lowering relationship is based on the fact that water
vapor pressure at high capillary pressure is much lower than water vapor pressure at low capillary
pressure. Therefore, water vapor will diffuse from areas of low capillary pressure to areas of high
capillary pressure. Inthese simulations, the highest capillary pressureis at the root zone, and
high capillary pressure propagates below the root with the drying front in the post-pluvia period.
Initially, when the drying front is located near the root zone, the water vapor gradient is high
because of the short distance between the wet and dry sediments, however as time passes and the
dry region below the root zone expands, the gradient is reduced and the vapor flux decreases.
This behavior explains the reduction in vapor flux from 13 ky to 26 ky post-pluvia. Asexpected,
the vapor flux for the 4 MParoot is lower (0.024 mm/yr) than the 8 MParoot (0.032 mm/yr)
because the water vapor pressure in the 4 MParoot zone is higher than in the 8 MParoot zone.
Vapor pressure lowering is non-linear so the flux is not reduced by a factor of two.

Figure 35 through Figure 38 show liquid and vapor flux as a function of time at the root zone and
5 m below the root zone for the 8 MParoot ssimulations. In all cases, the liquid and vapor fluxes
appear to asymptotically approach a steady value. At 5 m below the root zone, the PW-1
simulation using data from REECo (1994) adjusts more rapidly to the post-pluvia changein root-
zone capillary pressure than the simulation of PW-1 using the Y oung (2002) van Genuchten
properties. Simulations of PW-3 show that for the heterogeneous case, changesin liquid flux at

5 m below the root zone take up to 20 ky to approach equilibrium with the root-zone capillary
pressure.

4.3 Stablelsotopes
Stable isotope transport in the vadose-zone is simulated from the end of the last pluvial period to
the present. In these simulations, a uniform ratio for the oxygen and hydrogen isotopesis

prescribed over the entire column at the end of the last pluvia period and an enriched ratio is
prescribed at the ground surface (see Section 3.2.3). Coupled liquid and vapor flow and transport
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are then simulated. For each well, uniform and heterogeneous materia properties were
considered, including both the REECo (1994) and Y oung et al. (2002) property setsfor PW-1.

All ssmulations focus primarily on the upper portion of the stable isotope profiles. As discussed
previoudy, enrichment below the shallow depleted signals (in PW-2 and PW-3) indicates climate
change variations prior to the last pluvial period, for which consistent local reconstruction has not
been adequately reported in the literature. However, the upper portions of the profiles (above
about 60 m deep) represent the depletion due to cool Pleistocene infiltration during the last
pluvial period and then enrichment in the very shallow vadose zone associated with the recent
period of warmth and drying. It isimportant to note, however, that the isotopic enrichment in
shallow soilsis due to evaporation during warm climatic conditions, the duration of which may
not perfectly coincide with the duration of the post-pluvial period; cool conditions may have
persisted for some time after the climate changed to dryer conditions. Thus, in simulating the
propagation of enriched isotopic ratios downward, we are really considering the time since the
climate warmed causing such enrichment.

Enriched stable-isotope ratios are prescribed at the base of the root zone and depleted ratios are
set astheinitial condition over the entire depth of the profiles. The transient flow fields described
previoudly for dissolved chloride transport simulations are used for these stable isotope transport
simulations. Simulations were conducted varying a) the duration of the present dry (warm)
period since the end of the last pluvial period and b) the diffusion model. Resolving the duration
of the present dry period could be used to weight the flux profiles presented previously for dry
periods of 26 ky and 13 ky. Resolving the appropriate diffusion model (vapor and liquid) could
be used to condition the diffusive flux component in the PA model. Theresultsin this section
show that it may be most appropriate to consider post-pluvial period durations between 13 and 26
ky. However, if the Conca-Wright liquid diffusion model and the modified Millington-Quirk
vapor diffusion can be shown to be most appropriate for these material properties, then a 13 ky
post-pluvial period (or at least period since warmer conditions caused substantial enrichment in
shallow soils) is most likely when considering the stable isotope profiles.

These simulations do not generally seek to represent the complex profile shapesin PW-2 and
PW-3 below the first stable isotope depletion minima (between 60 and 75 m deep). To do so,
simulations would have to represent climatic variations prior to the last pluvial period for which
more and less enrichment occurred in the shallow vadose zone and in the groundwater. Thus, the
results for PW-2 and PW-3 do not match the deeper profileswell. However, one set of scoping
simulations were conducted in which the initial conditions were set at the isotopic depletion
minima over the entire column, but then as the root-zone isotopic ratios were enriched for post-
pluvial conditions, so were the groundwater isotopic ratios. Although these simulations do not
lead to excellent matches to the data, they do highlight the influence from both the surface and the
groundwater on stable isotope profiles in the vadose zone.

Stable isotope transport simul ations were conducted for all flow fields described in the previous
sections. The only parameters that caused variations were the duration of the post-pluvial warm
period and the form of the diffusion model. Results for homogeneous and heterogeneous material
properties were nearly identical. Thus, only results that show predictive variations are shown in
the following sections.

