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Vadose Zone Transport of 1,1,1-Trichloroethane: Conceptual Model Validation
through Numerical Simulation

Philip H. Stauffer,* Kay H. Birdsell, Marc S. Witkowski, and John K. Hopkins

ABSTRACT

A conceptual model is developed to better understand vadose zone
vapor-phase diffusion within the mesas of the Pajarito Plateau at Los
Alamos National Laboratory. We focus on 1,1,1-trichloroethane (TCA)
vapor transport from a liquid-waste disposal site. The conceptual model
incorporates several physical processes, including partitioning of TCA
into the liquid phase, satnration-dependent diffusion, diffusion through
asphalt, and interaction with the atmosphere. Three-dimensional nu-
merical simulations that use the conceptual model of TCA transport
are then calibrated to pore-gas monitoring data. Adjustable parame-
ters in the numerical simulations are limited to (i) the vapor-phase
diffasion coefficients for the different geologic units, asphalt cover, and
land-atmosphere boundary layer and (ii) the fixed concentrations in
the two shaft clusters. By including all of the components of the con-
ceptual model in our numerical simulations we were able to achieve
areasonable match between the simulated plume and site data for two
alternate conceptual models of asphalt, one with asphalt as a diffusive
barrier and one without asphalt as a diffusive barrier, A goodness-of-fit
analysis shows that the best-fit simulations are highly correlated to
132 data points from 21 boreholes. The simulations demonstrate that
diffusive behavior describes the general characteristics of the current
subsurface vapor plume, Effective vapor-phase diffusion coefficients
used in the simulations that best fit the data suggest that barometric
pumping is not contributing to diffusion in the deep vadose zone; how-
ever, it is likely that barometric pumping is occurring in fractures
near the mesa edge. We conclude that asphalt is most likely acting as
a barrier to diffusion at this site. The numerical simulations validate
that the conceptual model developed for this study is a useful tool
for analyzing TCA transport within the mesas of the Pajarito Plateau.

IGRATION OF VAPOR-PHASE contaminants in the va-

dose zone is often much more rapid than migra-
tion of those in the liquid phase because vapor diffusion
is several orders of magnitude larger than liquid diffu-
sion for the same molecule (Fetter, 1999). Because of their
high vapor pressure and low solubility in water, volatile
organic compounds (VOCs) have a large potential to mi-
grate in the vadose zone (Jury et al.,, 1990). The differ-
ence is accentuated as the saturation of the rocks ap-
proaches residual moisture, at which point movement
in the liquid phase is essentially stopped (Conca and
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Wright, 1992). As pore spaces become drier, air path-
ways become better connected and vapor can more eas-
ily migrate under molecular diffusion or pressure driven
flow. Rapid vapor transport can also be caused by large
variations in barometric pressure (Auer et al., 1996) and
pressure gradients resulting from topographic features
(Weeks, 2001).

Several factors can act to reduce the ability of vapor-
phase VOCs to migrate in the vadose zone. As pore spaces
become saturated, vapor-phase tortuosity increases and
both the effective vapor-phase diffusion coefficient and
the gas-phase permeability are reduced (Jury et al., 1991).
Volatile organic compounds tend to have low solubility,
but some partitioning into vadose zone water occurs and
can slow the migration of VOC vapor (Jury et al., 1990).
Partitioning is often assumed to be an equilibrium phe-
nomenon; however, Thomson et al. (1997) reported that
this may be an oversimplification of field conditions.
Another process that slows VOC migration is sorption
onto mineral surfaces, which may or may not be revers-
ible. Slow desorption of VOC in the vadose zone can
lead to long-term sources that are extremely difficult to
remediate. Finally, degradation of VOCs by both abiotic
and biotic processes can help to attenuate a contaminant
plume (Vogel et al., 1987). However, abiotic degrada-
tion can be quite slow, and biotic degradation can be slow
and inefficient in the vadose zone where liquid nutrient
flux and waste removal are impeded by low relative per-
meability of liquids caused by the presence of soil gas
in the pore structure.

The purpose of this work is to develop a conceptual
model (Birdsell et al., 2005) of subsurface VOC trans-
port and to validate the conceptual model through nu-
merical simulations of TCA transport in the vadose zone
at Los Alamos National Laboratory. The simulations
are calibrated tosite data from a network of vapor-phase
monitoring ports located in boreholes that surround the
plume. Adjustable parameters in the simulations are lim-
ited to (i} the vapor-phase diffusion coefficients for the
different geologic units, asphalt cover, and land-atmo-
sphere boundary layer and (ii) fixed concentrations of
TCA in the source region. The modeling allows the rela-
tive importance of different transport processes to be
assessed and helps to show which processes are domi-
nant in our conceptual model. A valid conceptual model
for VOC transport is crucial for predicting future risk
associated with the site and is a necessary step in gaining
regulatory approval for site closure (National Research
Council, 2001). Once validated, the conceptual model, as
implemented in the numerical simulations, can be used

Abbreviations: B&K, Bruel and Kjaer; COPC, chemicals of potential
concern; DEM, digital elevation model; MDA, Material Disposal
Area; TCA, 1,1,1- trichloroethane; VOC, volatile organic compound.
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Fig. 1. Geographical information for MDA L and the surrounding area.

with some confidence to simulate future plume behavior
with respect to remediation options.

SITE DESCRIPTION
Geologic Setting

Material Disposal Area (MDA) L is located on Mesita
del Buey, a narrow finger mesa situated near the eastern
edge of the Pajarito Plateau (Broxton and Vaniman, 2005;
McLin et al., 2005). The Pajarito Plateau is located on
the eastern flank of the Jemez volcanic center, and the
rocks that form the plateau were created in two main ig-
nimbrite eruptions that occurred at approximately 1.61
and 1.22 Ma (Izett and Obradovich, 1994). Subsequently,
the plateau has been incised by canyons that drain to
the Rio Grande. The regional aquifer is located approxi-
mately 300 m below the surface of MDA L, and no perched
water was encountered during drilling at the site.

