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Bioremediation Bench-Scale Studies

Figure 3.1-14 Graphic representation of (A) microbial diversity and (B) a comparison of the
microbial diversity at the phylum level between the microbial diversity in the
groundwater (CBN.20), in the water of strictly anaerobic reactors stimulated with
acetate (CBN.1), in the micro-oxic biostimulated reactors stimulated with acetate
(CBN.7), in the column outlets stimulated with acetate (ASH49), and in the column
inlets stimulated with acetate (ASH50).
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Figure 3.2-1  Breakthrough curves showing the transport of chromate along with the tritium conservative tracer for columns filled with sediments from the chromium plumes area. (a) column filled with sediments from outcrop
sediments (Ren 121213-03), (b) column filled with sediments from outcrop sediments (R-42 Fines depth 930-935), (c) column filled with sediments from outcrop sediments (WC-006 3-27-14), (d) column filled with

sediments from Puye sediments in SCI-2. All columns were run under saturated conditions at a flow rate of 2.0 mL/h.
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Figure 3.2-2 Chromium attenuation in column 3 biostimulated by the injection of 2.4 pore
volumes of a solution containing 0.82 g/L (10 mM) ae
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Figure 3.2-3 Chromium attenuation in column 1 biostimulated by the injection of 4.8 pore
volumes of a solution containing 0.82 g/L (10 mM) acetate followed by 15.4 pore
volumes of a solution containing 0.08 g/L (0.1mM) ace

37



Bioremediation Bench-Scale Studies

M Series] A Events
1.2

=
8 0.6 A End of molasses injection J

0 -b—n‘- (T ﬂ ]

0.00 10.00 15.00 20.00 25.00
Pore Volume

Figure 3.2-4 Chromium breakthrough in column 2 biostimulated by the injection of 2.3 pore
volumes of a solution containing 3.4 g/L molasses
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Figure 3.2-5 Chromium breakthrough in column 2 biostimulated by the injection of 4.8 pore
volumes of a solution containing 3.4 g/L (10 mM) molasses followed by 12.6 pore
volumes of a solution containing 0.34 g/L molasses
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Figure 3.2-6  Flow rate for column 4 biostimulated with an injection of R-42 water amended with
molasses
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Figure 3.2-7  Flow rate for column 2 biostimulated with two successive injection of R-42 water
amended with molasses
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Graphic representation of microbial diversity at the phylum level in the column
biostimulated with acetate. The data show a representation of the microbial
diversity in sediments collected at the inlet (bottom) and outlet (top) of the column.
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Figure 3.2-9  Graphic representation of microbial diversity at the phylum level in the column
biostimulated with molasses. The data show a representation of the microbial
diversity in sediments collected at the inlet (bottom) and outlet (top) of the column.
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Figure 3.2-10 SEM images of microorganisms and biofilm coatings on sediment grains and EDS
spectra. (a) Microbial cells coated with massive Cr(lll) precipitates; (b) spherical
aggregates of biogenic Cr(lll) precipitates; (C) EDS spectrum of the surface of
biofilm containing chromium precipitates; (d, e) sediment grains with biofilm
coatings; (f) EDS spectrum from the surface of sediment grains coated
with biofilm.
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Figure 4.0-1 Observed rate of Cr(VI) reduction by cell suspensions of microbes grown
anaerobically by biostimulation of R-42 water with acetate. The observed rates
were determined by fitting the Cr(VI) concentration decay by a mono exponential
equation. Cell numbers were determined by direct cell counts.
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Figure 4.0-2 Breakthrough of Cr(VIl), acetate, and iodine tracer from a column in response to

two successive injections of an acetate pulse
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Figure 4.0-3  Breakthrough curves showing pH, molasses, and tritium transport through column
2 during the injection of molasses for 3.2 pore volumes
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Table 2.4-1
Parameters of the Column Used in the Natural Attenuation and Biostimulation Studies
Column Parameters Column 1 Column 2 Column 3 Column 4
Sediments used Ren 121213-03 R-42 Fines 930-935 | WC-006 3-27-14 <2mm SCI-2 <2mm
Pore volume 86.85 100.01 95.81 82.39
Biostimulant Acetate Molasses Acetate Molasses
Flow rate 1.8 ml/h 1.8 ml/h 2.0 ml/h 2.0 ml/h
Table 4.0-1
Diversity Indices of Column Samples
Number of Phylogenetic
Sample Sequences Richness? Chao 1* Diversity*
Acetate influent 30,766 205 294 18.2
(column bottom)
Acetate effluent 28,706 183 245 16.3
(column top)
Molasses influent 16,967 161 (169) 204 14.6
(column bottom)
Molasses effluent 35,151 254 341 20.1
(column top)

* Analysis performed after sequence number was normalized to n=14,370
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1.0 INTRODUCTION

This report presents the results of studies conducted to evaluate potential chemical amendments that
may be used for remediation of chromium contamination in the groundwater beneath Mortandad Canyon,
within the boundary of Los Alamos National Laboratory. Chemical amendments are considered a
potentially favorable approach for remediation because of the abundance of naturally occurring iron in the
aquifer at Los Alamos. Ferrous iron is generally considered an effective reductant of aqueous hexavalent
chromium [Cr(VI)] because it is naturally abundant, and the products of the redox reaction, ferric oxide
[Fe(llN] and trivalent chromium [Cr(lll)], coprecipitate (Amonette et al. 1994). This study provided data that
supported an ongoing field pilot-scale study to evaluate the efficacy of a chemical amendment for in situ
treatment of chromium.

