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ABSTRACT

A series of site investigations and decision-support analyses have been performed related to a chromium
plume in the regional aquifer beneath the Los Alamos National Laboratory (LANL). Based on the collected
data and site information, alternative conceptual and numerical models representing governing subsurface
processes with different complexity and resolution have been developed. The current conceptual model is
supported by multiple lines of evidence based on comprehensive analyses of the available data and mod-
eling results. The model is applied for decision-support analyses related to estimation of contami-
nant-arrival locations and chromium mass flux reaching the regional aquifer, and to optimization of a site
monitoring-well network. Plume characterization is a challenging and nonunique problem because multiple
models and contamination scenarios are consistent with the site data and conceptual knowledge. To solve
this complex problem, an advanced methodology based on model calibration and uncertainty quantification
has been developed within the computational framework MADS (http://mads.lanl.gov). This work im-
plements high-performance computing and novel, efficient and robust model analysis techniques for op-
timization and uncertainty quantification (ABAGUS, Squads, multi-try (multi-start) techniques), which
allow for solving problems with large degrees of freedom.

INTRODUCTION

A crucial aspect of any decision-making process for environmental management of contaminated sites is
the development of scientifically defensible remediation strategies. Evaluation of specific remedial actions
in terms of both their environmental benefits and cost effectiveness requires a robust conceptual model of
the site and systematic characterization of conceptual model elements related to processes governing con-
taminant migration in the subsurface. Conceptual model uncertainties can be estimated based on detailed
analyses of the available qualitative and quantitative site knowledge. The decision process also identifies
potential data and conceptual-understanding gaps requiring additional data acquisition to refine remedy
selection. The decision-making process is facilitated by implementation of robust computational techniques
for decision support that take into account existing site uncertainties. However, due to data and knowledge
gaps as well as complex interdependencies between uncertainties (conceptual elements, model parameters,
measurement/computational errors, etc.), the decision-support optimization problem is typically
non-unique, and the model-prediction uncertainties are frequently difficult to quantify. The problem is
non-unique because multiple solutions produce reasonable agreement with the site data. [1-3]

We have performed detailed investigation of site information related to a chromium plume in
groundwater beneath Los Alamos National Laboratory (LANL). The work includes hydrogeological, ge-
ophysical, mineralogic, petrographic, and geochemical studies for characterization of processes and asso-
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Figure 1: Location of the study site. Green and blue dots show the locations of aquifer and vadose zone monitoring
wells, respectively. Red stars are municipal water supply wells. Recently observed Cr®* concentrations (circa 2012) at
each regional well are shown in purple [pg/€]; the concentrations at two-screen wells (e.g. R-61) are shown as upper /
lower screen values. The Cr® plume represents an area where concentrations are higher than 50 pg/¢ (ppb). The ClO4
plume represents an area where elevated Cl10, concentrations exceed 4 ug/€ (Cl10,4 values are not shown). The blue
contour lines represent the elevation of the regional water table (circa 2012) [ft]. Note: the wetland is outside the map
area; it is 4.5 km northwest of R-62 along Sandia Canyon.

ciated parameters controlling groundwater flow and contaminant transport in the subsurface. Based on
these data, we have developed a series of alternative conceptual and numerical models representing gov-
erning subsurface processes with different complexity and resolution. The current conceptual model is
supported by multiple lines of evidence based on a series of comprehensive analyses of the data. The text
below describes the site, the conceptual model of processes governing subsurface groundwater flow and
contaminant transport, applied methodologies for simulation of subsurface processes, and analyses of
modeling results related to decision making.

SITE DESCRIPTION

LANL is a research facility operated by the U.S. Department of Energy (DOE). The laboratory is in
north-central New Mexico, and consists of a 103 km? area, mostly on the Pajarito Plateau, which is a series
of mesas separated by eastward-draining canyons (Fig.1). LANL is currently investigating sites potentially
contaminated by past operations to ensure contaminants do not threaten human health or the environment.
The investigations are subject to the Compliance Order on Consent between the State of New Mexico
Environment Department (NMED) and DOE [4].

One of the LANL contamination sites is related to a chromium (Cr®") plume in the regional aquifer
beneath Sandia and Mortandad Canyons (Fig.1). A comprehensive investigation of this plume has been
ongoing since 2005 [5-8]. The Cr®" contamination results from infiltration of liquid effluents released from
a power plant that provided electric power for LANL. The contaminated effluents were discharged in
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Sandia Canyon between 1956 and 1972, when treated sanitary wastewater was used for power-plant
cooling; the water was treated with potassium dichromate (K,Cr,07), phosphate, zinc, and sulfuric acid.
The total Cr®" mass release into the Sandia Canyon is estimated at 54,000 kg with uncertainty bounds
between 31,000 to 72,000 kg. During that period, the water flux released in the canyon was about 500 to
1000 m’/d; similar effluent volumes were probably discharged through 1992. The Sandia Canyon effluent
also had elevated trititum (*H) concentrations; in 1976-77, monthly measurement of *H concentrations
ranged between 4200 pCi/¢ and 38,500 pCi/C [9]. Since the Cr®" releases ceased in 1972, municipal water
was used for cooling at the power plant, and chlorine, bromine, sodium molybdate, zinc chloride, other
inorganic salts, and acrylate polymers have been applied as cooling water additives. In 1992, LANL con-
solidated its sanitary waste treatment to a single facility that discharges to Sandia Canyon. Since then, the
released effluent in Sandia Canyon has been 1000 to 1500 m*/d. In the next few years, Sandia Canyon
effluent volume will be decreased to an estimated 200 to 400 m®/d as part of LANL’s Sanitary Effluent
Reclamation Facility (SERF) project [8] which will reduce infiltration recharge along the canyon.

Cr®" migration in the subsurface is also influenced by effluent discharges in two neighboring canyons:
Mortandad and Los Alamos (Fig.1,2). Since 1963, LANL’s Radioactive Liquid Waste Treatment Facility
has discharged treated wastewater to Mortandad Canyon. Perchlorate (C10, ), nitrate (NO; ), 1,4 dioxane
(C4Hg0,), and tritium CH) released in Mortandad Canyon are detected in perched-intermediate zones.
Some of these contaminants are partially collocated with Cr’" released in Sandia Canyon and detected in the
regional aquifer. The Mortandad releases have historical volumes about 10 times less than the Sandia re-
leases; they averaged between 100 to 160 m*/d during the 1960’s through 1980 and have declined steadily
since 1980. Between 2007 and 2010, the Mortandad Canyon releases averaged less than 20 m*/d. Since
August 2010, Mortandad Canyon discharges have effectively stopped. Past effluent releases in Los Alamos
Canyon are characterized by elevated *H concentrations (Fig.2). *H with a potential Los Alamos Canyon
origin has been co-detected with Cr®" in the perched and regional groundwater beneath Sandia and
Mortandad Canyons [8]. Currently, no LANL outfalls release water into Los Alamos Canyon watershed,
but significant natural infiltration occurs. The natural infiltration recharges along Sandia and Mortandad
Canyons are substantially less than the natural infiltration recharge along Los Alamos Canyon.