Figure 1 gives the general geography for MDA L and
the surrounding area, and Fig. 2 shows the approximate
site stratigraphy on a north-south cross section of the
mesa with several of the boreholes from Fig. 1 projected
onto the plane. The upper five stratigraphic units make
up the Tshirege Member of the Bandelier Tuff. The Ban-
delier Tuff is composed of nonwelded to moderately
welded rhyolitic ash-flow and ash-fall tuffs interbedded
with thin pumice beds. Qbt 2 and Qbt 1vc contain nearly
ubiquitous, vertical cooling joints (Purtymun and Ken-

nedy, 1971), with average joint spacing in Qbt 2 varying
from 0.9 to 3.3 m (McLin et al., 2005). Joints are typically
<6 mm, but some openings are as large as 50 mm (Nee-
per and Gilkeson, 1996). Clay fills many of the joints to
depths of 6 m, but below this depth joints are either
open or filled with powdered tuff (Neeper and Gilkeson,
1996). The vertical joints in Qbt 1vc are almost all open
and provide rapid equilibration of pressure changes dur-
ing pumping tests (Neeper 2002). More discussion of the
fracture characteristics and petrography of the Bandelier
Tuff on Mesita del Buey can be found in McLin et al.
(2005). The base of the Tshirege Member is the Tsankawi
pumice (Qbt t) that is typically between 1 and 2 m thick.
The Cerro Toledo interval (Qct) is comprised of volcano-
clastic sediments interbedded with minor pyroclastic
flows, and separates the Tshirege and Otowi Members
(Qbo) of the Bandelier Tuff. The Otowi Member is
nonwelded to poorly welded and is not fractured (Vani-
man et al., 1996). The basal subunit of the Otowi mem-
ber is the Guaje Pumice. The Cerros del Rio Basalt (Tb4),
which comprises at least 35% of the vadose zone, displays
wide variability (Turin, 1995), ranging from extremely
dense with no effective porosity, to highly fractured, to
so vesicular as to appear foamy. Neeper (2002) reported
that the pressure signal within the basalt (Location G
on Fig. 2) is nearly in phase with the atmosphere and that
pressure data from Boreholes 1015 and 1016 (Fig. 1)
can be explained by extremely high air permeability
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Fig. 2. Two-dimensional site stratigraphy (from Neeper, 2002).

(1 X 107° m?) connected to a distant (1.5 km) outcrop.
The Puye Formation, a conglomerate of volcanic cobbles
and boulders in a matrix of sand, silt, and clay, under-
lies the Cerros del Rio Basalts and extends from the
base of the vadose zone well into the saturated zone.
Material properties relevant to the conceptual model
of TCA transport are discussed below. The geology of
the Pajarito Plateau was described in more detail in
Broxton and Vaniman (2005), Broxton and Reneau
(1995), and Reneau et al. (1998).

Site History

Material Disposal Area L is a liquid chemical-waste dis-
posal facility that operated from the late 1950s through
1985 (Fig. 1). During operations, liquid chemical waste
was emplaced in 20-m-deep shafts on the mesa top. Vol-
atile organic compounds from the shafts have subse-
quently leaked into the subsurface and created a vadose
zone plume that extends laterally beyond the bound-
aries of the site and vertically to depths of more than
70 m below ground surface. The major chemicals of po-
tential concern (COPC) measured at this site are VOCs
(LANL,2002). After passage of the Resource Conserva-
tion and Recovery Act (RCRA), regulations concerning
the disposal and storage of hazardous waste caused the
Laboratory to discontinue subsurface disposal of RCRA
regulated chemical wastes.

One pit, three surface disposal impoundments, and
34 disposal shafts are the Potential Release Sites (PRS)
at MDA L (Fig. 3) (LANL, 2002). These PRSs had vary-
ing purposes and were used for different time periods.
The disposal pits are not considered in this study be-
cause they present no viable source for VOC in the sub-
surface. Disposal shaft numbers 1 through 28 operated

from 1975 through 1985, while shaft numbers 29 through
34 operated from 1983 through 1985. After 1985, most
of the 2.5 acres comprising MDA L were covered with
asphalt on which temporary storage facilities for chemi-
cal waste were built. There is little information on spe-
cific chemicals, timing, or quantities of waste that were
disposed of at MDA L. However, the major COPCs mea-
sured at this site are found in pore-gas sampling and
include a host of VOCs (LANL, 2002). The 34 shafts
received metal drums (=200 L) containing chemical lig-
uid waste. The waste drums were packed in lifts with
one to six barrels per layer. In the shafts, layered waste
was covered with crushed tuff to provide absorbent ma-
terial as well as structural support for the drums. Addi-
tionally, unknown quantities of small containers and
free liquids were dropped directly into the shafts. The
locations of the pits and shafts can be seen in Fig. 3.

Pore-Gas Monitoring Data

Pore-gas monitoring has been conducted at MDA L
since 1985 in accordance with a compliance order issued
by the state of New Mexico (LANL, 2002). Since 1997,
24 operational boreholes have been sampled using a
Bruel and Kjaer (B&K) (Naerum, Denmark) Multigas
Analyzer, Model 1302. The sample ports are purged until
CO, stabilizes, after which time five analytes (1,1,1-TCA,
TCE, PCE, Freon, and CQO,) are measured. The B&K
field screening data have been verified against labora-
tory analysis and show consistent results with linear
correlation having an r? of approximately 90%. More de-
tails on the methodology can be found in LANL (2002).

Figure 4 shows two quarters of TCA monitoring rep-
resenting the largest and smallest plume measured from
1997 to 2003. In this figure the minimum contour of
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Fig. 3. Location map for waste disposal shafts and pits at MDA L.