2.0 CONCEPTUAL MODEL

In oxidized aquifers, Fe(lll) (hydr)oxides are the predominant iron species in the sediments. Therefore,
treatment of Cr(VI) from reduction by ferrous oxide [Fe(ll)] requires the creation of an in situ redox
environment which first reduces Fe(lll) associated with aquifer sediments to Fe(ll). Amendment
deployments at other sites have successfully employed sodium dithionite (Na2S204%7), which is a strong
reductant (Amonette et al. 1994). Sodium dithionite treatments have successfully treated plumes of Cr(VI)
by reducing structural Fe(lll) to Fe(ll), which then serves as an electron donor to Cr(VI) (Amonette et al.
1994). Sodium dithionite reacts with the solid-phase Fe(lll) in sediments according to

S2042°(aq) + 2Fe(Ill)s + 2H20 > 28032 (aq) + 2Fe(ll)s + 4H* Equation 1

in which SO3?” represents reduced S species (e.g., H2S, SO3?7, S40627) (Amonette et al. 1994). The
reduced sulfur species should eventually oxidize to sulfate in an oxic groundwater system, and thus the
risk of introducing harmful reaction products (e.g., H2S) to the aquifer is minimal.

Unfortunately, the data currently available in the literature on the degradation rate of dithionite and its
decomposition products are inconsistent. One of the factors influencing determined decomposition rates
of dithionite and, thus partially explaining scattering of the data, is the pH at which experiments were
performed. Dithionite decomposition is slower in anaerobic, alkaline solutions and reportedly follows
pseudo—first-order decay (Amonette et al. 2004). However, even in an alkaline solution, the data on
dithionite decomposition is inconsistent. One explanation for such discrepancies is the extent of
containment of the experimental solutions. If the suggestion of the formation of H2S as the decomposition
product of dithionite is correct (Wayman and Lem 1970), poor containment of the system should
inevitably lead to losses of this component from the solution and acceleration of the decomposition of
dithionite. These losses can potentially occur as degassing of the solution due to formation of H2S gas
(even in inert gas-filled compartments, such as gloveboxes), or if solutions are not protected from the
atmosphere, due to oxidation of H2S by atmospheric oxygen. Note that the majority of experimental
studies prevented oxygen intrusion but did not take any special precaution to address the outgassing of
H2S, and therefore the studies may have underestimated the dithionite degradation rate. Moreover, the
vast majority of the studies available in the literature on the decomposition of dithionite have been
performed for durations not exceeding 2 wk, primarily due to quick decomposition of dithionite. However,
if this quick decomposition is caused by the effects discussed above (e.g., poor containment of the
solutions), these data can be misleading for modeling anaerobic aquifers in which confined conditions
with respect to gas exchange often exist and in which the residence time of dithionite can potentially be
significantly longer.
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The groundwater in the regional aquifer is oxic (6—8 ppm dissolved Oz), and as such, dissolved chromium
has remained in the soluble Cr(VI) form. Furthermore, another study included in this compendium
indicated that the sediments have little capacity to naturally attenuate the chromium (Attachment 6,
“Characterization of Natural Attenuation”). As a result, sodium dithionite is being considered as a potential
remedial alternative because it is a strong reducing agent that could provide in situ treatment of the
chromium plume. This study also sought to answer whether the reaction would liberate any undesirable
byproducts (e.g., arsenic, manganese).

3.0 METHODS AND MATERIALS

The initial experiments investigated the stability of dithionite in thoroughly contained systems without the
presence of sediment to determine whether proper containment of the systems decreased the
degradation rate of dithionite, and if so, would expand the dithionite lifetime up to months. Batch
experiments in blank solutions were also conducted to determine the most appropriate buffer for the field
injections. These experiments were necessary to simulate the behavior of dithionite during a field
injection, which is best represented by a closed system, to estimate whether dithionite would degrade
before spreading into the aquifer.

Upon completion of the blank experiments, batch and column experiments were performed with dithionite
in the presence of sediments to determine the reduction capacity of aquifer sediments after treatment with
S2042-. Batch experiments involved injecting dithionite into anoxic vials containing sediment to simulate
a closed system such as a confined aquifer, followed by addition of Cr(VI). Additionally, two sediment
columns were constructed and injected with S2042-, after which the contaminated groundwater was
injected until the reduction capacity of the sediments was exhausted.

A semi-empirical model of dithionite consumption and Fe(ll) production was then developed from the
laboratory batch experiments. The mathematical expressions for dithionite consumption and iron
production were then incorporated into a one-dimensional (1-D) finite-difference model that accounts for
cation exchange (Williams et al. 2013) to make forward predictions of observations in the dithionite
column transport experiments, as well as observations to date in the field dithionite experiment at regional
aquifer monitoring well R-42. The model is presented in section 4.0 along with the experimental data.

3.1 Blank Batch Experiments

Experiments involved determination of the concentrations of dithionite and its decomposition products in
solutions contained in sealed 10-mL glass ampules. Considering that the typical pH observed in the
solutions of treated aquifers ranges from 7 to 10, experiments were performed in three types of solutions:
(1) 0.1 M sodium bicarbonate (Certified ACS [American Chemical Society], Fisher scientific; pH = 7.8-8.3),
hereafter referred to as the HCOs™ buffered solutions, (2) 1 wt% ethylenediaminetetraacetic acid (EDTA),
disodium salt dehydrate, 0.6 wt% potassium carbonate, 0.5 wt% potassium hydroxide, and 0.4 wt%
potassium borate (pH = 9.8—10; Fisher Scientific pH 10 buffer solution), hereafter referred to as the
EDTA/OH- buffered solutions, and (3) in pH-unbuffered deionized water. Dithionite solutions were
prepared by dissolving Na>S204 (Laboratory Grade, Fisher Scientific) in the above solutions. Experiments
were performed with solutions having three initial concentrations of dithionite, 0.1 M, 0.05 M, and 0.025 M,
which were chosen to encompass the range of concentrations used in previous field injections (Istok et al.
1999). Before the addition of dithionite salt, all solutions were degassed under vacuum and thereafter
intensively purged with argon gas to remove any traces of oxygen. Solutions were transferred via syringe
into argon-purged glass ampules. The ampules were immediately flame-sealed to prevent oxygen intrusion
into the solutions and potential losses of H2S out of them. A cloudy appearance was observed in the
unbuffered 0.05 M and 0.025 M solutions, which disappeared in less than 1 d. All glass ampules used in
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the study were filled the same day (total of 108 ampules) and left undisturbed until sampled. Sampling of
the solutions was performed after 1, 3, 7, 10, 14, 29, 45, 55, 66, 78, 86, and 105 d from the beginning of
the experiment. Each sampling involved opening of 9 ampules (0.1 M, 0.05 M, and 0.025 M each in HCOs~
buffered solutions, EDTA/OH- buffered solutions, and unbuffered solutions) and determination of S
species and pH. Sampling was performed immediately after opening the ampule, and analyses for all
analytes were conducted as quickly as possible.