Cr®" concentrations in the regional aquifer exceed 50 pg/€ (the New Mexico groundwater standard) at
several monitoring wells (Fig.1); the highest concentration is ~1000 pg/€ (ppb). ClO4 is also present in the
aquifer at concentrations exceeding the established screening level of 4 g/t (Fig.1). 1,4 dioxane is present
in perched-intermediate groundwater beneath Mortandad Canyon at concentrations exceeding the
groundwater standard, but the contaminant is currently not detected in the regional aquifer [8].

SITE CONCEPTUAL MODEL

The site conceptual model describes the processes controlling the movement of groundwater and contam-
inants in the environment. The current conceptual model is explained in detail in [8], and supported by
multiples lines of evidence. The establishment of the current conceptual model involved field, laboratory
and modeling analyses [8]. The current understanding of the chromium distribution in the environment is
presented in Tbl.1. A schematic 3D representation of the conceptual model is shown in Fig.2. At least 25%
of the released chromium mass is currently in Sandia Canyon sediments (~18,000 kg); about 15,000 kg of
this mass resides in the wetland at the head of the canyon (Fig.2). The chromium in the canyon sediments
(including the wetland) is predominantly in reduced and non-toxic Cr** form based on X-ray Absorption
Near Edge Structure (Xanes) analyses [7]. Alluvial groundwater in Sandia Canyon is recharged daily by
effluent discharges and periodically by stormwater; this provides sufficient water to mobilize contaminants
within the watershed. Based on surface water-balance field studies, the infiltration of alluvial water is
negligible in the upper canyon sections (including the wetland); most of the infiltration occurs
downgradient from SCI-1 (Fig.1) with rates potentially as high as 1-6 m/a. Currently, the groundwater
infiltrating into the subsurface along the canyon bottom has Cr®" concentrations substantially below the
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~54,000 kg

Vadose zone (~300 m)

Figure 2: Three-dimensional conceptual representation of groundwater flow and contaminant transport in the sub-
surface beneath Los Alamos (yellow flow lines), Sandia (red) and Mortandad Canyons (blue).

groundwater standard (50 pg/€). The infiltration of alluvial groundwater along Mortandad Canyon also
occurs nearby, predominantly, in the area near MCOBT-4.4 (Fig.1).

Water infiltrating along the three canyons migrates through the vadose zone mostly vertically driven by
gravity (Fig.2). However, perching horizons divert some of the percolating water laterally along interme-
diate saturated zones extending between the three canyons (Fig.2). The perching horizons are observed at
the top, within, and at the bottom of lavas embedded between vadose-zone sediments (Puye Formation).
The flow direction in the perched zones is predominantly to the south/southwest, perpendicular to the
castward draining canyons. Between the canyons, some of the laterally-diverted water continues to per-
colate vertically toward the regional aquifer; however, some of the water reaches neighboring canyons. As
a result of lateral diversion along perching horizons, the greatest mass Cr®" contamination reaches the aq-
uifer to the south of Sandia Canyon, where it initially infiltrated in the subsurface (Fig.2). The reduction of
water released in Sandia Canyon in the next few years will not have an immediate effect on aquifer re-
charge; the current rate of recharge is expected to continue for 10 years or more due to the thickness (~300
m) and flow complexity of the vadose zone. There is limited information about Cr®" concentrations in the
vadose zone; currently, the highest observed Cr®" concentration in the vadose zone is less than 600 pg/t,
lower than the highest concentration observed in the regional aquifer (~1000 pg/€). Considering the con-
taminant mixing in the aquifer, the Cr®" concentrations in the lower vadose zone that cause the contami-
nation in the aquifer must be substantially higher than 1000 ug/C.

The regional aquifer is complex and heterogeneous including confined and unconfined zones [10]. The
shallow portion of the aquifer (near the water table) is predominantly under phreatic (unconfined) condi-
tions; the thickness of the phreatic zone is variable and approximately 30 to 50 m below the regional water
table. The deep portion of the aquifer is predominantly under confined conditions, and it is stressed by
municipal water-supply pumping (the nearby pumping wells are shown in Fig.1). The pumping appears to
have little impact on the groundwater flow and transport directions along the regional water table in the
study area. Model analyses indicate full to partial confinement of the deep portion of the aquifer at the
chromium site is required to calibrate to hydraulic heads observed in the monitoring wells. However, the
poor hydraulic communication between the deep and shallow aquifer section does not preclude the possi-
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Table 1: Estimates of chromium source and mass distribution in the environment including the predicted anthropo-
genic chromium speciation and uncertainty bounds.

Source/Media Cr” .[kg] Cr” .[kg] Cr + C-r“ [ke)
mean min max mean min max mean min max

Source (original) 54,000 31,000 72,000 0 0 0 54,000 31,000 72,000
Wetland 0 0 0 15,100 4,800 22,700 15,100 4,800 22,700
Alluvial sediments (after the wetland) 0 0 0 2,900 900 4,300 2,900 900 4,300
Bandelier tuffs 2,600 300 12,800 7,900 800 38,300 10,500 1,000 51,000
Puye sediments (upper) 3,000 600 15,000 9,000 1,800 45,000 12,000 2,400 60,000
Perched zones (groundwater only) 200 100 500 0 0 0 200 100 500
Lavas (fractured basalt flows) 1,800 200 2,300 5,300 700 6,800 7,000 900 9,000
Puye sediments (lower) 1,000 300 2,000 3,000 800 6,000 4,000 1,000 8,000
Miocene sediments 200 0 1,000 500 100 3,000 700 100 4,000
Aquifer (groundwater and sediments) 1,1 00 300 3 ,300 10 1 100 1,100 300 3,400
Total in media (rounded) 9,900 1,800 36,900 43,700 9,900 | 126,200 53,500 11,500 | 162,900

bility of Cr®" migration between the shallow and deep aquifer zones. Between the two zones, the hydraulic
gradient has a strong downward vertical component because of water-supply pumping, creating the possi-
bility for downward Cr®" flow via “hydraulic windows,” although these have not been observed.

The groundwater flow in the aquifer is generally from west to east. The hydraulic gradients are high to
the west (due to elevated mountain front recharge) and to the east (close to the Rio Grande); however, the
gradients are relatively low in the Cr®" plume area (~0.001 m/m). The juxtaposition of zones with steep and
flat hydraulic gradients complicates the analyses of the flow directions in the study area. The contour lines
of the elevation of the water table (circa 2012) in the study area are shown in Fig.1. The shape of the re-
gional water table is complex; it is affected by aquifer heterogeneity and infiltration recharge (considering
the large volumes of surface water flowing along Sandia and Los Alamos Canyons). It is also likely the
water table in the study area is influenced by water-supply pumping. However, current water-level records
suggest limited pumping impact on the current shape of the regional water table. The low hydraulic gradient
near R-28 (Fig.1) is potentially caused by the high effective permeability of the sediments in this portion of
the aquifer. The water-level data suggest infiltration mounding of the water table near wells R-8, R-36, and
R-42 (Fig.1). The R-8 and R-36 mounds are potentially caused by Los Alamos Canyon infiltration. The
mounding near R-42 is expected to be related to infiltration recharge of the aquifer carrying the historic Cr®"
contamination from Sandia Canyon. The mounding may cause a portion of the Cr®" plume to migrate to the
north, west and south of contaminant arrival locations, enhancing the contaminant mixing in the aquifer.
The size and magnitude of the water-table mounds depend on the distribution of infiltration flux and local
hydrogeological properties.