10 mL m 3 represents the lower limit of data reliability,
which was reported as 5 to 10 mL m 3. The major vapor-
phase contaminant measured in the plume is 1,1,1-TCA,
which comprised approximately 75% by volume of the
spatially averaged plume. The second most prevalent
VOC found was TCE, comprising 12.5% by volume of
the plume, while Freon 113 comprised 11.2% by volume
of the averaged plume. These values are averaged over
140 sampling locations measured using the B&K field-
screening method. Although these numbers are spatial
averages, individual sampling ports showed wide varia-
tion in the ratios of the most prevalent VOCs, and the

more complete analytic laboratory analyses showed
some ports (e.g., Well 54-2032 at 47.5 m below the collar)
have significant percentages of compounds such as naph-
thalene (12%) and 1,1-dichloroethene (14%) (Smith
et al., 1998, 1999a, 1999b).

Vadose Zone Transport Parameters

The in situ relative saturations of the Bandelier Tuff
units have been measured on core samples (Rogers and
Gallaher, 1995) and were summarized in Birdsell et al.
(2000). Relative saturation is used throughout this paper
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Fig. 4. Material Disposal Area L 1,1,1- trichloroethane concentration data contoured on cross sections and in map view.

and is defined as the fraction of the porosity that is
filled with water. Porosity for the Bandelier Tuff units
was analyzed statistically by Springer (2005). The poros-
ity of the Cerros Del Rio basalt and the Puye Formation
used in this study are from Birdsell et al. (2000). Satura-
tion in the Cerros Del Rio basalt and the Puye Forma-
tion has no effect on the simulations and is arbitrarily
set to 2%. Table 1 presents the saturation and porosity
values that are fixed in this study. We present data for
only the geologic units included in the simulations.
Fuentes et al. (1991) measured the vapor-phase diffu-
sion coefficient of TCE in crushed tuff from Qbt 2 and
Qbt 1g of Bandelier Tuff at two saturation intervals, 1 to
3% and 13 to 15%, using cores from Mesita del Buey.

Table 1. Porosity and saturation values fixed in the simulations.

Unit Effective porosity  In situ saturation
Land surface 0.487 0.027
Asphalt 0.5+ 0.02
Shafts 0.5+ 0.02
Qbt 2 0.4% 0.06§
Qbt 1v 0.49% 0.15§
Qbt 1g 0.46: 0.15§
Cerro Toledo 0.45% 0.408
Otowi Member 0.44: 0.35§
Cerros del Rio basalt (matrix) 0.1§ 0.02F
Puye Formation 0.20§ 0.02

T Assigned fixed value for the simulations.
i Fixed to mean measured value from Springer (2005)
§ Fixed to measured values reported in Birdsell et al. (2000)

As expected from the literature (Millington, 1959; Conca
and Wright, 1992), the measured diffusion coefficient
was an order of magnitude lower in the higher saturation
experiments (Table 2). Because core measured diffusion
coefficients are scale dependent, measured values are
not fixed and are used as an initial guess for calibrating
the numerical model.

Using data found in the NIST (2003) online database,
we calculated the Henry’s coefficient for TCA at 12°C
and 0.08 MPa to be 62 MPa/(mole fraction);q.q, Which is
equal to 0.458 (g/L)vupor/(&/L)iiquia- We note that this value
is less than one-third that reported in Jury et al. (1990);
however, other values reported in Jury are consistent
with the NIST (2003) data. Partitioning into the liquid
phase tends to slow the growth of a vapor VOC plume
relative to vapor diffusion alone by storing some of the
TCA mass in the pore water. This effect increases with
increasing saturation. Table 2 summarizes the physical
and chemical properties of 1,1,1-TCA.

CONCEPTUAL MODEL

Our conceptual model for TCA transport at this site
contains several key features including saturation-depen-
dent vapor diffusion, equilibrium partitioning between
TCA in the liquid and gas phases, topographic bound-
aries in contact with the atmosphere, asphalt covering
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Table 2. 1,1,1- trichloroethane (TCA) physiochemical parameters.

TCA (C;H;CL;)

Molecular weight (Little, 1987)

Liquid density (Little, 1987)

Vapor pressure (Little, 1987)

Water solubility (Little, 1987)

Tuff sorption coefficient K; (Ong and Lions, 1991)
Henry’s Law constant NIST (2003)

Diffusion coefficient in crushed Bandelier tuff assumed to be nearly equal to TCE.

J=-6,DVC

where J is flux, 0, is volumetric air content, C is the concentration, and D is the

diffusion coefficient. (Fuentes et al., 1991)

133 g mol !

1325 kg m* (at 293 K)

100 mm Hg (at 293 K)

950 mg L' (at 293 K)

<0.08 mL kg~ ! under saturated conditions

62 MPa/(liquid mole fraction) equal to
0.458 (g/L)yapol (&/L)1iquia (at 285 K)

4.6E-6 to 9.3E-6 m*> s at 2-7% relative
saturation, 4.4E-7 to 1.4E-6 m* s ! at
29-36% relative saturation

part of the site, and reduction in diffusion across the
land-air interface due to boundary layer processes that
may impede mass transfer. We simplify the analysis by
considering only transport of TCA, which is justified by
the fact that this VOC is consistently measured in the
pore gas at concentrations several times higher than
other components of the plume. However, other constit-
uents can readily be incorporated by changing the physi-
cal properties listed in Table 2 to appropriate values
from the literature. Diffusive processes are assumed to
be the fundamental drivers controlling the migration of
TCA at the site. Vapor-phase TCA diffusion coefficients
have not been measured in Bandelier Tuff; however,
TCA and TCE have similar molecular weights, and we
assume that their in situ diffusion coefficients will be
quite similar (Table 2).

Vapor-phase diffusion depends on water saturation in
our conceptual model, as suggested by the work of Mil-
lington (1959). The three upper Tshirege units (Fig. 2)
are extremely dry, with saturations ranging from ap-
proximately 4 to 15%. The underlying Cerro Toledo and
Otowi Members have higher saturations, in the 30 to
40% range. Because the saturation-dependent diffusion
coefficient, Dy, is inversely related to the saturation
(Conca and Wright, 1992), diffusive flux is expected to
be greater in the upper units than in the Cerro Toledo
and Otowi Member.