43.1 PW-1Smulations

Aninitial simulation compares simulated stable oxygen isotope profiles using different diffusion
model formulations and different durations of the post-pluvial warm dry period at PW-1 (Figure
39). For the same material properties (Young et a., 2002) and a fixed post-pluvial root-zone
capillary pressure of 8 MPa, the results show that using the Millington-Quirk (MQ) model for
both liquid and vapor leads to the least downward diffusive flux and the modified Millington-
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Quirk (mMQ) vapor diffusion model coupled with the Conca-Wright (CW) liquid diffusion
model leads to the greatest diffusive flux of the enriched stable isotopes. Comparing the model
simulations with the data highlights a feature in the PW-1 data indicative of a boundary change
more recently than the beginning of warming after the last pluvial period. It appearsthat the
enriched ratios in the shallow vadose zone may have decreased in the last 5 to 10 ky, contrary to
indications of even warmer temperatures during this most recent period (e.g. Kaufman, 2003).
Such “kinks” in the data are not observed in PW-2 or PW-3 profiles where more detailed shallow
vadose-zone data are a so available. Thus we focus on the portion of the curve representative of
changes that occurred closer to the time of major climate transition. The more diffusive
combination of models (MM Q-CW) match the profiles better for a 13 ky post-pluvial warm
period and the least diffusive models (MQ-MQ) match the data better for a 26 ky post-pluvial
warm period.

Simulations of the PW-1 stable isotope profiles are shown in Figure 40 and Figure 41 for

REECo (1994) and Young et al. (2002) properties using different vapor and liquid diffusion
models. “The combinations considered are Millington-Quirk for both liquid and vapor (MQ-MQ)
and Conca-Wright for liquid and modified Millington-Quirk for vapor (CW-mMQ). In each case,
simulated profiles are shown for 10, 13, and 26 ky after the climate warmed and dried, creating
the enriched upper boundary condition. For the least diffusive model formulation (MQ-MQ), the
best fits to the upper portions of the profiles indicate that the warming began as long ago as 26 ky.
However, the most diffusive model formulation (CW-mMQ) provides a better fit to the data if the
shift to warmer conditions were 10 to 13 ka. Note, however, that even if the enrichment required
to form the upper boundary condition ratios for these simulations occurred 13 ka, that does not
directly mean that the pluvia infiltration period ended then. It only means that the climate
warmed enough to cause such evaporative enrichment of the stable isotopes in the shallow vadose
zone.

4.3.2 PW-2Smulations

Starting with the same upper isotopic ratio boundary conditions used for PW-1 and the flow fields
developed to best match the chloride in PW-2, Figure 42 and Figure 43 show model results for
PW-2 for different vapor and liquid diffusion models combinations 10, 13, and 26 ky after the last
pluvial period. Theinitial isotopic ratio specified at the end of the pluvial throughout the entire
column and the lower isotopic ratio boundary condition were set to the most depleted ratios
measured in PW-2 (between 35 and 70 m). Unlike the PW-1 results, warm, dry periods of 26 ky
lead to over prediction of the enriched front’s downward migration for all diffusion models
considered. Also, the enrichment bulges below 50 m are clearly not captured in the simulations.
Those represent climatic variation prior to the last pluvial period not captured in this model.
However, to examine the effect within the vadose-zone profile of isotopic ratio changes at both
the surface and the water, a scoping cal culation was performed in which the initial condition
following the last pluvial period was set as the most depleted isotopic ratios, but the water table
boundary was then set to present day isotopic ratios measured in the groundwater. The results,
shown in Figure 43 show the influence of saturated zone isotopic composition on vadose-zone
profiles. Matching the enriched bulges below 50 m would require additional information climate
variations prior to the last pluvial to enable more accurate specification of boundary and initial
conditions. For example, it is highly unlikely that the depleted ratios observed between 35 and

75 m represent the conditions of the entire column at the end of the last pluvial period. Thusthe
results present here focus primarily on matching the portions of the profiles representative of the
period since the last pluvial period.
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4.3.3 PW-3Simulations

Aswith PW-2, simulations of 26 ky post pluvial warm, dry periods over predict the downward
migration of the enriched stable isotope fronts, regardless of which diffusion model combination
isused at PW-3 (Figure 44). However, the CW-mMQ combination over predicts the enriched
front migration for warm dry periods as short as 10 ky. Thus, at thislocation, if the enriched
isotopic ratios have existed in the shallow vadose zone for at least 10 ky (regardless of exactly
when the pluvia deep infiltration occurred), the MQ-MQ diffusion model combination would
appear to provide more accurate results. It is notable that the chloride data at this location were
matched much better with the CW liquid diffusion model (Figure 21). However, the gas diffusion
model, not the liquid diffusion model, dominates the enriched stabl e i sotope front migration.
Thus, the indications here are that MQ may be somewhat more accurate than mMQ, or that
climatic variations affecting boundary conditions are not resolved in great enough detail in this
model.

Also similar to PW-2, the stable isotope profiles at PW-3 show enriched isotopic bulges at depth,
peaking at about 200 m. This depth is much greater than the secondary chloride bulge at PW-3
(Figure 21), indicating a climatic temperature change well before the last pluvial period that may
have affected both shallow vadose-zone and saturated-zone isotopic compositions. A simple
scoping calculation was performed in which the saturated zone delta D was increased to present
day conditions after the depleted initial condition was specified over the entire column at the end
of the pluvial period (Figure 45). The results show that changesin the saturated zone have an
impact on the vadose-zone profile, but that more detailed climate and water composition changes
over up to the past 100 ky might be needed. As stated above, the primary objective here wasto
study the upper portion of the stable isotope profiles representative of the period since the last
pluvial period.