Groundwater flow and contaminant transport directions in the phreatic zone are generally determined
by the gradient of the regional water table (Fig.1). However, the aquifer appears to be highly heterogeneous
and anisotropic due to hydrostratigraphic bedding and channelization of sedimentary deposits. Aquifer
heterogeneity is expected to cause local 3D deviations in flow directions not captured by the water-level
data. Aquifer heterogeneity may focus a predominant portion of the contaminant flow into aquifer areas
having high permeability. In addition, advective flow paths of contaminant migration may not be strictly
perpendicular to the equipotential water-table lines (i.e., parallel to the hydraulic gradients). Deviations
may occur because of anisotropy of aquifer materials caused by sedimentation processes and tilting of the
hydrostratigraphic units to the south-southwest with dip of ~10°. These factors may cause the flow and
hydraulic-gradient vectors to deviate (if the hydraulic gradient is not coincident with the principal direc-
tions of the anisotropic permeability tensor) [8]. Analyses of long- and short-term pumping tests conducted
in the study area demonstrate the aquifer is heterogeneous. Pumping test data did not show pronounced
aquifer anisotropy; however, the interpretation is uncertain because of the small magnitude of the pump-
ing-test drawdowns in observation wells [8]. As shown in Fig.1, the hydraulic gradient suggests the flow
direction near R-42 and R-28 is east-southeast (with possible diversions to the southeast or northeast).
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However, there is uncertainty in this flow-direction estimate because of: (1) the relatively small magnitude
of the hydraulic gradient in this area and (2) the 3D and heterogeneity effects that impact the pressure
measurements at individual well screens (screens have different depths and lengths; none of the screens in
the study area straddles the regional water table).

The footprint of contaminant arrival locations from the vadose zone to the top of the aquifer is un-
known. All the existing site information including the shape of the Cr®" plume (Fig.1) suggests that in the
area near R-42 and R-28 either there is (1) one relatively large and continuous breakthrough area (poten-
tially with nonuniformly distributed contaminant fluxes) or there are (2) several breakthrough areas (with
different contaminant fluxes). From the breakthrough areas, the Cr®" plume migration is expected to be
predominantly east-southeast toward wells R-44 and R-45 (Fig.1). This general direction of Cr®" transport
appears to parallel the separate C104 plume originating from Mortandad Canyon infiltration. The ClO,
plume is defined by observations in wells R-15, R-61, and R-50 (Fig.1). However, the shapes of the con-
taminant plumes and the groundwater flow directions based on hydraulic gradients in Fig.1 are not entirely
consistent; this suggests that aquifer anisotropy and heterogeneity and/or infiltration mounding effects not
captured in the existing water-level data may have important impacts on contaminant migration and plume
shapes.

Cr®" migration in the vadose zone and the regional aquifer is impacted predominantly by advection,
dispersion, diffusion, retardation and redox reactions (specifically reduction). The contaminant mass moves
predominantly by advection with the groundwater flow. Mechanical dispersion within the vadose zone and
aquifer is enhanced by the pronounced heterogeneity of the subsurface materials. The diffusion of Cr®"
between zones with higher and lower permeability is expected to retard the effective transport velocity;
after the Cr®" concentrations in the more permeable zones decrease due to diminishing contaminant source
(the release was between 1956 and 1972), back diffusion of Cr®" from low into high permeability zones is
expected to retard the long-term decline of Cr®" concentrations in the vadose zone and the regional aquifer
[8]. The geochemical interactions of chromium with subsurface materials are expected to have important
effects on contaminant transport by causing Cr®" reduction and retardation. The chromium retardation from
adsorption or chemical reactions between Cr®" in the solid and water phases does not reduce the contami-
nant mass but slows down Cr®" contaminant transport. However, chromium reduction from chemical re-
actions converting Cr®" into less toxic and less mobile Cr’" effectively decreases the contaminant mass in
groundwater. The reduced Cr’* precipitates out and becomes functionally immobile; as a result, it is no
longer considered a portion of the contaminant plume. Reverse oxidization reactions of Cr*" to Cr®" at the
site are not well understood; currently, they are considered to be negligible because of potentially slow
kinetics of the involved geochemical reactions and lack of oxidant minerals such as MnQ; in the aquifer
sediments. The Cr®" reduction in the environment is demonstrated using Cr stable isotope analyses [7,8].
The isotope data indicate reduction has occurred between the surface and the regional aquifer, but they do
not show significant Cr®" reduction in the aquifer; however, analytical uncertainties may account for the
anthropogenic Cr’ " mass due to reduction in the range between 1% and 10% of the current Cr®" mass in the
aquifer. Although the reducing capacity of the lavas in the vadose zone is significant, either the kinetics of
reduction are relatively slow or the reduction capacity has been overwhelmed along the predominant flow
paths by the large mass and high historic concentrations of Cr®" that passed through the basalt. The analyses
of stable isotope data for evaluation of the Cr®" reduction are further complicated due to existence of natural
and anthropogenic chromium in the subsurface; the natural (non-anthropogenic) Cr’" concentrations in the
regional aquifer are between 5-8 pg/C. Further analyses are being conducted to better constrain uncertain-
ties associated with Cr®" reduction at the site.

Estimates of chromium source and mass distribution in the environment including the predicted Cr
speciation and uncertainty bounds are presented in Tbl.1. The estimates for the contaminant mass in the
vadose zone are based on analyses of pore water and rock samples from boreholes [7]. The estimates for the
Cr®" mass in the aquifer are based on numerical model simulations (discussed further below).
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The site data suggest groundwater infiltrates from the ground surface to the top of the regional aquifer
(vertical distance ~300 m) with infiltration rates on the order of 1 to 6 m/a, and travel times between 5-60
years; the effective groundwater flow velocity through the vadose zone is ~5-60 m/a. The uncertainty
bound of groundwater travel time through the vadose zone accounts for potential complex flow paths with
low and high groundwater flow velocities. The mean travel time for a dominant portion of the groundwater
infiltrating trough the vadose zone is expected to be ~20-40 years. Cr®" transport through the vadose zone is
expected to be retarded because the Cr®" is slowed by diffusion between high and low permeability zones,
and geochemical reactions with subsurface materials. Based on hydraulic gradients and properties of the
aquifer, groundwater flow in the aquifer is expected to occur with pore-water (linear) velocity of about
40-50 m/a (discussed further below); the distance between R-28 and R-44/R-45 is ~400 m; therefore the
travel time will be on the order of 10 years. These velocity estimates are generally consistent with the
timing of the Cr®" releases (1956-1972) and the Cr®" detection in the aquifer (since 2004). The currently
observed contamination in the aquifer (Fig.1) potentially represents a steady-shape plume caused by equi-
librium between the contaminant flux arriving from the vadose zone and the groundwater flow in the aq-
uifer. The concentrations at most of the wells have been relatively steady; e.g. R-28 concentration has been
around 400 pg/L since 2004. However, there are also concentration transients with differing magnitudes and
trends that may be caused by local variations in the geochemical conditions (including borehole drilling
effects) and plume non-uniformity. The concentration transients continue to be closely monitored, ana-
lyzed, and compared to model predictions to assess plume stability and detect any unexpected fluctuations.