In our conceptual model, the effective vapor-phase
diffusion coefficient (Dy},) accounts for both vapor dif-
fusion and diffusive spreading induced by barometric
pumping. The primary effect of barometric pumping on
chemical vapors is to increase the apparent rate of vapor
diffusion because the air movement in the subsurface
has no net velocity and is merely shifted back and forth,
which leads to increased spreading of tracer (Auer et al.,
1996; Neeper, 2001, 2002). For this reason, the values
we assign for D}, in each geologic unit or material are
guided by laboratory measured values (Fuentes et al.,
1991) and the work of Millington (1959) but remain
adjustable parameters in our conceptual and numerical
models. Additionally, barometric pumping can propa-
gate much further in a fractured system than in a non-
fractured porous medium and has been proposed as a
mechanism for increased apparent water diffusion be-
neath MDA L (Neeper and Gilkeson, 1996; Neeper 2001,
2002). The effects of such fracture-induced barometric
pumping are implicitly included in our conceptual model
as part of the effective vapor-phase diffusion coefficient,
and the numerical simulations are used to determine if

increased diffusion caused by barometric pumping is
necessary to match the pore-gas monitoring data.

Water saturation in the rock also plays a role with re-
spect to partitioning between the liquid and gas phases.
We assume that the partitioning of TCA between the
vapor phase and the pore water can be described by
Henry’s Law. Henry’s Law assumes equilibrium and
implies that the partitioning between phases is fast rela-
tive to the diffusive transport flux (Fetter, 1999). Low
water saturation in Qbt 2 allows for very little storage of
VOC s in the liquid phase. Because of higher saturations,
more partitioning of TCA into the liquid phase occurs
in the Cerro Toledo and Otowi, retarding the diffusion
of TCA through these units.

MDA L is located on the edge of a narrow mesa, so
the interaction of the subsurface vapor-phase TCA with
atmospheric air must be considered. The topographic
relief of the mesa provides an atmospheric boundary
condition of zero concentration where the plume inter-
sects the mesa top and sides (LANL, 1994). The zero-
concentration atmospheric boundary is essentially an in-
finite sink that can accept the TCA vapor that diffuses
outward from the high concentrations found in the source
region. This boundary maintains a steep concentration
gradient between the source and the mesa sides, which
limits plume growth both along the axis of the mesa and
to depth. Reduction in diffusion across interfaces can
be caused by increased tortuosity in alluvium, soils that
contain higher clay and silt fractions than intact bedrock,
and boundary layer effects (Jury et al., 1990), and for this
reason, we examine the sensitivity of the model to a de-
crease in the D, across the land-air interface.

Another factor that potentially affects the ability of
TCA vapor to migrate upward into the atmosphere is the
layer of asphalt that was applied to the surface of MDA L.
Because we do not have measurements of flux across the
asphalt, the behavior of this layer is poorly constrained.
We present two alternate conceptual models for the as-
phalt. The first envisions the asphalt as a nearly perfect
barrier to diffusion. The second conceptual model as-
sumes that the asphalt is ubiquitously cracked, providing
no barrier to vapor-phase TCA diffusion.

The migration of TCA vapor from the barrels in the
shafts is conceptualized as a time-release phenomenon.
This is based on the idea that liquid will leak slowly and
quickly volatilize. Sudden increases of TCA concentra-
tions in the source region are possible if individual
drums of solvents burst; however, barrel corrosion data
suggest slow leakage to be a more plausible scenario
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(Lyon et al., 1996). Additional evidence presented be-
low supports this conceptual model.

Processes Not Included in the Conceptual Model

In low permeability rock (<1 X 10~ m?) vapor-phase
diffusion in porous media may be better modeled by
equations such as the Dusty Gas Model (Webb, 1998).
However, permeabilities at this site are >1 X 1075 m?,
so we did not consider this theory as part of our con-
ceptual model.

Flow of liquid water can affect movement of vapor
in the subsurface. At this site, however, the estimated
infiltration is approximately 1 mm yr~! or less (Kwicklis
et al., 2005; Birdsell et al., 2000). This low rate of flow
will have very little effect on the transport of TCA, and
we did not consider the movement of liquid water as
part of our conceptual model.

Thermal diffusion is very slow in the earth, and daily
to weekly variations will propagate on the order of 1 m
or less (Hillel, 1982). Seasonal variation may cause long
wavelength temperature oscillation in the upper few
meters; however, the temperature changes will be on
the order of a few degrees. Below 3 to 4 m depth the ex-
pected temperature of the subsurface should remain
nearly constant (Hillel, 1982). Therefore, variations in
temperature were not considered in this current study,
and we assumed that the yearly average temperature is
adequate to define the state of the mesa.

Pressure changes caused by large-scale atmospheric
disturbances, thermal gradients, and wind effects have
been shown to induce advective flow in the vadose zone
(Weeks, 2001; Neeper and Gilkeson, 1996). Calculations
in Stauffer and Rosenburg (1999) show that the topo-
graphic effect is unimportant because of the low thermal
gradient and limited topographic relief of the mesa-
canyon systems limit advective upward flow to about
2 cm yr~!. As described above, the effects of barometric
pumping are indirectly included as part of D, and
we do not attempt to simulate daily pressure variations
in the simulations. Prevailing wind could create lower
pressure on the downwind side of the mesa, leading to
preferential advection. Because no such preferential
shift is seen in the pore-gas monitoring data we assumed
that wind effects can also be neglected. Therefore, our
conceptual model includes no variation in pressure and
no advective vapor-phase flow. Because we did not see
any evidence of preferential advective air flow, we did
not explicitly include fractures in our conceptual model.

Sorption of TCE onto unsaturated Bandelier tuff was
measured by Ong and Lions (1991). Results from their
study show that at high vapor-phase concentrations
(20000 mL m~?%) and low moisture contents (<0.3%),
some amount of TCE partitions onto the solid mineral
surfaces. Given the much lower TCA concentrations
found at MDA L (<3000 mL m~*) and the range of in
situ saturations found within the mesa beneath MDA L,
their data suggest that sorption should be minimal rela-
tive to liquid-phase partitioning; therefore, sorption was
not considered as part of the conceptual model.