5. Summary

Two important conclusions for performance assessment (PA) modeling can be drawn from the
present study. The first is that present-day liquid and vapor fluxes in the shallow vadose-zone
near the Area5 RWMS are estimated to be upward, but of very small magnitude. The fluxes are
so small that liquid-phase chloride and isotopically enriched water vapor diffuse in the opposite
direction due to downward concentration gradients. The second conclusion is that the liquid and
vapor diffusion models considered, which correct free-vapor and free-liquid diffusion coefficients
for tortuosity in partially saturated porous media, provide reasonable bounds with the more
diffusive Conca-Wright (liquid) and modified Millington Quirk (vapor) models leading to better
matches to field observations in some cases whereas the less diffusive Millington Quirk (liquid
and vapor) models lead to better fitsin other cases. Given other uncertainties associated with
chloride deposition rates, past timing of climate changes, and governing processes, this study
suggests that PA models should consider both the more- and less-diffusive combinations of liquid
and vapor models to bound process model uncertainty.

The process model development and implementation for this project involved constructing a
multiphase, nonisothermal, vadose-zone flow and transport simulator with FEHM to implement
the DASH conceptual model. Models at three different locations, PW-1, PW-2, and PW-3 were
populated with material property parameters derived from previous field investigations and
analyses of material from these wells. Boundary and initial conditions were determined from
previous studies and from contemporary conditions derived from field observations.

The approach for each well was to simulate, for each property set, athree-period system
consisting of the dry pre-pluvial period lasting 79 ky, the pluvia period of 1000-year duration and
the dry post-pluvial period of 13 or 26 ky. Thus, the total simulation time is either 93 ky or
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106 ky, depending upon the duration of the present, post pluvia period. The primary objective of
this process was to capture the cumulative chloride distribution in the wells and to reproduce the
shape of the chloride profiles, thus constraining model uncertainty. Uncertainty in pluvial
infiltration rates, duration of the dry post-pluvial period, and post-pluvial root-zone capillary
pressure lead to a set of 32 simulations, each yielding aunique liquid and vapor flux profile
(Figure 27 to Figure 34). The liquid and vapor flux profiles vary with depth, location, material
properties, time since period of pluvial infiltration, and root-zone capillary pressure. Inall cases,
upward liquid fluxes vary between 0.0 and 0.02 mm/yr, with the transition between upward and
downward flux occurring at depths between 20 and 70 m. The maximum upward liquid flux
tends to occur between depths of 5 and 20 m, depending upon the simulation conditions. The
base of the root zone was specified as3 min all simulations. Shifting that value by a meter or
two would lead to similar shiftsin the simulated flux profiles. Location and property variations
lead to differences of up to afactor of 4 (peak flux). Simulations for which the pluvial infiltration
period was 13 ka yield present day fluxes about twice as large as those predicted if the pluvial
infiltration period was 26 ka. Varying the root-zone capillary pressure between 8 MPaor 4 MPa
has less impact on predicted fluxes than material property variations or time of last pluvial period.
Vapor-phase fluxes are always upward, with marked increases occurring above depths of 10 to
30 m, depending on simulation conditions. Below those depths, upward vapor fluxes are on the
order of 0.0025 mm/yr. Above those depths, vapor fluxes increase to as high as 0.03 mm/yr.
Variations in the shapes of the vapor flux profiles depend on the same factors listed above for the
liquid flux profiles. Peak upward vapor fluxes occur just below the root zone and vary, for the
same boundary conditions, by about a factor two, depending upon location and material
properties. Simulations for which the pluvial infiltration period was 13 kayield present day
vapor fluxes about twice as large as those predicted if the pluvial infiltration period was 26 ka. As
with the liquid flux profiles, root-zone capillary pressure variations had the smallest impact on
predicted flux profiles.

The simulations that yielded the best matches with the chloride data were then re-simulated with
the transport of oxygen and hydrogen stable isotopes. These simulations focus on the evolution
of the stable isotope profiles during the warm, dry climate since the last pluvia period. Thus, the
simulations are primarily compared with the upper portions of the stable isotope profiles
representing the most recent climatic changes. Variations at great depth in the stable isotope
indicate complex climatic variations prior to the last pluvia period, for which reconstruction is
beyond the scope of this project.

Simulated stable isotope profiles are sensitive to the duration of the post-pluvial warm, dry period
and to the form of the diffusion models (primarily vapor). Reasonable matches to the data can be
achieved by varying either of these components of the model within their ranges of uncertainty.
For the more diffusive model configuration, the duration of the post-pluvial warm, dry period
would need to be around 10 to 13 ky. For the less diffusive model configuration, the warm, dry
period could have been aslong as 26 ky. These results lead to the recommendation at the
beginning of this section. Reduction in uncertainty regarding either the most accurate diffusion
model formulation or the post-pluvial warm, dry period would lead to refinement of the
recommendation.