METHODOLOGY

A methodology has been developed to identify contaminant-arrival (breakthrough) zones at the top of the
regional aquifer and to optimize the monitoring-well network. The methodology is general and can be
applied at other sites. It is based on coupling of a state-of-the-art analytical solver simulating 3D ground-
water transport with advanced optimization (calibration), sensitivity analyses, and uncertainty quantifica-
tion techniques for analysis of the model results. This allows for efficient and robust exploration of un-
certainties and estimation of uncertainties in model predictions. The methodology can consider wide ranges
of uncertainties related to conceptual models, model parameters, contaminant-arrival (breakthrough) zones,
and transients in the contaminant mass flux arriving at the top of the regional aquifer. The methodology can
account for uncertain direction and magnitude of groundwater velocity, including vertical downward flow.
It can represent single and multiple breakthrough zones simultaneously affecting aquifer concentrations.
The contaminant fluxes at each zone can be steady or transient with different characteristics. However, the
methodology cannot account for heterogeneity or transients in groundwater flow. To account for aquifer
heterogeneity and transients, a numerical model is used in addition to the analytical model. This approach
has been successfully applied in [8]; however, the numerical modeling is orders of magnitude more com-
putationally demanding.

The goals are to (1) calibrate the model against available Cr®" concentration data observed in the re-
gional aquifer, (2) estimate potential zones of contaminant arrival at the regional water table based on the
site data, (3) estimate spatial and temporal (past and current) distributions of Cr mass in the aquifer and their
associated uncertainties, and (4) evaluate detection efficiency of the existing monitoring network. These are
achieved through a formal model calibration process that accounts for model, parametric, and observation
uncertainties. In this process, all the models with parameters within predefined uncertainty bounds and
capable of reproducing all the observed concentrations within predefined uncertainty bounds are consid-
ered acceptable. The acceptable models are analyzed to explore uncertainties in model parameters and
model predictions, and to evaluate detection efficiency of the monitoring well network.

A single computational tool is designed to perform all the analyses efficiently utilizing available
computational resources though serial or parallel execution. The tool is embedded in the code MADS
(Model Analyses for Decision Support; http://mads.lanl.gov) [11]. MADS is C/C++ code designed to be an
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open-source framework for model-based decision support employing system and physics simulation
models. MADS performs various types of model analyses, including sensitivity analysis, parameter esti-
mation, uncertainty quantification, model calibration, selection, and averaging. Various demos, execution
examples, and a tutorial are available at the MADS website.

Contaminant transport model

The analytical solution for concentration c(x,y,z,¢) of a contaminant released at a finite dimension source
with a box shape in an aquifer with coordinates (0,0,zy) has the following form [12,13,14]:

c(0,y,2,t) = o+ ————— [ 1(t = 7) exp(—11) [erfc (x_%xs_w> —erfc <x+§x5—w>] [erfc (y_%ys_’”> _

8TOTXSYsZS 2agvt 2\arvt 2Jaryvt
erfcy+12yS—vr2alHvrerfcz—z0+z52alVvr—erfcz—z02alVvrterfcz+z0+z852alVvr—er/
cz+202a7Vvrdr (1)

where ¢y is background concentration, a;, a7y, and azy are the longitudinal, transverse horizontal, and
transverse vertical dispersivities [L], respectively; Zis the half-life decay constant [T']; &; is water-filled
porosity [—], and /(?) is the contaminant mass flux (mass per unit time) [MT ']. The contaminant flux /(z)
can be transient and vary in any functional or piecewise fashion. The effective contaminant velocity v is
steady, uniform, and along the x solution axis. The half-life decay constant 7 is applied to represent ze-
ro-order chemical reactions reducing Cr®" into Cr’* with a constant reaction rate. Eq.1 represents flow in a
uniform aquifer bounded at the top (z = 0) and with infinite vertical thickness and lateral extent. If zy = 0, the
source location will be at the top of the aquifer (at the regional water table). The region where contami-
nant-arrival flux is released is a parallelepiped (box) with sizes xs, ys, and zg along each axis. The equation
above suggests that if contaminant mass flux is steady, after some time the contaminant concentrations will
reach steady values as well. To account for multiple contaminant sources, the respective solutions obtained
using Eq.1 are superimposed multiple times. In these cases, each source is characterized with different
dimensions xg, ys, and zg and different contaminant fluxes /(7).

The aquifer anisotropy in the horizontal plane is captured by taking into account the uncertainty in the
direction of advective transport. This is represented by a flow direction angle ¢, which is applied to rotate
the x and y axes of the analytical solution relative to the source location. The angle is adjusted in the cali-
bration process to match concentration data. The aquifer anisotropy in the vertical direction is characterized
through selection of dispersivity coefficients. The ratio between horizontal and vertical transverse
dispersivities is representative of vertical anisotropy; the layering of aquifer material is expected to cause
lower vertical transverse dispersivity. By varying the ratio of the dispersivities, the impact of aquifer ani-
sotropy on the contaminant transport is effectively captured.

The analytical solution of contaminant transport based on Eq.1 for single and multiple contaminant
sources is obtained using the code MADS [11]. Various U.S. Geological Survey (USGS) codes for simu-
lation of contaminant transport (such as ART3D, BIOSCREEN) can be applied as well, but MADS pro-
vides a larger range of computational options and capabilities. In the past, the USGS codes used the solution
proposed by [15]; however, this solution has been shown to be inaccurate [16,17]. Recently, the analytical
solutions applied in the USGS codes have been corrected.

Single and multiple (up to 3) contaminant-arrival (breakthrough) zones are considered. The Cr*" flux is
assumed to be uniform in time; this assumption is generally consistent with the current observations of
chromium concentrations at most of the aquifer monitoring wells, which are also relatively steady since
2004. Steady-state concentrations are not expected to continue indefinitely because the original chromium
source released to Sandia Canyon had a finite release period (from 1956 to 1972); however, the slow dif-
fusion and/or desorption of Cr®" from subsurface materials may cause a slow decline of the contaminant
fluxes in the future. Therefore, the assumption of a steady contaminant flux can be applied as an approx-
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Table 2: Model parameters for analytical simulation of contaminant transport in the regional aquifer.