Although we cannot eliminate the possibility that lig-

uid TCA existed at some point in time within the pore
space that surrounds the shafts, no liquid TCA was
found in any of the boreholes drilled under the site
(Fig. 1). Furthermore, at an average mesa-top internal
air pressure of approximately 800 mb, the vapor pres-
sure of 1,1,1-TCA (Table 2) would lead to an equilib-
rium vapor concentration >160 000 mL m . Because
measured concentrations are more than an order of
magnitude below the 1,1,1-TCA vapor-liquid equilib-
rium concentration, the vapor monitoring data provide
additional evidence that liquid TCA is not present.
Therefore, transport of liquid TCA were not included
in the conceptual model.

NUMERICAL MODEL

The simulations used to validate the conceptual
model are performed using FEHM, a three-dimensional
finite-volume heat and mass transfer code suitable for
simulating systems with complicated geometries (Zyvo-
loski et al., 1997). The governing equations in FEHM
arise from the principles of conservation of water mass,
air mass, contaminant mass, and energy. The advection—
dispersion equation that governs solute transport in
FEHM reduces to the diffusion equation under no-flow
conditions (Fetter, 1999; Zyvoloski et al., 1997).

Application of the Conceptual Model to the
Numerical Model

In the following sections we describe how the details
of the conceptual model are implemented in the numeri-
cal simulations. The simulations implement the pro-
cesses and features discussed in the conceptual model
in conjunction with constraints on transport parameters
suggested by measurement data. The numerical model
is then calibrated by adjusting (i) the vapor-phase diffu-
sion coefficients for the different geologic units, the
asphalt cover, and the land—atmosphere boundary layer
and (ii) the fixed concentrations of TCA in the source
region to create a numerical model of the site that fits
a majority of the pore-gas sampling data. The simula-
tions use a simplified site history that includes estimates
of the timing and location of waste emplacement and
asphalt emplacement.

Model Domain and Computational Grid

The MDA L site model is a three-dimensional repre-
sentation of the subsurface stratigraphy including the
surface topography. The model domain covers a rectan-
gular map area that is considerably larger than the MDA
L site boundary (Fig. 5). The grid is 411 m wide (east—
west) and 290 m wide (north—south). The land surface
in the model domain is based on digital elevation model
(DEM) data, which allows the topography of the mesa—
canyon system to be captured. The grid uses a subset
from the DEM data to approximate the surface with
15-m spacing. The model surface shown in Fig. 5 is com-
parable to the site topography seen in Fig. 1. Node spac-
ing is 15.24 m in both the x and y directions and is
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Fig. 5. Model topography and computational grid.

variable in the z direction from a minimum spacing of
1 m to a maximum of 15.24 m.

The model domain extends vertically from above the
land surface to below the water table and delineates a
rectangular volume of more than 43 million cubic me-
ters. The stratigraphic configuration used for the model
(Fig. 5 and 6) is derived from the LANL site-wide geo-
logic model (Vaniman et al., 1996). In the numerical
model we do not differentiate between several of the
thinner subunits of the Bandelier Tuff. We assume that
Qbt 1vu and 1lvc can be combined. We also combine

A

Cerro Toledo

Otowi Member

Puye Formation beneath the waiexr tahle

Fig. 6. Model stratigraphy.

the Qbt t with the Qct, and do not differentiate the
basal Guaje Pumice from the Otowi Member. Model
geometries of the subsurface hydrogeologic units are
based on interpolated data from existing boreholes and
outcrop and are of a lower resolution than surface geom-
etry. Surfaces and interfaces are loaded into the LaGrit
grid generation software (Trease et al., 1996; George,
1997), and a computational grid is formulated that main-
tains positive definite coupling coefficients at all vol-
ume interfaces. The final grid contains 25 456 nodes and
147 438 tetrahedral volume elements.

Boundary and Initial Conditions

The bottom boundary of the domain is flat and lies
below the water table. No flow of water or vapor is
permitted across the bottom boundary, and its tempera-
ture is held constant at 25°C, based on well bore mea-
surements (Griggs, 1964). The pressure at the top of the
model is held constant at 0.078 MPa, and the tempera-
ture is fixed to the yearly average of 10°C (LANL wea-
ther website). The atmosphere is represented by fixing
the concentration at zero in the nodes above the land
surface. Reduction in diffusion coefficient at the land—
air interface is implemented by defining the zone of nodes
that represent the land surface. These nodes can then
be assigned Dy, independent of the geologic material
they belong to for the calibration and sensitivity analy-
sis. The vertical side boundaries of the domain are no-
flow with respect to both mass and heat.

Water flow is restricted by using van Genuchten (1980)
water characteristic curve parameters that result in no
appreciable water movement. Vapor-phase advective flow
is eliminated by fixing a horizontally stratified tempera-
ture gradient in the model domain that is below the

Ar
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critical Rayleigh number and results in no convective
motion (Stauffer et al., 1997). Before running the con-
taminant transport simulations, a static air-pressure field
is established by running the model until pressures and
temperatures reach equilibrium. This ensures that the
transport simulations are not affected by transient be-
havior associated with establishing a static air-pressure
field. The steady-state initial condition has no TCA
present and is meant to represent the mesa before the
release of contaminants.

Hydrologic Parameters

Porosity in the simulations is fixed to the mean values
reported by Springer (2005) for samples located near
MDA L (Table 1). An important assumption inherent
in all the simulations is that we fix the saturations in
the subsurface to values within the measured range that
tend to accentuate the effects of vapor-liquid parti-
tioning and vapor-phase diffusion as a function of satu-
ration. For example, measured saturations in Unit 2
range from 2 to 10% (Birdsell et al., 2000); however,
for this study we fixed the saturation of this unit to the
lowest measured value of 2%. Unit 1v and 1g were fixed
at 15% saturation, and the Cerro Toledo and Otowi
units were both fixed at the high end of measured values
(40 and 35%, respectively). Deeper units play little role
in transport at this site, and units below the Otowi were
fixed at 2% saturation. Saturation values used in all the
simulations are listed in Table 1.