The current performance assessment model for the Area5 RWMS does not simulate liquid or
vapor fluxes. Thus, this study provides a set of flux-with-depth profiles the performance
assessment model can draw upon. The performance assessment model does simulate solute
diffusion. This study suggests PA consideration of two liquid diffusion and two gas diffusion
model formulations for partially saturated porous media.
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7. Tables

Table 1. PW-1 Hydrogeologic Data (REECo, 1994)
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Residual Water| alpha

Depth(m) | Ksat (cm/s) Content (1/cm) n porosity
14.6304| 1.10E-03 8.6 0.0211 1.73 0.43
17.9832| 6.20E-04 6.7 0.0237 1.53 0.43
23.7744] 2.30E-03 8.3 0.0305 1.77 0.49
39.3192] 2.20E-03 2 0.0939 1.21 0.43
48.4632| 7.70E-04 6.3 0.0376 1.42 0.37
54.5592] 2.90E-03 3.9 0.1038 1.28 0.34
78.9432] 4.40E-03 4.8 0.0899 1.33 0.39
91.44] 5.40E-04 4.7 0.0957 1.27 0.34
109.728| 9.80E-05 9.1 0.0197 1.44 0.35
121.92] 1.50E-03 7.8 0.0494 1.68 0.36
140.208| 6.50E-04 8.8 0.0146 1.55 0.36
152.0952| 3.30E-03 10.8 0.0246 1.43 0.42
164.8968| 5.50E-04 9.2 0.016 1.71 0.42
177.0888] 4.90E-04 6.8 0.0241 1.61 0.38
188.6712| 1.00E-03 8.4 0.0295 1.63 0.38
201.168 5.80E-03 7.3 0.028 1.58 0.51
213.36| 2.40E-03 6.4 0.0213 1.77 0.43
225.552] 3.00E-03 6.5 0.0382 1.82 0.34
231.648 2.90E-03 7.3 0.0344 1.78 0.39
Homog| 1.32E-03 7 0.0343 1.54 0.4

Table 2. PW-1 Hydrogeologic Data (Y oung et ., 2002)

Begin Depth| End Depth [Avg. Depth| Ksat Residual Water | alpha
(m) (m) (m) (cm/s) Content (1/cm) Porosity
0 2.75 1.375 0.23 0.215 0.0764 1.22 0.43
2.75 6.5 4.625 1.2 0.798 0.3528 1.25 0.42
6.5 9.75 8.125 1 0.792 0.2744 1.23 0.44
9.75 11.5 10.625 0.2 4.84 0.147 1.28 0.44
11.5 12.5 12 0.48 1.998 0.1274 1.21 0.37
12.5 15.75 14.125 0.18 6.615 0.1372 1.26 0.35
15.75 19 17.375 0.02 6.342 0.0431 1.31 0.42
19 24.25 21.625 0.09 6.29 0.0853 1.34 0.37
24.25 29.75 27 0.01 7.622 0.0392 141 0.37
29.75 29.75 29.75 0.31 3.588 0.1666 1.29 0.46
Homog NA NA 0.175 3.91 0.116 1.28 0.407
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Table 3. PW-2 Hydrogeologic Data (REECo, 1994)
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Residual Water| alpha
Depth(m) | Ksat cm/s Content (1/cm) n porosity
0.3] 5.20E-04 5.4 0.0185 1.4 0.38
0.9] 3.00E-05 3.6 0.018 1.25 0.37
9.1 5.30E-05 4.8 0.0209 1.33 0.36
9.4 8.50E-05 10.5 0.032 1.34 0.33
12.2 1.10E-04 7.4 0.0204 1.4 0.365
12.5| 1.40E-04 3.8 0.0226) 1.32 0.32
21.00 1.70E-04 6.1 0.0191 1.39 0.365
30.5| 5.30E-04 4.9 0.0603 1.29 0.375
36.3] 1.10E-04 8.8 0.0116 15 0.385
39.3] 1.00E-04 3.8 0.0187 1.31 0.355
61.00 1.30E-04 6.8 0.014 1.39 0.415
76.2] 4.00E-03 9 0.0344 1.97 0.445
94.8 2.10E-05 1.1 0.0134 1.21 0.34
152.1] 7.50E-04 7.1 0.0141 1.73 0.45
219.2] 1.20E-04 0.01 0.0249 1.2 0.32
249.00 2.30E-03 0.01 0.0199 1.2 0.415
Homog| 1.88E-04 5.195 0.0207 1.38 0.37
Table 4. PW-3 Hydrogeol ogic Data (REECo, 1994)
Residual Water| alpha
Depth(m) | Ksat cm/s Content (1/cm) n porosity
0.3048 7.20E-04 3.1 0.0103 1.47 0.38
0.9144| 3.20E-04 3.2 0.0107 1.48 0.36
15.5448  3.20E-04 4.1 0.0115 1.38 0.34
15.8496) 5.60E-05 4.9 0.0114 1.43 0.34
30.7848| 6.00E-05 8.6 0.0153 1.37 0.32
39.624| 4.40E-04 7.2 0.045 1.48 0.33
152.4] 2.40E-03 3 0.0383 1.3 0.32
167.64] 1.10E-03 4.7 0.0275 1.38 0.39
Homog| 3.60E-04 4.85 0.0179 1.41 0.35
Table 5. Stable Isotope Parameters Used in Simulations
H,'°0 H,"°0 HD*0
Equilibrium Fractionation Factor" 1 1.0098 1.0850
Henrys Law Constant (MPa) 2.332E-03 2.309E-03 2.149E-03
Free Water Diffusivity (m°/s)>* 2.26E-09 2.26E-09 2.23E-09
Free Vapor Diffusivity (m*/s)>* 2.57E-05 2.50E-05 2.51E-05