3.2 Comparison of Buffer Solutions

Dithionite decomposes rapidly in unbuffered aqueous solution, and previous studies employ carbonate
and/or hydroxide buffers to increase the pH to 10-11 and stabilize dithionite (Amonette et al. 1994).
However, in aquifers that are nearly saturated with respect to calcite, which is the case here, increasing
the pH can lead to calcite precipitation and subsequent clogging of pore spaces within the aquifer.
Therefore, a buffer that will increase the stability of dithionite in solution without raising the pH or alkalinity
is required in such aquifers. Two experiments were conducted to test the efficacy of hypothesized
products of dithionite decomposition as appropriate buffers.

A series of dithionite solutions containing different combinations of Na2SOs and Na:S buffers was mixed
in 500-mL polyethylene bottles. Each combination (no buffer, NaSOs, Na2SOs + Naz2S, NazS, and

Na2S0s + Ar) was made at concentrations of 0.05 M, 0.1 M, and 0.3 M dithionite. The variation in Na2SO3
concentrations was identical to that of the dithionite, whereas the concentration of Na2S in all experiments
was 0.001 M. Dithionite concentrations were measured by ultraviolet-visible (UV-Vis) spectrometry as
outlined in section 3.5.1 at 0, 1.5, 2.5, and 5.5 h. The pH of each solution was also measured at each
sampling interval.

Another set of experiments was conducted in glass vials with rubber stoppers to compare the efficacy of
S03?” and HCOs™ buffers without the influence of oxygen. In this set, 0.05 M solutions of dithionite were
made in argon-purged solutions of (1) 0.1 M HCO3~ with and without 0.1 M SO3?~ and (2) only 0.1 M SO3?".
Samples were taken via syringe for UV-Vis and pH analysis over a total time period of 600 h.

3.3 Batch Experiments with Sediments

Four sediments collected as cores from varying depths beneath the water table of core hole 2 (CrCH-2) in
Mortandad Canyon were selected for the batch experiments. The sediments were sieved and the size
fractions with grain sizes <0.355 mm (medium sand and finer) were used for the experiments

(Table 3.3-1). The magnetic fraction of the samples was removed by a neodymium magnet to ensure the
exclusion of any iron filings added to the sediment during drilling. From each sediment sample, 5-g
portions were placed into 20-mL glass ampules. Next, 10-mL of sodium dithionite solutions of varying
concentrations (0.025 M, 0.05 M, or 0.1 M) were prepared by adding sodium dithionite salt (Laboratory
Grade, Fisher Scientific) to a 0.1 M sodium bicarbonate (Certified ACS, Fisher scientific; pH = 7.8-8.3)
solution in a polyethylene bottle. Before addition of the dithionite salt, the HCOz3™ solution was degassed
under vacuum and purged with argon gas to remove oxygen. The solutions were subsequently
transferred to syringes for injection into the ampules. The glass ampules were immediately flame-sealed
to prevent dithionite reaction with oxygen. All ampules (108 total) were filled the same day and remained
undisturbed until analysis. The ampules were then opened for analysis 1, 2, 3, 7, 11, 16, 24, 43, and

140 d after sealing.
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3.4 Column Experiments

Approximately 230 g of sediment from each of two core holes in Mortandad Canyon was selected for the
column experiments. CrCH-2 sediments from depths between 917.66 and 918.32 ft represent the dacitic
Puye Formation and sediments from core hole 3 (CrCH-3) between 934.4 and 935.2 ft represent the
rhyolitic Miocene pumiceous unit. Only sediments that were sieved to grain sizes less than 0.355 mm
were used in the columns, although the very finest material that did not settle after 24 h of gravity settling
in water was also excluded from the columns to avoid plugging of the columns by fines. The magnetic
fraction of the samples was removed by a neodymium magnet to ensure the exclusion of any iron filings
added to the sediment during drilling. The mineralogy and elemental composition of the sediments for
both the batch and column experiments were determined by x-ray diffraction (XRD) and x-ray
fluorescence (XRF).

The sediments were tightly packed into Kontes Chromaflex glass columns (2.5 x 30 cm) with plastic luer
lock fittings. Air space at the column outlet was packed with steel wool, which also acts to filter sediment
from escaping the column. Polyetheretherketone (PEEK) tubing was used at both the inlet and outlet of
the columns. The inlet tubing was attached to 140 cm?® Monoject syringes controlled by KD Scientific
syringe pumps. The flow rate was set to 1.2 mL/h, and samples were collected every 3 h using a
Teledyne ISCO FOXY Jr. fraction collector. The columns were flushed with deaerated R-42 water

for ~ 2 pore volumes (1 pore volume = 60 mL) before addition of dithionite solution.

The columns were then injected with a solution of sodium dithionite to reduce the structural Fe(lll) in the
sediment. The injection solution was made with Na2S204 salt (Fisher Scientific) to a concentration of
0.05 M in deionized water that had been degassed with argon for ~ 1 h. Before the deionized water was
degassed, lithium bromide salt was added to a concentration of 400 ppm and thoroughly mixed with the
deionized water on a shaker table. In conjunction with the addition to Na2S204 salt, Na2SOs salt was
added as a buffer to a concentration of 0.05 M.