. Initial Calibration Range

Model Parameter Unit
Estimate | Minimum | Maximum

Background concentration ¢, g/t 5 Fixed
Source coordinate x m — 498,450 499,700
Source coordinate y m — 538,850 539,550
Source coordinate z (at top of the aquifer) m 0 Fixed
Source dimension xg m 200 1 1500
Source dimension ys m 200 1 1500
Source dimension zs (1 m below the top of the aquifer) m 1 Fixed
Contaminant flux to the regional aquifer / kg/a 10 0.01 100
Contaminant-arrival time 7, a 1980 1960 2012
Contaminant cessation time ¢; a 2160 Fixed
gaclciﬁrfliig??(ijpotential Cr®" reduction to Cr’") a' 107 10" 107
Flow angle ¢ degrees —24 —90 0
Effective water-filled porosity 6r - 0.3 Fixed
(sccounting fo potenisl o reardation) ma |40 ! 600
Longitudinal dispersivity a;, m 10 10 200
Horizontal transverse dispersivity ary m 5 1 100
Vertical transverse dispersivity azy m 0.1 0.01 5

imation to evaluate the current distribution of Cr®" mass in the aquifer. In the case of multiple contami-
nant-arrival zones, each zone can have a different initial arrival time and different steady-state flux. In this
way, multiple contaminant-arrival zones can effectively represent transients in the Cr®" mass flux and ar-
rival time to the aquifer. Because ambient groundwater flow velocities in the aquifer are relatively high, the
recent Cr®" concentrations at the contaminant-arrival zone, rather than past transients, predominantly cause
the currently observed concentrations at the monitoring wells. As a result, it is difficult to evaluate what
past Cr®" concentrations were upon arrival at the regional aquifer. Nevertheless, the analytical model of
chromium transport in the aquifer is applied to evaluate the maximum contaminant mass that may have
arrived at the aquifer between 1960 and 2012 and still yield concentrations consistent with the current
observations.

The best approach to account for all the complexities at this site is through development of 3D nu-
merical models. Such models are developed for this site in [7] and [8]. The models account for 3D
groundwater flow effects (including aquifer recharge and municipal water-supply pumping), aquifer het-
erogeneity, and coupled vadose zone and aquifer flow and transport. However, the flexibility to efficiently
explore large uncertainties in conceptual elements and model parameter space with the analytical model is
important. The major limitations in applying the analytical solution rather than a numerical model for
simulation of 3D contaminant transport are that the analytical solution is constrained: (1) the aquifer has
uniform hydrogeological properties, (2) groundwater flow is steady state and uniform, and (3) pumping
effects from water-supply wells cannot be accounted for. The major benefits in applying the analytical
solution rather than a numerical model are (1) execution time is very fast (less than a second); (2) the an-
alytical solution accurately represents aquifer dispersion (numerical models generally overestimate dis-
persion) [6,7]; (3) the aquifer anisotropy can be efficiently captured; and (4) transients in the input con-
taminant flux and the observed concentrations at the monitoring wells can be easily incorporated in the
model. It is important to note the execution time is critical for the performance of the analyses presented
below. The estimation of the potential zones of contaminant arrivals requires on the order of 107 to 10°
analytical model executions requiring more than 1 year of wall-clock execution time. A single execution of
a numerical model with similar scale and complexity requires ~10 minutes; therefore, similar analyses may
have required on the order of 600 years of wall-clock execution time.
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Model parameters

The parameters applied in model simulations are listed in Tbl.2; the parameter initial estimates and cali-
bration ranges are estimated based on the available site-specific data and literature data. The x and y coor-
dinates of the potential contaminant-arrival locations vary in a rectangular area that encompasses a region
around R-42 and R-28 (Fig.3b). The contaminant-arrival zone(s) has unknown lateral location and lateral
size but has a fixed vertical location (z = 0 m) and size (zs = 1 m). The assumed 1-m-thick contami-
nant-arrival region represents the zone of initial mixing of vadose-zone contaminants with aquifer
groundwater. Seasonal fluctuations of the regional water table may also influence the vertical dimension of
this region. The lateral location (coordinates) and lateral dimensions of the contaminant-arrival region are
adjusted during model calibration to match the calibration data.

Contaminant mass flux from the vadose zone is assumed steady and equal to a fixed value [kg/a] within
a specified time window from a starting time #, [a] to an ending time #; [a]. The plausible mass flux values
are defined to be within a wide range to account for existing uncertainty (Tbl.2). The time of arrival of
contaminants at the top of the aquifer, ¢, is varied between 1960 and 2012 to accommodate the uncertainty
associated with vadose-zone transport velocities (chromium was released in Sandia Canyon from 1956 to
1972). The time at which contaminants cease to arrive in the regional aquifer, #;, is fixed (2160) and does
not influence the simulations performed below. Contaminant half-life decay representing chromium re-
duction is not included in most of the simulations by setting the half-life decay coefficient to a large value (z
=10 a™). However, for some of the simulations discussed below, the half-life decay coefficient is ad-
justed by the model during the calibration process to account for Cr®" reduction.

Setting initial estimates and uncertainty ranges of the pore velocity is based on a detailed analysis of the
available data [8]. The aquifer permeability in monitoring wells near the chromium plume ranges between
0.3 and 41 m/d, with a best estimate of about 12 m/d. No site-specific estimates of the effective transport
porosity are available; based on literature data [17], porosity of sandstones and gravels is expected to vary
between 0.1 and 0.2 with a best estimate of 0.15. The best estimate of the effective water-filled porosity of
the aquifer pore space is 0.3; this parameter characterizes the available water volume for contaminant
mixing. In contrast, the effective transport porosity characterizes the connected pore space controlling the
advective contaminant flow through the aquifer. The hydraulic gradient in the vicinity of the chromium
plume is on the order of 0.001, with an uncertainty range from 0.0005 to 0.002. Based on all these data, the
best estimate for the advective transport velocity (also called pore or linear velocity) within the aquifer of a
nonreactive contaminant is on the order of 40-50 m/a with an uncertainty range between 1 and 600 m/a
(TbL.2). Cr®" is not expected to be a nonreactive contaminant. Cr®" retardation and reduction are geo-
chemical processes that may impact the contaminant concentrations and migration velocity. Therefore, the
uncertainty range (1 to 600 m/a) in the effective Cr®" migration velocity also accounts for uncertainties in
the geochemical reactions influencing contaminant mobility.