1 - Merlivat and Coantic (1975)

2 - H**0 diffusivity from Smiles et al. (1995)
3 - calculated from measurements provided in Wang et al.(1953)
4 - H,"®0 and HDO from Merlivat (1978)
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Table 6. Model simulation structure
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PW1 PW2 PW3 Fixed Parameters |Variable Parameters
4 material sets 2 material sets |2 material sets
REECo_hom REECo hom |REECo _hom
REECo_het REECo het |REECo_het
DRI_hom
DRI het
Pre-pluvial J 2 2 Duration 79 ky
Root zone = 8MPa
Pluvial l \: J Duration = 1 ky Infiltration (best)
(mm/yr)
PW1 REECo= 3.0
PW1 DRI = 35
PW2 =300
PW3 = 90
Post- \’ 2 2 Root-zone potential
pluvia

4 MPaor 8 MPa

Duration
13 ky or 26 ky
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Table 7. Simulation Index
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Identifier Borehole | Root Pluvial Van Genuchten

(on some figures, only part of Pressure | infiltration Property set

the identifier is used)

PW1 REECo 8MPa homog | PW-1 8 MPa 3 mm/yr REECo (1994) homogeneous

PW1 REECo 8MPa heter PW-1 8 MPa 3 mmiyr REECo (1994) heterogeneous

PW1_REECo 4MPa _homog | PW-1 4 MPa 3 mm/yr REECo (1994) homogeneous

PW1 REECo 4MPa heter PW-1 4 MPa 3 mm/yr REECo (1994) heterogeneous

PW1 DRI_8MPa homog PW-1 8 MPa 3.5mmiyr | Young et a. (2002)
homogeneous

PW1_DRI_8MPa_heter PW-1 8 MPa 3.5mm/yr | Young et al. (2002)
heterogeneous

PW1 DRI_4MPa _homog PW-1 4 MPa 3.5mmiyr | Young et a. (2002)
homogeneous

PW1_DRI_4MPa_heter PW-1 4 MPa 3.5mm/yr | Young et al. (2002)
heterogeneous

PW2 REECo 8MPa homog | PW-2 8 MPa 30 mm/yr REECo (1994) homogeneous

PW2_REECo 8MPa_heter PW-2 8 MPa 30 mm/yr REECo (1994) heterogeneous

PW2_REECo 4MPa homog | PW-2 4 MPa 30 mm/yr REECo (1994) homogeneous

PW2_REECo_4MPa_heter PW-2 4 MPa 30 mm/yr REECo (1994) heterogeneous

PW3 REECo 8MPa homog | PW-3 8 MPa 9 mm/yr REECo (1994) homogeneous

PW3_REECo 8MPa heter PW-3 8 MPa 9 mm/yr REECo (1994) heterogeneous

PW3_REECo_4MPa homog | PW-3 4 MPa 9 mm/yr REECo (1994) homogeneous

PW3_REECo_4MPa_heter PW-3 4 MPa 9 mm/yr REECo (1994) heterogeneous
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Table 8. Statistics comparing chloride transport simulations with datafor 8 MPa root-zone capillary
pressure during post pluvial period.

Well Property| Data Sourcg  Diffusion| Post Pluvial Pluvial| Root Mean Mean| Variance
Set Model (ky)| Infiltration| Square of
Rate (mm)| Difference
PW1 heter REECo MQ 13 3 38.65 -16.06) 1236.03
PW1 heter REECo MQ 26 3 323 -18.53 699.9
PW1 heter DRI MQ 13 3.5 28.48 -9.53 720.34
PW1 heter DRI MQ 26 35 26.37 -9.23 610.32
PW1 homog REECo MQ 13 3 27.2 -10.76 626.25
PW1 homog REECo MQ 26 3 23 -13.3 353.6
PW1 homog DRI MQ 13 3.5 26.16 -10.55 572.87
PW1 homog DRI MQ 26 3.5 23.78 -11.47 433.95
PW1 homog REECo Conca 13 2 23.7 -3.39 549.95
PW1 homog REECo Conca 26 2 29.79 -7.75 827.17
PW2 heter REECo MQ 13 30 31.37 15.73 736.39
PW2 heter REECo MQ 26 30 37.26 -6.64] 1344.38
PW2 homog REECo MQ 13 30 31.72 16.57 731.66
PW2 homog REECo MQ 26 30 38.12 -548 142341
PW3 heter REECo MQ 13 9 33.57 481 1104.07
PW3 heter REECo MQ 26 9 38.61 -0.85 1490.25
PW3 homog REECo MQ 13 9 36.11 5.78 1270.2
PW3 homog REECo MQ 26 9 35.11 121 1231.32
PW3 homog REECo Conca 13 7 28.75 3.92 811.4
PW3 homog REECo Conca 26 7 21.19 -0.99 447.87

REECO - REECo (1994)

DRI - Young et al. (2002)
MQ - Millington Quirk Diffusion Model
Conca - Conca and Wright Diffusion Model
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Table 9. Statistics comparing chloride transport simulations with datafor 4 MPa root-zone capillary
pressure during post pluvia period.