Shaft Location, Source Release, and Asphalt Properties

The model node spacing is too coarse to explicitly in-
clude each shaft present at MDA L. Therefore, we group
the shafts into two clusters, with the eastern shaft cluster
representing Shafts 1 through 28 and the western shaft
cluster representing Shafts 29 through 34. Each shaft
cluster is specified using three nodes, which include a
volume of the model domain (3520 m®) extending from
2 m below the surface to a depth of approximately 20 m.

TCA is introduced to the model shaft nodes based
on a simplification of the available data. The shaft nodes
are assigned fixed vapor concentrations of TCA based
on the highest measured concentrations from vapor ports
near the shafts. Because maximum measured concen-
trations could have varied through time, we simulated a
range of fixed concentration sources (2500-18 000 mL
m ) in the shafts as part of the calibration process. Higher
early TCA concentrations are justified because early
disposal practices were less stringent.

Two end-member cases for the asphalt were explored.
The first case envisioned the asphalt as a completely sealed
layer with a diffusion coefficient that causes nearly all
the TCA to be trapped, while in the second case we as-
signed the asphalt the same diffusion coefficient as Unit
2 of the Tshirege Member of the Bandelier Tuff (Ta-
ble 3).

Simulation Timeline

All simulations presented follow the same timeline.
They were initiated in 1975 with a fixed concentration of

Table 3. Diffusion coefficients used in Simulation A, the best-fit
simulation with asphalt as a diffusive barrier, and Simulation
B, the best-fit simulation without the asphalt barrier.

Unit Simulation A Simulation B
Qbt 2 3X10°m?s?! 4 x10°¢

Qbt 1v 2X10°m?s™! 2 X 10°¢

Qbt 1g 2xX10°m?st 2Xx10°¢

Cerro Toledo S5X107"ms! 5X 1077 m?s!
Otowi Member S5X1077"m*st 5X1077m?s !
Cerros del Rio basalt (matrix) 3 X 10°m?>s™! 3 X 10 °m?s!
Puye Formation 3IX10°m’s! 3 X 10 *m*s!
Shafts 3X10°m?s! 3X 10 m?s!
Asphalt 1X107%m?’s™! 3 X10°m?s!
Surface (not including asphalt) 3 X 10 *m?’s™! 1 X 1073-8 X 10~

TCA in the eastern shaft cluster (representing Shafts
1-28). This source was allowed to diffuse until 1983 when
the simulation was halted to add a fixed TCA concen-
tration of TCA to the west shaft cluster (representing
Shafts 29-34). The model was restarted and run until
1985 at which time the asphalt cover was added. The
simulation was then restarted and run until the year
2000. The fixed concentrations of TCA in the shaft clus-
ters were allowed to change to a new fixed value each
time a simulation was stopped and restarted, in 1983 and
1985. This allowed us to capture the effect of reduced
source strength through time. We expect that the TCA
concentrations in the source region would have decreased
around the year 1983 due to regulations that resulted
in less leakage from barrels of solvents.

Model Calibration

Model calibration for the two end-member asphalt
cases was performed manually by varying the adjustable
parameters until the data—-model correlation improved
based on the goodness-of-fit analysis discussed in the
following section. Parameters varied during the calibra-
tion were (i) D), of the geologic units and land-air
interface (Table 4) and (ii) the fixed TCA concentra-
tions in the two shaft clusters. As discussed in the con-
ceptual model section, DJ,, of the geologic units was
guided by measurements but allowed to vary from two
times higher to one-half times lower than the values
suggested by the measurements of Fuentes et al. (1991),
the in situ saturation, and the theory of Millington (1959).
Manual calibration is somewhat laborious, but the pro-
cess leads to increased appreciation for the interplay of

Table 4. Range in TCA effective vapor-phase diffusion coefficients
used in the calibration process.

Effective vapor-phase

Geologic unit, material or interface diffusion coefficient D,

m2 s*l

Land-air interface (not including asphalt) 1X 10758 X 10°°¢
Asphalt

Diffusive barrier 1X1074-1 x10°¢

No barrier 2 X108 X 10°¢

Shafts 4 x10°¢

Qbt 2 2 X 107%-8 X 10°¢

Qbt 1v 1 X108 x 10°¢

Qbt 1g 3 X 1076-8 X 10°6

1.0 X 1078 X 10~¢
1.0 X 1078 x 10~¢
4 x10°¢
4 x10°¢

Cerro Toledo

Otowi Member

Cerros del Rio basalt (matrix)
Puye Formation
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Fig. 7. Data—model regression for (A) the best-fit simulation with asphalt and (B) the best-fit simulation without asphalt. The details for each

simulation are listed in Table 5.

the adjustable parameters and much greater familiarity
with site-specific details.

For all simulations presented, saturation and porosity
were fixed to the values reported in Table 1. Timing of
the introduction of TCA into the shaft clusters was also
the same in all simulations, with the East Cluster initi-
ated in 1975 and the West Cluster initiated in 1985.
All simulations involving asphalt as a diffusive barrier
assumed that the asphalt was laid down covering the
entire surface of MDA L in 1985.

For this study, we simulated growth of the MDA L
TCA plume from 1975 to 2000. To compare the simula-
tions to the data, we used a subset of the pore-gas moni-
toring data to generate an average plume that represents
the year 2000. The average data plume used to calibrate
the simulations was generated by averaging all measure-
ments at each pore-gas sample port from the first quar-
ter of 1999 through the last quarter of 2000. Due to in-
consistencies in some of the sample data (i.e., sporadic
null values in an otherwise strong signal), some individ-
ual values were removed from the analysis. In a few
instances, data varied widely from quarter to quarter
and entire ports were deemed unreliable and removed
from the analysis. The final average data plume used
in the calibration process consisted of 132 measurements
from 21 wells that surround the site.