A total of ~ 110 mL of dithionite solution was injected through the columns over 4 d (~2 pore volumes).
Subsequently, non-deaerated R-42 water was injected in the columns until breakthrough of chromium
was detected. After ~23 pore volumes, the flow rate was increased to 2.4 mL/h for ~3 pore volumes of
R-42 injection water. The flow rate was then decreased to 0.6 mL/h for ~1 pore volume, followed by an
increase to 4.8 mL/h for ~4 pore volumes. Flow was then restored to 1.2 mL/h for the remainder of the
experiment. Flow-rate changes were employed to test the kinetics of Cr(VI) and NOs™ reduction in the
columns after observations that Cr(VI) was strongly immobilized in the column, whereas NO3™ eluted
without reduction. The experiment was complete when Cr(VI) breakthrough was detected.

After completion of the column experiments, the sediment was frozen and cut into 1-cm sections. The
sediment was leached with 2 M HNOs™ for 1 d and then centrifuged and the supernatant filtered (0.45 pm)
for analysis by inductively coupled plasma—mass spectrometry (ICP-MS) and inductively coupled plasma—
optical emission spectroscopy (ICP-OES).

3.5 Analytical Techniques

For each sampling event involving dithionite, solutions were analyzed for concentrations of dithionite,
sulfide, sulfite, thiosulfate, and sulfate. Additionally, pH was determined and, to control the mass balance
of sulfur, total concentration of sulfur species able to interact with iodine (dithionite, sulfide, sulfite,
thiosulfate, and polythionates, except S20627).
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3.5.1  UV-Vis analysis: S204%", SO3%"

When a vial was broken for sampling, an aliquot was immediately taken for UV-Vis analysis (dithionite,
sulfite, and thiosulfate) on a Shimadzu UV-2600 spectrophotometer. UV-Vis spectra of experimental
solutions were recorded in a flow-through cuvette under strictly oxygen-free conditions for the
wavelengths ranging from 190 to 400 nm with an increment of 1 nm. A glass vial, containing 50 mL
distilled water and 1 mL of 0.1 M HCOs~, which was continuously purged with argon, was connected with
Tygon tubing to the cuvette. Continuous circulation of the solution between the vial and the cuvette was
forced by peristaltic pump.

Dithionite concentrations were measured at a wavelength of 350 nm (Amonette et al. 2004). Sulfite was
determined at a wavelength of 200 nm. Although the S2032" and SO32~ UV-Vis spectra overlap, both
deconvolution of the UV-Vis spectra and titration with formaldehyde described below indicated negligible
thiosulfate formation. Owing to the near-immediate partial degradation of dithionite, calibrating the UV-Vis
spectral signal of dithionite-bearing solutions is essential, yet nontrivial. Known amounts of dithionite salt
were added to glass vials pre-purged with argon gas and sealed with rubber stoppers. The buffer
solutions were then added by syringe through the rubber stoppers. Upon complete dissolution of the salt,
an aliquot was extracted by syringe and UV-Vis spectra were recorded. Another aliquot was taken for
iodometric titration to determine dissolved sulfur species as described below. The latter indicated that
~50% of the dithionite underwent immediate decomposition.

3.5.2 lodometric Titration

Another aliquot of sample was taken for iodometric titration, which determines total reduced sulfur
species (Danehy and Zubritsky 1974; Szekeres 1974). This technique was used to determine a mass
balance as it measures the concentration of all sulfur species except oxidized sulfur (i.e., SO4?"),
elemental sulfur, and S206%". In some selected samples, S203%~ was also determined through iodometric
titration with formaldehyde (Danehy and Zubritsky, 1974; Szekeres, 1974), but these analyses
determined that thiosulfate formation was negligible.

The concentrations of dissolved sulfide sulfur (H2S, HS") in the solutions were determined by precipitation
with cadmium acetate and iodometric back titration. The technique involves precipitation of sulfide sulfur
in the form of insoluble cadmium sulfide (by adding an aliquot of cadmium acetate), separation of the
precipitate from the solution by centrifuging or filtration, and the aforementioned iodometric back titration
of the solid precipitate in an aliquot having an excess of hydrogen chloride and iodine by sodium
thiosulfate (Szekeres 1974).

3.5.3 lon Chromatography (SO42°) and ICP-MS

Oxidized sulfur (i.e., SO4%~ analysis) was determined on a Dionex ICS-2100 lon Chromatography System.
The aliquots that were not analyzed immediately after sampling, were immediately frozen to stop
decomposition of dithionite and preclude continuous accumulation of decomposition products.
Concentrations of the main metal suite in post-experimental solutions were determined using the ICP-MS
and ICP-OES techniques.

Any sulfur in excess of the independently determined S2042", SO3?", HS™, SO42~ and S203?" can be
attributed to zero valent sulfur, some of the polythionate species, and/or elemental sulfur involved in
polysulfane chains.
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4.0 RESULTS AND DISCUSSION
4.1 Blank Experiments
411 Dithionite and Degradation Products through Time

Concentrations of dithionite, its hydrolysis products, and pH of the solutions determined during the
experiments are reported in Figures 4.1-1 through 4.1-3. Figure 4.1-1 shows the decomposition of
dithionite through time. The first measurement was taken 1 d after solutions were prepared. At this stage,
determined concentrations of dithionite represented only a fraction of dithionite initially placed in the
solution. This fraction systematically decreases with decreasing pH. For example, for HCOs™-buffered
solutions (pH = 7.5 to 7.1), recovery of dithionite after 1 d was 26 to 30% of the initial concentrations