Well Property| Data Source  Diffusion| Post Pluvia Pluvial| Root Mean Mean| Variance

Set Model (ky)| Infiltration| Square of

Rate (mm)| Difference
PW1 heter REECo MQ 13 3 38.92 -16.4| 1246.13
PW1 heter REECo MQ 26 3 31.96 -18.54 677.83
PW1 heter DRI MQ 13 35 28.57 -10.03 715.76
PW1 heter DRI MQ 26 35 24.92 -9.86 523.55
PW1 homog REECo MQ 13 3 274 -11.15 626.29
PW1 homog DRI MQ 26 3 22.65 -13.57, 328.91
PW1 homog DRI MQ 13 35 27.08 -11.06 611.08
PW1 homog REECo MQ 26 35 23.95 -12.33 421.46
PW2 heter REECo MQ 13 30 31.92 15.65 774.16
PW2 heter REECo MQ 26 30 33.61 -6.76 1084.1
PW2 homog REECo MQ 13 30 3211 16.44 760.43
PW?2 homog REECo MQ 26 30 35.43 -5.74) 122203
PW3 heter REECo MQ 13 9 32.7 481 1045.97
PW3 heter REECo MQ 26 9 36.06 -0.85 1299.9
PW3 homog REECo MQ 13 9 32.95 428/ 1067.11
PW3 homog REECo MQ 26 9 30.34 -0.87 919.5

REECO - REECo (1994)

DRI - Young et al. (2002)
MQ - Millington Quirk Diffusion Model
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Figure 1. Area5 RWMS and borehole locations (From Tyler et a. 1999)
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present
Arid, Warm
Climate

Wet, Cool
Climate

Mesic Xeric
Vegetation Vegetation

Figure 2. Deep Arid System Hydrodynamics (DA SH) conceptual model (From Walvoord et a., 2001).
During the transition from awet, cool climate during the past pluvial period to current dry
conditions, large capillary pressures are established in the xeric vegetation root zone, inducing
strong upward gradients.
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Diffusion __ Advection _

Figure 3. Present climate advective and diffusive solute fluxesin the DASH model (modified from
Walvoord et a., 2001 to show upward as well as downward diffusive flux), which are
dependent upon the location and direction of the concentration gradient.
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Figure 4. Chloride data measured in core and cuttings in PW-1, PW-2, and PW-3. Blue lines show a

moving average of the data.
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Figure 5. Total chloride inventory - comparing simulations (model) and measurements from cuttings (data).
Simulations represent 105 mg/m?yr chloride deposition, 8 M Pa root-zone capillary pressure
and 26 ky since last pluvia period.
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Figure 7. Measured water pressures with depth in the three wells (REECo, 1994). See section 1.4.3 for

discussion. Capillary pressures are effectively the absolute values of the water pressures, as
discussed in Section 1.2.
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Figure 8. Stable isotope profiles for multiple wells near the Area5 RWMS (Tyler et al. 1999).
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Figure 9. Shallow profiles of stable isotopes as used to set model boundary conditions.
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Figure 11. Vadose-zone water content/hydraulic conductivity relationships for borehole PW-1 samples,
computed from REECo (1994) parameters. See Section 2.1 for sample description. Curve
numbers correspond with sequential datalinesin Table E.2.10 of REECo (1994).
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Figure 12. Vadose-zone water content/hydraulic conductivity relationships for borehole PW-1 samples,
computed from Young et al. (2002) parameters. See 2.1 for sample description. Curve numbers
correspond with sequential datalinesin Table 3 of Young et a. (2002).
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Figure 13. Vadose-zone water content/hydraulic conductivity relationships for borehole PW-2 samples,
computed from REECo (1994) parameters. See 2.1 for sample description. Curve numbers
correspond with sequential datalinesin Table E.2.10 of REECo (1994).
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Figure 14. Vadose-zone water content/hydraulic conductivity relationships for borehole PW-3 samples,
computed from REECo (1994) parameters. See Section 2.1 for sample description. Curve
numbers correspond with sequential datalinesin Table E.2.10 of REECo (1994).
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Figure 15. Observed and simulated chloride mass concentrations in PW-1 for root-zone potential of 8 MPa.
Figure shows differences for 26 and 13 thousand years of high root-zone capillary pressure
since last pluvia period. Model results show the difference in diffusive mass transport
simulated with Conca-Wright and Millington-Quirk models. Homogeneous hydraulic
properties based on REECo (1994) sample analyses.
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Figure 16. Observed and simulated chloride mass concentrations in PW-1 for root-zone potential of 8 MPa.
Figure shows differences for 26 and 13 thousand years of high root-zone capillary pressure

sincelast pluvial period. Only Millington-Quirk diffusion model results are shown in this
figure. Heter ogeneous hydraulic properties based on REECo (1994) sample analyses.
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Figure 17. Observed and simulated chloride mass concentrationsin PW-1 for root-zone potential of