The contaminant-flow direction is represented by the angle ¢ between the x axis and the flow vector.
The angle can vary from 0 (flow due east) to —90 (due south), allowing for a wide range of uncertainty in the
advective flow direction. No site-specific estimates of the dispersivity coefficients are available; initial
estimates and uncertainty ranges are based on literature data that take into account the scale at which con-
taminant transport occurs [18,19,20]. The longitudinal dispersivity is typically 1/10™ of the distance trav-
eled by the contaminant; typically, the transverse horizontal and vertical dispersivities are assumed to be
1/10™ and 1/100 ™ of the longitudinal dispersivity, respectively. All these parameters are assumed to be
uncertain; the model adjusts these parameters to calibrate against observed chromium concentrations. There
are alternative ways to conceptualize interdependencies between dispersivities and their relationship with
the travelled distance. In a previous analysis [7], the dispersivities were assumed to be independent. In that
case, the longitudinal, transverse lateral, and traverse vertical dispersivities were allowed to vary inde-
pendently of each other. As a result, the model analyses presented in [7] allowed for simulations where
transverse dispersivities are larger than the longitudinal dispersivity. This was acceptable because aquifer
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Figure 3: Estimated contaminant-arrival locations (purple dots): (a) 2009 analysis without R-50, R-61, and R-62 data
(grey squares represent all the analyzed contaminant-arrival locations); (b) 2012 analysis with R-50, R-61, and R-62
data (black rectangle represents the uncertainty bounds in contaminant-arrival locations). Purple dots represent the
coordinates (centroids) of the arrival breakthrough zones; dot sizes do not represent the size of breakthrough zones.

heterogeneity and multiple arrival locations can produce plumes that are more dispersed transversely than
longitudinally. Here, the analyses are performed assuming coupled dispersivities; this does not allow
transverse dispersivities to become larger than the longitudinal dispersivity. This is because the new anal-
yses allow for multiple contaminant-arrival zones that can represent more realistically the apparent plume
dispersion in the aquifer. All these conceptual representations of related aquifer dispersivities are available
as alternative computational options in MADS [11].

The model analyses are performed allowing for multiple contaminant-arrival zones. Each zone is de-
fined with a separate set of coordinates, sizes, and contaminant fluxes; the same aquifer properties are
applied to simulate contaminant migration from each contaminant-arrival zone (flow velocity, etc.).

Model calibration

The Cr" concentrations in the aquifer observed at the monitoring wells near Sandia Canyon are applied as
calibration targets. However, the Cr®" concentrations used to calibrate the model are uncertain. Uncertain-
ties in the calibration data are caused by various factors [7]. The important sources of uncertainty are (1)
background values of Cr®" concentrations in the aquifer, (2) differences in local geochemical conditions
near the monitoring wells, and (3) fluctuations and trends in the observed Cr®" concentrations at the mon-
itoring wells near Sandia Canyon. For each calibration target, an acceptable range is defined. The goal is to
obtain model prediction with Cr®" concentrations within the acceptable range. A formal process for esti-
mating calibration targets and their respective acceptable (uncertainty) ranges is developed in [7]. The
calibration data set is extensive: it includes 124 time-dependent concentration observations in 23 moni-
toring screens located in 17 wells. The data captures annually-averaged concentrations from 2004 until
2012. The number of calibration targets per well varies between 1 and 9. Fig.1 presents the mean values of
the 2012 calibration targets. All the calibration targets and the respective acceptable ranges are listed in [8;
Table J-4.0-1].
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Figure 4: Estimated mean Cr®" concentration [pig/€] at the water table based on averaging all the acceptable model
solutions: (a) 2009 analysis without R-50, R-61, and R-62 data; (b) 2012 single-source analysis with R-50, R-61, and
R-62 data.

The model calibrations are executed multiple times for a series of different initial guesses for the
contaminant-arrival location(s). The initial guesses are random values within the lateral bounds presented
in Fig.3b. The calibration algorithm is allowed to adjust the location of the contaminant-arrival locations
jointly with other model parameters. If the contaminant-arrival locations and model parameters (Tbl.2) are
successfully adjusted, and the model predictions are within the acceptable calibration ranges, an acceptable
model with a respective set of acceptable model parameters is identified. Once the optimization process
reaches an acceptable solution the optimization is terminated. This approach allows for efficient and robust
exploration of the parameter uncertainties. It is important to emphasize most of the model parameters were
adjusted during model calibration (Tbl.2). The optimization approach can be characterized as a multi-try or
multi-start technique because the optimization is initiated from multiple random initial guesses for the
model parameters.

The objective function applied during optimization is computed as a sum of the squared differences
between observed and simulated concentrations at all the well screens. The calibration is performed using
local and global (Levenberg-Marquardt [21,22,23] and Squads [23]) optimization techniques, and analyses
of model uncertainties are performed using an agent-based global uncertainty and sensitivity (ABAGUS)
technique [25]; all these methods are embedded in the code MADS [11].

RESULTS

For the case of a single contaminant-arrival (breakthrough) zone, the identified acceptable contami-
nant-arrival locations at the top of regional aquifer are estimated by studies performed in 2008 [6], 2009 [7]
and 2012 [8]; these reports represent continued advancements in the tools and approaches applied to pro-
vide site-specific decision support. The analyses presented in [6] and [7] employed an approach where the
breakthrough coordinates were fixed along predefined lateral grids (100x100 m” and 50x50 m?, respec-
tively). This provided limitations on the implemented analyses but also helped the optimization process by
reducing the number of degrees of freedom by two; all the model parameters were optimized except for the
source coordinates. The results obtained in [7] are shown in Fig.3a; out of 551 potential breakthrough lo-
cations, the analysis identified 83 as acceptable (solid purple dots). The spatial discontinuity of the ac-
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Figure 5: Regions along the top the regional aquifer where the calculated Cr®" concentrations exceed 1500 pg/€ based
on averaging of all the acceptable model solutions: (a) one (b), two and (c) three breakthrough zones

ceptable locations demonstrates complexity of the explored parameter space. The 2009 analyses did not
include the data collected at recently-installed monitoring wells R-50, R-61, and R-62. In fact, the analyses
were applied to place these wells in a way in which the newly collected data would reduce predictive un-
certainty [26]. Fig.4a shows the best estimate of the Cr®" concentrations along the regional water table (circa
2009). The best estimate is computed by averaging the concentrations of all the acceptable model-predicted
Cr® plumes. Fig.4a predicts that the contaminant plume may have extended to the west (in the area of R-62)
and to the southeast (in the area of R-61 and R-50) from the R-42/R-28 area. These model predictions were
confirmed by the data collected at these wells when they were drilled (Fig.1).

The work conducted in 2012 [8] implemented high-performance computing and novel robust model
analyses techniques for optimization and uncertainty quantification, which allow for solving problems with
larger degrees of freedom. The new work also included a larger number of calibration targets, new Cr®"
calibration targets obtained from R-50, R-61, and R-62, and more detailed characterization of the temporal
Cr®" concentration data at all the monitoring wells due to longer data records. The new work also included a
larger set of unknown model parameters, multiple contaminant-arrival zones, and parameters characteriz-
ing the potential Cr®" reduction and reaction in the aquifer. The new work did not utilize parameter con-
straints. The initial guesses for the x and y coordinates of the breakthrough location are randomly selected
within a rectangular area shown in Fig.3b. For the case of a single breakthrough zone, Fig.3b presents the
breakthrough coordinates of all 492 acceptable models; the locations almost overlap because all the ac-
ceptable models are practically equivalent. In Fig. 3a and 3b, dots represent the coordinates (centroids) of
the arrival breakthrough zones; the dot sizes do not represent the size of the breakthrough zones. A com-
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parison of Figs. 3a and 3b demonstrates the new data collected at R-50, R-61, and R-62 effectively con-
strain the uncertainty in the contaminant arrival locations. This proves consistency in the modeling analyses
and a trend of reduction of uncertainty in the model predictions with the drilling of new wells and collection
of new data. Fig.4b shows the best estimate of the acceptable Cr®" concentrations along the regional water
table (circa 2012). The best estimate is computed by averaging the concentrations of all the acceptable
model-predicted Cr® plumes; note that in this case, all these plumes are almost equivalent. The contami-
nant-arrival zone represents a laterally-elongated rectangle located south of R-42. The large size of the
single-source zone suggests that multiple contaminant-arrival zones may also yield acceptable solutions
that will calibrate to the observed concentrations.