Goodness of Fit

A simple linear regression of the model-data concen-
tration pairs was used to visualize the goodness of fit be-
tween the model results and the monitoring data (Fig. 7
and 8). Log-space was used to display the regression be-
cause the data span three orders of magnitude, and the
number of low concentration measurements far exceeds
the number of high concentration measurements. Be-
cause the numerical grid is sparse and not every data
sampling location corresponds to a node, the simulated
borehole concentrations were computed through quad-
linear interpolation to the nearest four grid points.

The correlation between model and data was analyzed
using a standard correlation technique (Boas, 1983). Be-
cause the data span three orders of magnitude, we used

the normalized residual to calculate the mean residual
and the variance. The normalized residual is defined as
(data — model)/data. Low data values can lead to very
large normalized residuals, so we truncated the maxi-
mum of the absolute value of the normalized residual
at 1.0. Finally, the model is considered to be in agree-
ment with the data when both values are below 3 mL
m? as suggested by the reliability of the data, and these
model-data pairs are assigned a residual of zero. The
variance provides a way to quantify how well the data
fall onto a line, although the correlation line does not
necessarily coincide with the “model = data” line, which
has a slope of 1.0 and an intercept of zero. The mean
normalized residual error is used to tell if the model is
biased above or below the data. Therefore we used
both the mean normalized residual and the variance to
differentiate simulations that may be visually similar.

RESULTS AND DISCUSSION

Best Fit Simulation with Asphalt
as a Diffusive Barrier

Figure 7A shows the data-model regression for the
best fit that we achieved for the case where asphalt was
simulated to be a diffusive barrier. For the remainder
of this paper we refer to this simulation as Simulation A.
This simulation contains all the processes discussed in
the conceptual model, including liquid—vapor partition-
ing, diffusion as a function of saturation, interaction with
the atmosphere, and a reduction in diffusion at the land-
air interface. D, used for the geologic units is 3 X
107 m? s~! for Qbt 2, basalt, and Puye; 2 X 107° m? s~!
for Qbt 1vand Qbt 1g; and 5 X 1077 m? s~! for the Otowi
and Cerro Toledo. The land-air D), is set to 1 X 107°
m?s~ !, and the asphalt diffusion coefficient is set to 1 X
107 m? s~! (Table 3). For this simulation, 18 000 mL
m~—* TCA is fixed in the eastern shaft cluster from 1975
to 1983; then the concentration in this cluster is reduced
to 4000 mL m 3 from 1983 to 2000. The concentration of
TCA in the west shaft cluster is fixed at 4000 mL m™3
from 1983 to 1985, then reduced to 3000 mL m 3 from 1985
to 2000 (Table 5). Simulation A results in approximately
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Fig. 8. Data—model regression for sensitivity simulations. In each case, the simulation has been modified from the best-fit simulation. The details

for each simulation are listed in Table 5.

1000 kg of TCA in the modeled plume in the year 2000,
with approximately 260 kg of TCA in the soil moisture
due to liquid-phase partitioning (Henry’s Law).
Effective vapor-phase diffusion coefficients for this
simulation are quite close to the measured TCE values
from Fuentes et al. (1991) that we are using as analogs
for TCA (Table 5). The fact that this simulation can fit
the data using values on the low end of the measured
analog diffusion coefficients implies that an increased
rate of diffusion due to barometric pumping deep within
the mesa, as proposed by Neeper and Gilkeson (1996),

is not occurring. We note, however, that throughout the
calibration process, simulated TCA concentrations in
Wells 2021, 2023, and 2031 consistently overestimated the
data. These wells lie close to the mesa edge where baro-
metric pumping within exposed fractures on the mesa
edge is most likely to have an impact on TCA concen-
tration.

The mean weighted residual for this simulation is
—0.028 and confirms that the data—model error is nearly
evenly distributed about the “data = model” line (Ta-
ble 6). The variance for this simulation is 0.103 and pro-
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Table 5. Simulated TCA vapor-phase source strength (ppmv) for
the east and west shaft clusters for Simulation A, the best-fit
simulation with asphalt as a diffusive barrier, and Simulation
B, the best-fit simulation without the asphalt barrier.

Simulation A Simulation B

Eastern shaft West shaft  Eastern shaft = West shaft
Time cluster cluster cluster cluster
mL m?
1975-1983 18 000 Not active 15 000 Not active
1983-1985 4000 4000 15 000 6000
1985-2000 4000 3000 6 000 4000

vides a measure of the scatter. Scatter increases at the
lower end of concentration for two reasons. First, the
quarterly data measurements have higher standard devi-
ations at low values, and second, these points are the
furthest from the shaft clusters and may be affected by
secondary processes that are not included in our con-
ceptual model, such as an increase in the rate of diffusion
near the mesa edge caused by localized barometric
pumping (Neeper, 2002).

Best Fit Simulation without Asphalt
as a Diffusive Barrier

Figure 7B shows the data-model regression for the
best fit that we achieved for the case where asphalt is
not acting as a barrier to diffusion. This simulation is
referred to as Simulation B in the tables and figures.
Simulation B is identical to Simulation A except for
Dy in Qbt 2, DY, of the asphalt (Table 3), and the
fixed TCA concentrations in the two shaft clusters (Ta-
ble 5). Because the asphalt no longer keeps TCA from
diffusing directly to the surface in Simulation B, higher
fixed concentrations of TCA in both of the shaft clusters
and an increase in the rate of diffusion in Unit Qbt 2
are required to push TCA out to the wells located away
from the source region (e.g., Wells 2020, 2021, 2022,
2025, 2027). For this simulation, 15000 mL m~* TCA
is fixed in the eastern shaft cluster from 1975 to 1985;
then the concentration in this cluster is reduced to 6000
mL m~* from 1985 to 2000. The TCA concentration in
the west shaft cluster is fixed at 4000 mL m* from 1983
to 2000 (Table 5). Similar to Simulation A, the total
mass of TCA in the model domain for Simulation B is
955 kg, of which 700 kg is in the vapor phase.