8 MPa. Figure shows differences for 26 and 13 thousand years of high root-zone capillary
pressure since last pluvia period. Only Millington-Quirk diffusion model results are shownin
thisfigure. Uniform hydraulic properties based on geometric mean of Young et al. (2002)
parameters.
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Figure 18. Observed and simulated chloride mass concentrations in PW-1 for root-zone potential of 8 MPa.
Figure shows differences for 26 and 13 thousand years of high root-zone capillary pressure
sincelast pluvial period. Only Millington-Quirk diffusion model results are shown in this
figure. Heterogeneous hydraulic properties based on YOUNG ET AL. (2002) sample
analyses.
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Figure 19. Observed and simulated chloride mass concentrationsin PW-2 for root-zone potential of
8 MPa. Figure shows differences for 26 and 13 thousand years of high root-zone capillary
pressure since last pluvia period. Only Millington-Quirk diffusion model results are shownin
thisfigure. Uniform hydraulic properties based on geometric mean of REECo (1994)
parameters.
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Figure 20. Observed and simulated chloride mass concentrations in PW-2 for root-zone potential of 8 MPa.
Figure shows differences for 26 and 13 thousand years of high root-zone capillary pressure
sincelast pluvia period. Only Millington-Quirk diffusion model results are shown in this
figure. Heter ogeneous hydraulic properties based on REECo (1994) sample anayses.
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Figure 21. Observed and simulated chloride mass concentrations in PW-3 for root-zone potential of
8 MPa. Figure shows differences for 26 and 13 thousand years of high root-zone capillary
pressure since last pluvial period. Model results show the difference in diffusive mass transport
simulated with Conca-Wright and Millington-Quirk models. Uniform hydraulic properties
based on geometric mean of REECo (1994) parameters.
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Figure 22. Observed and simulated chloride mass concentrations in PW-3 for root-zone potential of 8 MPa.
Figure shows differences for 26 and 13 thousand years of high root-zone capillary pressure
since last pluvial period. Only Millington-Quirk diffusion model results are shown in this
figure. Heterogeneous hydraulic properties based on REECo (1994) sample analyses.
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Vater Pressure (MPa)

Observed and simulated water pressures (negative capillary pressure) at PW-1 using REECo
(1994) properties. Simulations for homogenous (hom) and heterogeneous (het) properties with
post-pluvial root-zone capillary pressure set at 4 MPa (4) and 8 MPa (8) and post-pluvial
duration of 13 ky and 26 ky.
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Water Pressure (MPa)

Observed and simulated water pressures (negative capillary pressure) at PW-1 using Y oung et
al. (2002) properties. Simulations for homogenous (hom) and heterogeneous (het) properties
with post-pluvial root-zone capillary pressure set at 4 MPa (4) and 8 MPa (8) and post-pluvial
duration of 13 ky and 26 ky.

60



Area 5 RWM S Vadose-Zone Flux Report

PW2 REECo
0 w
- . = "'""'-"-iﬂ'ﬁ-ﬂs.'._-q_a._ e
10 —|
20 —|
30 |
e
S’ —
:E 50 —|
(=B
& 7 '
2 .
60 —| ® 0
i
i [
70 ¥ Data PW2 LP q
Data PW2 CX2 :
4| =———hom 4 13 ® i
d
hom 4 26
80 — het 4 13
| ==———— het 4 26
——hom 8 13
90 | ———nhom 8 26
J| mm———— het 8 13 ®
----- het 8 26
100 T | T | T | T | T | T | T | T | T |
-9 -8 -7

-6 -5 -4 -3 -2 -1 0
Water Pressure (MPa)

Figure 25. Observed and simulated water pressures (negative capillary pressure) at PW-2 using REECo
(1994) properties. Simulations for homogenous (hom) and heterogeneous (het) properties with
post-pluvial root-zone capillary pressure set at 4 MPa (4) and 8 MPa (8) and post-pluvial
duration of 13 ky and 26 ky.
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Figure 26. Observed and simulated water pressures (negative capillary pressure) at PW-3 using REECo
(1994) properties. Simulations for homogenous (hom) and heterogeneous (het) properties with
post-pluvial root-zone capillary pressure set at 4 MPa (4) and 8 MPa (8) and post-pluvial
duration of 13 ky and 26 ky.
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Figure 27. Simulated liquid fluxes vs. depth with an 8 M Pa root-zone capillary pressure for 26 ky since the
last pluvial period. Legend indicates location and material propertiesaslisted in Table 7.
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Figure 28. Simulated liquid fluxes vs. depth with an 8 MPa root-zone capillary pressure for 13 ky since the
last pluvial period. Legend indicates location and material propertiesaslisted in Table 7.
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Figure 29. Simulated liquid fluxes vs. depth with a4 MParoot-zone capillary pressure for 26 ky since the
last pluvial period. Legend indicates location and material propertiesaslisted in Table 7.
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Figure 30. Simulated liquid fluxes vs. depth with a4 MParoot-zone capillary pressure for 13 ky since the
last pluvial period. Legend indicates location and material propertiesaslisted in Table 7.
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Figure 31. Simulated vapor fluxes vs. depth with an 8 MParoot-zone capillary pressure for 26 ky since the
last pluvial period. Legend indicates location and material propertiesaslisted in Table 7.
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Figure 32. Simulated vapor fluxes vs. depth with an 8 MPa root-zone capillary pressure for 13 ky since the
last pluvial period. Legend indicates location and material propertiesaslisted in Table 7.
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Figure 33. Simulated vapor fluxes vs. depth with an 4 MParoot-zone capillary pressure for 26 ky since the
last pluvial period. Legend indicates location and material propertiesaslisted in Table 7.
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Figure 34. Simulated vapor fluxes vs. depth with an 4 MParoot-zone capillary pressure for 13 ky since the
last pluvial period. Legend indicates location and material propertiesaslisted in Table 7.
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Figure 35. Liquid (1) and vapor (v) flux asafunction of time since the last pluvial period (time = 0) at the
root zone (r) and 5 m below the root zone (5m) for the 8 M Pa root-zone capillary pressure