Figure 5 shows model predicted regions along the regional water table where Cr®" concentrations are
calculated to exceed 1,500 ug/t (circa 2012). The results are obtained by averaging the concentrations of all
the acceptable model-predicted Cr®" plumes for the case of one, two and three contaminant-arrival zones.
More than 5000 acceptable models are generated, and many of the obtained plumes are similar. The solu-
tions presented in Fig.4b and Fig.5a are equivalent. The single breakthrough-zone case (Fig.5a) represents
the worst-case scenario in terms of spatial extent of high Cr®" concentrations (>1,500 pg/t). Note that this
representation of the plume illustrates the concentration along the top of the aquifer; it differs from the
plume shown in Fig. 1, which is based on data from well screens located at different depths below the water
table. The solutions for two and three contaminant-arrival zones are consistent; dominant breakthrough
zones causing high Cr®" concentrations are expected to be near R-42 and R-28 with potential breakthrough
locations upgradient from R-42/R-28 in the area near R-62.

Table 3 lists the mean estimates associated with the successfully calibrated models. The values are
compared with the 2009 results based on similar analyses but utilizing a limited set of calibration data [8].
The newly obtained results and the previous results are reasonably consistent. Most importantly, the new
analysis predicts a larger present-day mass of chromium in the aquifer: 1100 kg total has been introduced in
the aquifer since the contaminant was released; this also represents the total mass currently distributed
within the aquifer. The uncertainty range of this estimate is between 200 and 3,000 kg; for the case of a
single contaminant-arrival zone, the mass is well constrained between 960 and 1,020 kg.

DISCUSSION

The model analyses demonstrate that the spatial extent of the Cr*" plume in the regional aquifer is well
constrained. The existing site data provide sufficient constraints to estimate the contaminant arrival zones at
the top of the aquifer. The analyses suggest the existing monitoring network provides sufficient information
about the plume behavior, and no new monitoring wells are currently needed.

Based on the interpretation of the regional water-level data and the model analyses presented here, the
best estimate of the groundwater flow direction is about 20 degrees south of east (—20°); this observation is
consistent with the current conceptualization of both Cr*" and Cl0,” plumes. This direction is potentially
aligned with the hydraulic gradient. Alternatively, some of the models converged with groundwater flow
direction of about 65 degrees south of east (—65°) downgradient from R-28, producing more pronounced
diversion to the south (towards R-50); however, this scenario requires pronounced aquifer heterogeneity
and/or anisotropy. More southerly groundwater flow directions may also be caused by municipal wa-
ter-supply pumping and/or infiltration recharge (Fig.1).

As discussed above, the groundwater transport velocity in the aquifer near R-28 may be on the order of
40 to 50 m/a or even higher. If the contaminant-arrival location is near R-42, it may take less than 8 years
for contaminants to reach R-28 (the distance between the two wells is ~400 m). Because relatively short
travel times to R-28 are expected, it is not surprising that Cr®" concentrations at R-28 have been relatively
stable since 2004 when chromium was initially detected at R-28. This finding also suggests the contaminant
plume has reached a steady condition in the region between the potential contaminant-arrival location and
well R-28. In addition, because of the relatively short distance between R-28 and potential downgradient
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Table 3: Average model parameters estimated as a result of the model calibration versus chromium concentration
data observed at the regional monitoring wells near Sandia Canyon

Model Parameter Unit [;(;/;; algf parameter eszt(;llnza;gi
Source coordinate x m 499150 499040
Source coordinate y m 539000 539182
Source dimension xg m 27 430
Source dimension ys m 468 380
Contaminant flux to the regional aquifer / kg/a 18 22
Contaminant-arrival time ¢, a 1977 1969
Flow angle ¢ degrees -7 -34
Effective pore (linear) velocity of contaminant migration v m/a 23 14
Longitudinal dispersivity o m 1 24
Horizontal transverse dispersivity oy m 6 1
Vertical transverse dispersivity oy m 1 0.1
Total contaminant mass kg 550 1100

wells (500 m to R-44 and 400 m to R-45; Fig.1), it may also be expected that the contaminant plume has
reached or is approaching a steady-state shape condition at R-44 and R-45. The model analyses of the
observed relatively low concentrations at R-45, R-44, and R-13 have several possible explanations:

¢ small mass fluxes at contaminant-arrival zones located relatively close to all of the wells with the
high concentrations at R-62, R-50, R-42 and R-28; this is not a very plausible scenario because it implies
the wells are coincidently drilled downgradient from the potential contaminant-arrival zones;

e contaminant flow diversion to the northeast or to the southeast of R-45, R-44, and R-13 due to
aquifer heterogeneity or infiltration recharge mounding;

o relatively slow contaminant flow (due to slower than currently expected groundwater flow or
contaminant retardation); in this case, the major portion of the plume has not yet arrived at R-45, R-44, and
R-13; the effective pore velocity should be substantially retarded, potentially as low as 4 m/a;

e contaminant plume dispersion resulting from aquifer heterogeneity; and

e chromium retardation and/or reduction in the regional aquifer.

The model analyses performed here demonstrate that if the current contaminant-arrival mass flux at the
top of the regional aquifer remains steady, the R-42/R-28 concentrations are expected to remain steady as
well. If there is substantial chromium reduction in the aquifer materials, a larger contaminant mass than
shown in Tbl.3 may have reached the aquifer. However, the reduced mass (Cr*") would become immobile
and not be evident in the measured groundwater concentrations. Therefore, it is important to constrain
uncertainty bounds on the potential chromium reduction capacity of the aquifer materials to better predict
future chromium transport.

The model analyses identified more than 5000 alternative models that are consistent with the available
data. Many of these models are implausible. The set of multiple acceptable models consistent with the
available data can be grouped into the following three categories (scenarios) related to the general behavior
of the simulated contaminant plumes:

1. A subset of model scenarios is characterized by (1) single or multiple contaminant-arrival zones near
the wells with the highest concentrations (R-42, R-28, R-62, and R-50) and (2) no chromium retarda-
tion/reduction in the regional aquifer. In these cases, the model accurately reproduces the observed con-
centrations; the model predicted aquifer concentrations relatively quickly reach steady values. Under this
model scenario, most of the currently observed concentrations will remain steady in the future and will not
exceed 50 pg/t; the concentration at R-13 may increase to ~25 pg/C. However, these models require that a
relatively small amount of chromium mass has reached the aquifer (~300 kg total or less).