The mean weighted residual for Simulation B is 0.018,
showing that the data-model error is nearly evenly dis-
tributed about the “data = model” line (Table 6). The
variance for Simulation B is 0.099, virtually identical to
the variance of Simulation A. Although Simulation B
has nearly the same goodness-of-fit parameters as Simu-

Table 6. Goodness-of-fit statistics for Simulations A through H.

lation A, Simulation B requires fixed source concentra-
tions (6000 mL m~7) that are well above the highest
recent measurements taken near the source region (ap-
proximately 3900 mL m™?). This leads us to conclude
that Simulation A is the more likely of the two alternate
conceptual models and that asphalt is acting as a diffu-
sive barrier at MDA L.

Model Sensitivity

Finally, we discuss simulations that show how the good-
ness-of-fit of Simulation A is affected by changing or
removing individual parameters or processes. Figure 8
shows data—model regression plots for a series of simu-
lations (Simulations C-H), each of which makes a sin-
gle change with respect to Simulation A. Table 6 lists
mean normalized residual and variance for Simulations
C through H, with a brief descriptor indicating what
change has been made relative to Simulation A.

Simulation C shows how increasing Dy, at the land—
air interface effects the growth of the plume. When the
land-air Dy, is increased to 3 X 10~°m*s~, the plume
does not grow as large and the cluster of points in the
data—model regression shifts to the right of the “data =
model” line.

Simulation D shows how decreasing Dy, at the land—
air interface affects the growth of the plume. When the
land—air effective diffusion is decreased to 1 X 1077 m?
s~1, the plume grows much larger, which results in the
data model regression points falling on the left side of
the “data = model” line. Because simulated concentra-
tions at monitoring points located in wells near the east-
ern shaft cluster (2002, 2014, 2089) are all shifted to values
well above the data, this simulation shows that a reduc-
tion of the land-air D3, to 1 X 1077 m* s~! is unlikely
on the mesa top surrounding MDA L.

Simulation E removes the process of partitioning of
TCA into the liquid phase. Without liquid-phase parti-
tioning, there is no storage for the TCA in the pore
water, and the plume is able to grow larger, mainly at
the boundaries where concentrations are below 100 mL
m . This simulation results in simulated TCA concen-
trations of >10 mL m* in the basalt in Well 1016 where
the data show values of near zero. The source region is
not affected noticeably by removal of liquid-phase parti-
tioning, and the data—model regression points above 100
mL m~? remain virtually unchanged. This is because the
region near the source is closer to a true steady state, and
storage becomes irrelevant to the final concentration gra-
dient that will develop in a given system. This implies
that the plume has not reached equilibrium and is contin-

Simulation index Simulation details Mean normalized residual Variance
A Best fit with asphalt barrier —0.028 0.103
B Best fit without asphalt barrier —0.018 098
C (A) with land-air D}, = 3 X 10~* m? s~! 0.112 0.095
D (A) with land-air D,y =1 X 107" m?s ! —0.452 0.171
E (A) with no liquid-phase partitioning —0.270 0.198
F (A) with D, = 3 X 10 m? s~! for all units —0.328 0.203
G (A) with 1.5 times higher diffusion —0.282 0.202
H (A) with 0.66 times lower diffusion 0.209 0.099
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uing to grow away from the source. Although the plume
may be continuing to grow spatially, evidence for this
growth may be difficult to see in the monitoring data
because the total amount of liquid-phase storage is pro-
portional to the volume that the plume occupies, and
incremental changes in the total plume radius must fill
the storage of ever increasing volume shells.

Simulation F removes the dependence of effective
diffusion on saturation and assumes that all the geologic
units have an effective diffusion coefficient of 3 X 107° m?
s~L. This simulation leads to much more mass (1270 kg)
in the mesa than in Simulation A and greatly overesti-
mates the data at nearly every sample location. This
simulation also results in concentrations >10 mL m™*
in the basalt in Wells 1015 and 1016 and 60 mL m~ in
the Otowi Member in Borehole 1015 where the data
show TCA concentration values near zero.

Simulation G increases the effective vapor-phase dif-
fusion coefficient in each geologic unit by a factor of
1.5 and leads to model results that overestimate the data
with a total TCA mass of approximately 1240 kg in the
mesa. In the last sensitivity, Simulation H, the effective
vapor-phase diffusion coefficient in each geologic unit
is multiplied by a factor of 0.66. This simulation under-
estimates the data for nearly every measurement value,
except in the source region where the high fixed values
remain relatively unchanged for all the simulations shown
on Fig. 8. Simulations G and H show that the numerical
model is very sensitive to changes in the effective vapor-
phase diffusion coefficient.

CONCLUSIONS

A conceptual model of TCA transport in the vadose
zone was successfully validated using three-dimensional
numerical simulations. These simulations are able to
achieve a reasonable match between the simulated plume
and site data for two alternate conceptual models of as-
phalt, one with asphalt as a diffusive barrier and one with-
out asphalt as a diffusive barrier. A goodness-of-fit anal-
ysis showed that both conceptual models of asphalt can
be correlated to 132 data points from 21 boreholes. The
conceptual model that did not include the asphalt as a
barrier required higher simulated source concentrations
than have been measured, and from this we conclude
that asphalt is most likely acting as a barrier to diffusion
at this site.

Sensitivity analyses demonstrate that all of the pro-
cesses included in the conceptual model are important
for describing the current subsurface vapor plume. Effec-
tive vapor-phase diffusion coefficients required to fit the
data suggest that, in the deep vadose zone, barometric
pumping is not contributing to the diffusion. In contrast,
within fractures on the mesa edge, we conclude that baro-
metric pumping may be occurring. The simulations con-
firm that the working conceptual model developed for
this study is a useful tool for analyzing TCA transport
within the mesas of the Pajarito Plateau.
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