simulations at PW-1 using the homogenous (hom) and heterogeneous (het) properties based on
REECo (1994) data.
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Figure 36. Liquid (I) and vapor (v) flux as afunction of time since the last pluvial period (time = 0) at the
root zone (r) and 5 m below the root zone (5m) for the 8 MParoot-zone capillary pressure
simulations at PW-1 using the homogenous (hom) and heterogeneous (het) properties based on
Young et a. (2002) data.
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Figure 37. Liquid (I) and vapor (v) flux as afunction of time since the last pluvial period (time = 0) at the
root zone (r) and 5 m below the root zone (5m) for the 8 MPa root-zone capillary pressure
simulations at PW-2 using the homogenous (hom) and heterogeneous (het) properties based on
REECo (1994) data.
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Figure 38. Liquid (1) and vapor (v) flux as afunction of time since the last pluvial period (time = 0) at the
root zone (r) and 5 m below the root zone (5m) for the 8 MPa root-zone capillary pressure

simulations at PW-3 using the homogenous (hom) and heterogeneous (het) properties based on
REECo (1994) data.
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Figure 39. Comparison of simulated and measured stable oxygen isotope profiles for post-pluvial warm
periods of 13 ky (left), and 26 ky (right) at PW-1 using heter ogeneous Y oung et a. (2002)
properties and an 8 MPa root-zone capillary pressure boundary condition. Diffusion models
include combinations of different vapor-phase and liquid phase diffusion models discussed in
the text. For vapor, the models are Millington-Quirk (MQ) and modified Millington-Quirk
(mMQ). For liquid the models are Millington Quirk (MQ) and Conca-Wright (CW).
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Figure 40. Simulated and measured stable isotope profiles for post-pluvial warm periods of 10, 13, and
26 ky at PW-1 using heterogeneous REECo (1994) properties and an 8 MPa root-zone
capillary pressure boundary condition. Upper figures use Millington-Quirk (MQ) for both
liquid and vapor. Lower Figures use modified Millington-Quirk (mMQ) for vapor and Conca-
Wright (CW) for liquid.
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Figure41. Simulated and measured stable isotope profiles for post-pluvial warm periods of 10, 13, and
26 ky at PW-1 using heterogeneous Y oung et al. (2002) properties and an 8 MParoot-zone
capillary pressure boundary condition. Upper figures use Millington-Quirk (MQ) for both
liquid and vapor. Lower figures use modified Millington-Quirk (mMQ) for vapor and Conca
Wright (CW) for liquid.
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Figure 42. Simulated and measured stable isotope profiles for post-pluvial warm periods of 10, 13, and

26 ky at PW-2 using heterogeneous REECo (1994) properties and an 8 MPa root-zone
capillary pressure boundary condition. Upper figures use Millington-Quirk (MQ) for both
liquid and vapor. Lower figures use modified Millington-Quirk (mMQ) for vapor and Conca
Wright (CW) for liquid.
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Figure 43. Simulated and measured stable isotope profiles for post-pluvial warm periods of 10, 13, and

26 ky at PW-2 using heterogeneous REECo (1994) properties and an 8 MPa root-zone
capillary pressure boundary condition, and contemporary isotopic ratios at the water table
boundary. The results do not match the lower, enriched portions of the profiles, but the
provide an indication that those portions of the profiles may be aresult of both upper and lower
boundary condition changes over time.
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Figure 44. Simulated and measured stabl e isotope profiles for post-pluvial warm periods of 10, 13, and
26 ky at PW-3 using heterogeneous REECo (1994) properties and an 8 MPa root-zone
capillary pressure boundary condition. Upper figures use Millington-Quirk (MQ) for both
liquid and vapor. Lower figures use modified Millington-Quirk (mMQ) for vapor and Conca-
Wright (CW) for liquid.
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Figure 45. Simulated and measured stable isotope profiles for post-pluvial warm periods of 10, 13, and
26 ky at PW-3 using heterogeneous REECo (1994) properties and an 8 MPa root-zone

capillary pressure boundary condition, and contemporary isotopic ratios at the water table
boundary. Diffusion modeled with modified Millington-Quirk (mMQ) for vapor and Conca

Wright (CW) for liquid
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