(Fig. 4.1-1a). Conversely, in the EDTA/OH" buffered solutions having pH = 9.1-9.7, this value ranged
from 68 to 78% (Fig. 4.1-1b). It is likely that during the first days after solution preparation dithionite
undergoes complex re-equilibration with its hydrolysis products: the first three samples taken
demonstrated a relative increase of dithionite concentrations with respect to concentrations determined
during day 1. For example, after 2 d, the concentrations of dithionite in the HCOs™-buffered solutions
increased from 26—30% of the initial concentrations to 33—42%, and in the EDTA/OH™-buffered solutions,
some solutions demonstrated nearly 92% of initial concentrations of dithionite. Subsequent samples,
however, showed prolonged decrease in concentrations. The unbuffered solutions experienced rapid loss
of dithionite. Although the 0.1 M solution persisted for 2-3 weeks, the 0.05 M and 0.025 M solutions had
no measureable dithionite after the first day (Fig. 4.1-1c¢). Because of the rapid loss of dithionite in the
unbuffered solutions, it would be impractical to consider an unbuffered dithionite deployment, so the
remainder of this paper focuses on the behavior of dithionite in the buffered solutions. For the solutions
buffered in HCOs™, dithionite disappeared after 29 d in the 0.1 M solution, whereas the disappearance
was 55 and 78 d in the 0.05 M and 0.025 M solutions, respectively (Figure 4.1-1a). Similarly, the solutions
buffered with EDTA/OH™ experienced more rapid loss for the 0.1 M solution than for the 0.05 and 0.025 M
solutions. However, dithionite persisted much longer in all of the EDTA/OH™-buffered solutions compared
with the HCOs™-buffered solutions, lasting until 105 d in the 0.1 M solution, and remaining present until the
end of the experiment (105 d; Figure 4.1-1b) in the 0.05 and 0.025 M solutions.

The hydrolysis products determined in the experiments demonstrate distinctively different behavior.
Sulfite (SO3%7) and sulfide (HS™) are found in nearly equimolar concentrations in effectively all sampled
solutions (Figure 4.1-2, a—d). Both of these species do not show a definitive variation with time. The large
temporal variability of the concentrations of SO3?~ may be due, in part, to experimental errors. In order to
prevent saturating the UV-Vis detector, a very small amount of sample (0.05 mL) was diluted substantially
(1210 times). The accuracy of the syringe is 0.01 mL, and thus the error with the SO3?~ measurements
may be as high as 20%. However, it is apparent that in all samples, the SO3?~ concentrations experience
an initial increase similar to that of S2042". Sulfite in the HCOs™-buffered samples then appears to plateau
before dropping off at around 50-60 d (Figure 4.1-2a). Sulfite in the EDTA/OH" buffered samples,
however, decreases at around 30 d but then increases by the end of the experiment (Figure 4.1-2b).
Sulfite accounts for between 2 and 12% of the total sulfur in EDTA/OH™-buffered solutions and between 3
and 20% in HCOs™-buffered solutions.

In HCOs™ buffered solutions, the concentration of SO42~ decreases with time (Figure 4.1-2e). In the first
two samples, SO42~ accounts for about 33% of total sulfur, but by the completion of the experiment
accounts for between 5 and 20%. A similar pattern is seen with the 0.1-M sample in EDTA/OH™-buffered
solution, in which the percentage of SO4?~ accounting for total sulfur drops from 33% to 5 %. However,
the 0.05 and 0.025 M solutions have relatively steady SO4?~ concentrations through time (Figure 4.1-2f).
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In all samples, the pH decreases through time, and the decrease is more pronounced with increasing
concentrations for the HCOs™-buffered and EDTA/OH™ solutions, whereas the pH of the 0.1 M unbuffered
solution is higher than either the 0.05 M or 0.025 M unbuffered solutions (Figure 4.1-3, a—c). More
specifically, in the HCOs™-buffered solutions, the pH drops from 7.5 to 7.3 in the 0.025 M solution, from
7.3 10 7.0 in the 0.05 M solution, and from 7.0 to 6.8 in the 0.1 M solution (Figure 4.1-3a). Similarly, in the
EDTA/OH™-buffered solution, the pH drops from 9.7 to 9.6 in the 0.025 M solution, from 9.5 to 9.2 in the
0.05 M solution, and from 9.1 to 7.9 in the 0.1 M solution (Figure 4.1-3b).

41.2 Proposed Reaction of Dithionite Degradation and Kinetic Rate Law

Faster degradation of dithionite at lower pH is consistent with previous studies (Amonette et al. 2004).
However, accounting for all previously reported major degradation products (i.e., SO3?~, $20327) in these
experiments demonstrates that a substantial proportion of sulfur cannot be accounted for in near neutral
solutions (pH = 7.5 to 7.1). The sum of the sulfur species determined in these experiments was only 68 to
78% of the initial total sulfur concentrations on the first day of the experiments and demonstrated
continuous decrease with time (Figure 4.1-4a). At alkaline conditions (pH = 9.0-9.7), measured sulfur
species accounted for almost 100% of initial total sulfur concentrations during the first 30 d of the
experiment (Figure 4.1-4b). The species that account for missing sulfur are not detectable by the present
methods, and therefore can be represented by either zero valent sulfur, some of the polythionate species,
and/or elemental sulfur involved in polysulfane chains. The initial unbuffered solutions became milky
white, suggesting the formation of colloidal sulfur at low pH.

In addition to elemental sulfur, which appeared to be important only at very low pH (unbuffered solutions),
dithionite decomposition may produce polythionates. The decomposition of polythionates produces
sulfate, elemental sulfur, and hydrogen ions and is thus consistent with the analytically measured
products (Meyer and Ospina 1982). These observations lead to the hypothesis that formation of
polythionate S4Os?~ has occurred in these solutions, and that the hydrolysis reaction of dithionite can be
expressed as follows:

432042 + H20 = HS +S032"+25042"+S406%™ + H* Equation 2

This reaction progresses to a lesser extent as pH increases, consistent with polythionates having greater
stability at low pH and undergoing decomposition at higher pH (Meyer and Ospina, 1982). The reaction
depicted in Equation 2 therefore is a proxy for the more rapid process of dithionite degradation observed
at near-neutral pH. The stoichiometry of the reaction depicted in Equation 2 accounts for the initial
production of protons and polythionates (i.e., unaccounted-for sulfur species) observed in HCOs -buffered
experiments at each dithionite concentration. Because the various polythionates and elemental sulfur
could not be directly measured, it is possible that the S40¢?” term represents the summation of other
unaccounted-for sulfur species. Nevertheless, at higher pH values and on longer time scales, this term
becomes less important and the reaction is better represented as

38204%" + 3H20 = 2HS +S0327+3S042"+ 4H* Equation 3

This reaction is used in the following kinetic discussion as it describes the long-term degradation of
dithionite.