2. A subset of alternative models is characterized by (1) single or multiple contaminant-arrival zones
(1-3) upgradient from the wells with the highest concentrations (R-42, R-28, R-62, and R-50) and (2)
chromium reduction in the aquifer (1= 10 a™' or smaller). In these cases, the model accurately reproduces
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the detected concentrations. According to the model, the concentrations will remain steady in the future;
however, a larger chromium mass may have reached the aquifer (~4,000 kg or more), but much of that mass
will be stable and immobile as Cr’".

3. Another subset of cases is characterized by (1) single or multiple contaminant-arrival zones (1-3)
upgradient from the wells with the highest concentrations (R-42, R-28, R-62, and R-50) and (2) no chro-
mium reduction in the aquifer. In these cases, the model accurately reproduces the observed concentrations.
However, the concentrations are predicted to increase above 50 pg/t in the downgradient wells such as
R-44, R-45, and R-13 in the near future.

These three scenarios are potentially equally probable based on the simulation results. It is important to
note the observed concentration at R-62 (200 pg/¢; Fig.1) may suggest there is a contaminant-arrival zone
near R-62 in addition to the contaminant-arrival zone(s) associated with the contaminants observed at
R-42/R-28. However, all the calibration data also can be matched with a model that has a single, elongated
contaminant-arrival zone. The best model prediction for the case of a single contaminant-arrival zone is
presented in Fig.3b, and it accurately matches the R-62 data. However, the model predictions obtained
using multiple contaminant-arrival zones produce better representations of the observed Cr®" concentra-
tions at the monitoring wells when compared to the single contaminant-arrival case. Therefore, a concep-
tual model of multiple contaminant-arrival zones can be considered more feasible. However this conclusion
is based on a model assuming uniform groundwater flow. Therefore it is still feasible to have a single large
contaminant-arrival zone coupled with more nonuniform contaminant flow in the aquifer due to hetero-
geneity.

According to the model analyses, it is not feasible for contaminant-arrival zones beneath the Sandia
Canyon wetland (Fig.2) to cause currently observed concentrations in the area near R-62, R-42, and R-28
(the wetland is located about ~4.5 km upgradient from R-62). If a contaminant plume originates in the
aquifer beneath the wetland and the aquifer is relatively uniform (no pronounced channeling of the con-
taminant flow), it cannot be expected that more than 10 pg/ of the currently detected chromium in R-62
originates from beneath the wetland. Higher contaminant mass may have contributed to the currently ob-
served concentrations at R-62, R-42, and R-28, if the potential contaminant-arrival zone at the aquifer is
located closer to R-62. It should be noted that having additional vadose-zone flow paths and contami-
nant-arrival zones (some of the vadose-zone flowpaths may have not reached the regional aquifer)
upgradient of R-62 increases the potential for chromium reduction in the subsurface because the chromium
mass can interact with a larger rock volume. This may be an important effect on the current contaminant
mass-balance analyses (Tbl.1).

The pore (linear) groundwater flow velocity in the regional aquifer beneath the Sandia Canyon wetland
is potentially higher than the velocity in the area of R-42 and R-28 because of the much higher hydraulic
gradients in the aquifer. The best velocity estimate is on the order of 100 m/a with an uncertainty range of
36 to 365 m/a. Assuming a velocity of 100 m/a in the model analyses, a single contaminant-arrival zone to
the aquifer near the wetland may carry a mass flux to the aquifer at a rate of ~20 kg/a and produce con-
centrations close to background at all the downgradient wells. If the groundwater flow velocity in the ag-
uifer is 36 to 365 m/a, the potential contaminant flux is ~8 to 80 kg/a, respectively. In all three cases, the
concentration in the aquifer near the contaminant-arrival zone is predicted to be less than 50 pg/t (~20 pg/t).
The goal here is to explore plumes that are highly dispersed and will produce close to background con-
centrations in the aquifer. The analysis provides an answer to the question “What is the highest mass flux to
the regional aquifer near the wetland that can remain undetected by the current monitoring well network?”

The model analyses are applied to address the question “Is it possible to have a ‘stagnant’ plume
characterized by relatively low contaminant transport velocity?” However, this scenario practically re-
quires multiple contaminant-arrival zones collocated with most of the monitoring wells detecting elevated
chromium concentrations. This scenario also requires substantial reduction of the Cr transport velocity
relative to the groundwater pore velocity as a result of hydrogeological and geochemical processes (the site
data suggests the pore groundwater velocity is relatively large in the central portions of the Cr plume).
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CONCLUSIONS

Plume characterization is a challenging and nonunique problem because multiple models and contamina-
tion scenarios can be consistent with the available site data and knowledge. Exploration of the conceptual,
parameter, and observation uncertainties is challenging and requires substantial computational time and
robust computational algorithms. Model analyses presented here explored solutions with up to three con-
taminant-arrival zones at the top of the regional aquifer. Each contaminant-arrival zone is characterized
with unknown location, size, mass flux, and initial release time. The models included up to 25 unknown
model parameters constrained by prior information and calibration data. Model analyses were particularly
focused on exploring uncertainty in model parameters and conceptualizations. Various alternative con-
ceptual scenarios were explored.

Retrospective examination of the published decision support analyses since 2008 related to source
identification and monitoring network design demonstrates the accuracy of model predictions and the
success of implemented decision-support techniques. The model analyses of the contaminant transport at
the site provide important insights about the governing processes controlling future plume development and
decision analyses related to potential future remedial activities.

The proposed methodology allows for efficient (1) evaluation of the uncertainty in model predictions
(because of fast execution times); (2) estimation of 3D contaminant migration; (3) efficient estimation of
plume dispersion; (4) estimation of the dimensions of the area associated with contaminant-arrival zones;
(5) estimation of uncertainty in advective transport direction; (6) estimation of transients in contaminant
transport; and (7) estimation of the impact of chromium reduction and retardation on contaminant transport
using simple geochemical models. The methodology is general and the computational tools are flexible
allowing for easy application at other contamination sites.

All the applied computational tools are embedded in the code MADS (http://mads.lanl.gov), which
provides a computationally efficient and robust framework for various types of model analyses related to
decision support; it also includes advanced novel techniques for decision analyses based on information gap
theory [27]. This allows for computationally efficient, reproducible and defensible model-based analyses
for decision support. Currently, MADS algorithms are also being implemented in a Decision Support
Toolbox of ASCEM (A4dvanced Subsurface Computing for Environmental Management;
http://ascemdoe.org) code development project funded by the U.S. Department of Energy, Environmental
Management. ASCEM targets development of an interactive computer-based Decision Support System
(DSS) that will help domain scientists, managers, regulators, and stakeholders make decisions related to
site characterization, monitoring design, and remedial activities based on data- and model-driven deci-
sion-support analyses exploiting high-performance computing.
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