A numerical model was formulated to quantify the kinetics of dithionite degradation in the HCOz3™- and
EDTA/NaOH™-buffered experiments. The unbuffered experiments were not modeled because degradation
was so rapid that it was considered impractical to consider using dithionite without buffering. No attempt
was made to model the very rapid initial degradation of dithionite; rather the first-measured dithionite
concentrations and pHs effectively served as initial conditions in the model. To allow for quantitative
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comparison of the HCO3™- and EDTA/NaOH™-buffered experiments, a kinetic model was developed based
upon the experimentally deduced stoichiometry (Equation 3) for both sets of experiments. The kinetic rate
expression assumed first-order dependence on dithionite concentration and a fractional-order
dependence on proton activity:

S = Sik{H*}*{5,0,%7}, Equation 4
where C; and S; are the concentration at each time step and stoichiometry of the i chemical component
in Equation 3, t is time (s), k is the kinetic rate constant, « is a fractional exponent, and {S,0,%7} and {H*}
are the respective dithionite and proton activities at each time step. The inclusion of a fractional-order
dependence on proton activity reflects an autocatalytic process in which there is no additional generation
or consumption of protons beyond that described in Equation 3. The model also includes Na*, along with
HCOs™ as a representative buffer. It was assumed that S204%7, H20, SO3?", HS™, SO4?7, H*, Na*, and
HCOs™ could be modeled as total components in order to include equilibrium reactions with secondary
species dictated by the laws of mass action. This approach allows for a more accurate calculation of
proton activity. The model includes the secondary species and corresponding mass action laws shown in
Table 4.1-1, which are taken from the EQ3/6 database (Wolery 1992). Activity coefficients were
calculated in each time step using the Debye-Huckel equation.

Equation 3 was coupled to Equation 4 in PFLOTRAN (Lichtner et al. 2017a, b) using its “reaction-
sandbox” interface (Hammond 2015). To fit the experimental data, model calibration was required. The
primary parameters were k and «. An additional adjustable parameter needed to match the observed pH
trends was the effective buffering capacity of the solutions, which was incorporated into the model as an
equivalent concentration of bicarbonate ([HCOzs]err) for each set of experiments. Calibration was achieved
using the open-source code MADS (Vesselinov and Harp 2012). The model parameters were calibrated
using inverse analysis (using Levenberg-Marquardt optimization) to reproduce the experimental
observations as defined in the MADS problem setup. Experimental measurements of [S204%7] and pH
were used as calibration targets.

Equation 5 shows the parameterized kinetic rate law:

% = §;10-+81{H*}024(5,0,%"), Equation 5

where % has units of mol I"' s™'. Results of model calibration are shown in Figures 4.1-5 and 4.1-6, and

additional calibrated model parameters for the two sets of experiments are shown in Table 4.1-2. In
general, the kinetic rate model with equilibrium speciation was capable of fitting the [S204%"] and pH data
for both the HCO3™-buffered and EDTA/OH™-buffered experiments. The parameter [HCOs e for the
HCOs™ buffered solutions (0.329 M) was found to be higher than the 0.1-M HCO3™ used, which is most
likely due to equilibrium reactions of sulfur species (e.g., H2S40s(aq), HS4O6") not considered in the
model. The high calibrated value of [HCOs]erf for the EDTA/OH™-buffered experiments (0.570 M) was
likely due to the complex buffers used in stock buffer solution.

Equation 5 was used to estimate half-lives of each experiment by treating 10“‘-81{H+}i0'24 as a pseudo—
first-order rate constant, where {H*}; is the initial proton activity calculated using the calibrated value of
pHi, and normalizing by the stoichiometric coefficient of S204%~ in Equation 3. The estimated half-lives for
the HCOs -buffered experiments were 9.06, 10.6, and 12.4 d for the 0.1, 0.05, and 0.025 M dithionite
concentrations, respectively, resulting in a mean half-life of 10.7 d. The estimated half-lives for the
EDTA/OH™-buffered experiments were 27.2, 34.2, and 39.5 d for 0.1 M, 0.05 M, and 0.025 M dithionite
concentrations respectively, resulting in a mean half-life of 33.6 d. The mean values represent single best
estimates that consider all initial starting concentrations for a given pH while also assuming that the half-
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life varies with pH but not dithionite concentration (pseudo first-order). The longer half-life reported at the
higher pH in the present study relative to the half-lives reported by Amonette et al. (2004) at a similar pH
is most likely the result of preventing any gases from either entering or leaving the glass-sealed ampules
in the current study. It is well known that oxygen reacts rapidly with dithionite, and care was taken in both
studies to minimize or eliminate oxygen, but the present study also prevented the egress of gases from
the reaction vessels. Amonette et al. (2004) does not mention any measures taken to prevent H2S egress
(which can occur through many types of vessel caps or stoppers), and keeping the H2S in the reaction
vessels in the present study is believed to have slowed the degradation of dithionite because it
maintained a higher concentration of the degradation product(s) HS/S? in solution.

Although the rate law (Equation 5) can effectively predict the post—rapid-hydrolysis degradation rate as a
function of pH, several lines of evidence suggest that assuming the reaction depicted in Equation 3
accounts for all dithionite degradation and using only the limited assemblage of species and reactions in
Table 4.1-1 greatly oversimplifies the system. The fact that the pH trends in the experiments can be
matched only if the initial effective pH buffering of the system (the first ~ 3 d) is treated as an adjustable
parameter is one such line of evidence. Also, as S2042- concentrations decrease with time, the
concentrations of reaction products SO4%~, SO327, and HS™ (Equation 3) all either decrease or stay
relatively constant instead of increasing as the reaction (Equation 3) would predict. Instead, it is the
concentration(s) of the unaccounted-for reduced sulfur species, which are not considered in the model,
that consistently increase with time. These observations combined suggest that (1) there are
unaccounted-for reaction products that are involved in hydrolysis and acid-base reactions that affect pH in
ways not considered by the model, and (2) the sulfur chemistry evolves in a complex manner as a result
of interactions between reduced and oxidized sulfur reaction products that are not thermodynamically
compatible.

41.3 Buffer Solution Selection

The results of the buffer experiments are shown in Figures 4.1-7 and 4.1-8. Figure 4.1-7 illustrates the
rapid decomposition of dithionite in the presence of oxygen without a carbonate buffer. The concentration
drops more rapidly at higher concentrations, demonstrating the first-order dependence on dithionite
concentration of the rate constant (Amonette et al. 1994). The presence of Na2S adds negligible stability
to the dithionite, but all solutions with SO32~ (S0327, SO3?~ + NazS, SO3?"+ Ar) are noticeably more stable
through time. Not surprisingly, the stability of dithionite corresponds to the ability of the buffer to maintain
a neutral pH. In the case with just S204%~ and with S2042"+ NazS, the pH drops rapidly below 4, coincident
with a drop in the S204%~ concentration. The results of this experiment suggest that SOs?™ is an effective
buffer for slowing the decomposition of dithionite and the production of H*. The addition of NazS or argon
to NaSOs solutions does not appreciably enhance the buffering capacity of SOs?".

Figure 4.1-8 demonstrates the relative effectiveness of HCOs~ vs SOs%", in which it is apparent that there
is no discernable difference in the longevity of dithionite between the two buffers. Although the
concentration of dithionite is quantifiable to 600 h with the bicarbonate buffer, the concentrations in all
solutions past 300 h is negligible. These experiments suggest that sulfite is as effective as bicarbonate in
extending the lifetime of dithionite in aqueous solution.

4.2 Sediment Characterization

XRF data for the samples in both the batch and column experiments are shown in Table 4.2-1, XRD data
for the column experiments are shown in Table 4.2-2, and Brunauer-Emmett-Teller (BET) surface area
measurements are shown in Table 4.2-3. The sediment samples from both CrCH-2 and CrCH-3 contain
predominantly aluminosilicate material. Material sampled from CrCH-2 consists largely of plagioclase,



Chemical Remediation Bench-Scale Studies

whereas material sampled from CrCH-3 is mostly amorphous material, presumably rhyolite glass. The
iron content of the CrCH-3 material is less than 1% (0.90%) and of the CrCH-2 material ranges between
1.20 and 2.36%. The chromium content of the sediments ranges from 7 to 32 ppm, and the highest
concentrations in the CrCH-2 material are between 913 and 918 ft below ground surface, which also
coincides with the highest iron content. This interval also has the highest surface area (Table 4.2.-3). The
surface area of all CrCH-2 samples is greater than that of CrCH-3.

4.3 Batch and Column Experiments with Sediment
4.3.1 Batch Experiments—Dithionite Degradation and Chromium Uptake

The decomposition of dithionite is shown in Figure 4.3-1. The pH remained constant (6.8—7.4) throughout
the sampling period, indicating that the HCO3™ buffering was sufficient. For all three concentrations of
dithionite treatments, the dithionite concentration decreased by greater than half after 1 d. In addition to
consumption of dithionite by reaction with iron (Equation 1), dithionite decomposes in near-neutral to
alkaline solution by hydrolysis (Section 4.1 demonstrated the near-immediate rapid disproportionation of
dithionite upon addition to aqueous solution to about half of the initial concentration followed by slower
and prolonged decay). A comparison of dithionite decomposition in Figures 4.1-1 and 4.3-1 indicates that
the initial concentration of dithionite measured in the presence of the sediments is consistently about
0.01 M less than in absence of sediments. Furthermore, it is apparent in Figure 4.3-2 that there is almost
an immediate increase in dissolved iron concentrations of about 1 mM regardless of what the starting
concentration of dithionite was. This leads to the conclusion that irrespective of the dithionite starting
concentration or type of sediment, there is a very rapid consumption of about 2x10° mol of dithionite per
gram of sediment and a rapid generation of about 2x10¢ mol of iron per gram of sediment when excess
dithionite comes in contact with aquifer sediments. Also, the subsequent increase in iron concentrations
after the very rapid reaction appears to be directly proportional to the amount of remaining dithionite that
has degraded beyond the first 0.01 M that is rapidly consumed. Although not shown here, manganese
concentrations followed trends very similar to the iron concentrations of Figure 4.3-2 except that they
were about an order of magnitude lower than the iron concentrations, resulting in the rapid generation of
about 2x107 mol of manganese per gram of sediment. The black curves in Figure 4.3-1 correspond to the
predictions of a first-order rate expression for dithionite decomposition after the rapid decomposition for
starting concentrations of 0.05 and 0.1 M (a decay curve for a starting dithionite concentration of 0.025 M
is not shown because effectively all of the dithionite was consumed by the rapid decomposition). Note
that the first-order dithionite decay rate constant used to generate the curves of Figure 4.3-1 is about a
factor of 2.7 larger than the pseudo—first-order rate constant given by Equation 5, so dithionite
degradation proceeds slightly faster in the presence of sediments than in their absence (after the very
rapid degradation). However, the solid-to-solution mass ratio was not varied in the lab experiments to
determine if there is a dependence of the decay rate in the presence of sediments on this ratio.

The black curves in Figure 4.3-2 show that the measured iron concentrations are predicted very well if it is
assumed that 0.35 mol of iron are generated for every mole of dithionite consumed after the initial rapid
decay. However, a final set of samples taken at 150 d (not shown in Figure 4.3-1) was considerably lower
in iron concentrations than the last data points shown in Figure 4.3-2, suggesting that the liberated
aqueous Fe(ll) is eventually resorbed to or precipitated onto the sediment.

Arsenic concentrations in the batch experiments increased to levels above the U.S. Environmental
Protection Agency (EPA) drinking water standard (10 ppb; Figure 4.3-3b), but by the conclusion of the
experiment, they were mostly below the standard. Chromium concentrations were all well below the

50 ppb New Mexico Environment Department (NMED) standard, except for an unexplained peak around
50 d (Figure 4.3-3a).

10
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Based on the observations discussed above, the following semi-empirical set of equations is adopted to
describe the degradation of dithionite and generation of iron in the presence of aquifer sediments at pH ~7:

% = I [1 _ (Sn;x)w], Equation 7

where k1 = 0.002 mol/g-h, k2 = 0.003 h™', smax = 2x10° mol/g sediment, p; = bulk density in g/cm?,

@ = porosity, and s is a dummy surface species concentration that serves to shut off the rapid dithionite
consumption reaction after 2x10-% mol of dithionite has been consumed per gram sediment. The first term
on the right side of Equation 6 corresponds to the rapid consumption of 2x10-° mol/g sediment of

dithionite in the presence of sediments, and the second term corresponds to the slower decay of
S

10
dithionite that occurs after the rapid consumption. The ( ) term in Equation 6 serves to keep the rapid

Smax

dithionite consumption rate high until s is almost equal to smax. The value of 0.002 mol/g-h for k1 is
somewhat arbitrary, but it is large enough to ensure that 2x10- mol/g of sediment are consumed in a very
short time, while it is not so large as to cause instabilities in a numerical model. The value of k2 = 0.003
h~' is the decay constant used to generate the curves of Figure 4.3-1. The coefficients in Equation 7
ensure that the moles of Fe(ll) generated per mole of dithionite consumed match the experimental data
(Figure 4.3-1), and the coefficients in Equation 9 serve to maintain charge balance after the loss of
dithionite and the generation of Fe(ll). Equation 9 is consistent with the experimental data in that a little
over 1 mol of sulfate was measured in the batch reactors per mole of dithionite consumed.

In the batch experiments in which the four different sediments shown in Figures 4.3-1 and 4.3-2 were
treated with a 1 M dithionite solution and then introduced to a 1% Cr(VI) solution to determine Cr(VI)
reduction capacity, the amount of Cr(VI) reduced on the treated sediments ranged from 0.015 to

0.025 mol Cr(VI) per mole of dithionite introduced, which is about 2 to 4 times larger than in the column
experiments (Table 4.3-1). However, the Cr(VI) reduction per unit mass of sediments was nearly 2.5
orders of magnitude larger than in the column experiments, and it would have taken anywhere from 30%
to 99% of the entire inventory of iron in the sediments to account for the amount of Cr(VI) reduced if Fe(ll)
were entirely responsible for the reduction. Furthermore, the reduction capacity of the sediments did not
appear to correlate at all with their iron content (measured by XRF) or with specific surface area
determined by N2 adsorption. Most of the literature on the remediation of Cr(VI) with dithionite attributes
the benefits of dithionite to the Fe(ll) that is produced, but these results suggest that Fe(ll) accounts for at
best only a portion of reductive capacity generated by dithionite. It seems that reductive capacity is much
better predicted by the amount of dithionite introduced to a system than any characteristic of the
sediments, such as iron content or specific surface area.

4.3.2 Column Experiments

Dithionite concentrations were measured by UV-Vis spectrometry in the injection solution immediately
after preparation and again at the end of the injection. Over the 4-d injection, the dithionite concentration
of the injection solution decreased from 0.05 M to 0.02 M. Although the syringe was closed off from the
atmosphere, the material is not totally impervious to oxygen intrusion. Therefore, loss of dithionite over
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the 4-d injection is expected. The reaction depicted in Equation 1 indicates that acidity is generated
during the dithionite reduction of Fe(lll) and subsequent reduction of Cr(VI). The measured pH of the
eluent drops abruptly from a background value of ~9 to 2 during the dithionite injection (Figure 4.3-4).

The bromide conservative tracer indicates the timing of the dithionite injection, which confirms that

110 mL of the solution was injected over 4 d (Figure 4.3-5). Sulfate, an oxidation product of both sulfite
and dithionite, eluted coincidently with bromine (Figure 4.3-5). A total of 0.0165 mol of sulfur in excess of
S04%” from R-42 was injected from the 0.05 M S20427/S032™ mix. A total of 0.00665 and 0.00941 mol of
S04%" in excess of the R-42 concentration was eluted during the injection through the CH-2 (Puye) and
CH-3 (Miocene pumiceous) columns, respectively, indicating that only 40% and 57% of the initially
reduced sulfur oxidized to SO4?~. The remaining sulfur may have oxidized to an intermediate sulfur
species (e.g., SO3%) or precipitated in the sediment. It is not possible to distinguish whether the SO.2" is a
reaction product from hydrolysis of dithionite or from a redox reaction with sedimentary Fe(lll). Therefore,
it is uncertain how much sedimentary Fe(lll) was reduced by the dithionite injection. The nitrate
decreases during the time of the injection, suggesting that nitrate in R-42 water is reduced by the
dithionite. However, the nitrate returns to background R-42 concentration immediately after the injection,
indicating that the treated sediment does not reduce nitrate (Figure 4.3-5). Chloride behaves
conservatively throughout the entire experiment, maintaining the background R-42 concentration of

~50 ppm (Figure 4.3-5).

The divalent cations, strontium, calcium, manganese, and magnesium, as well as potassium, show an
increase in concentration around 60 mL, coincident with the breakthrough of the injection solution

(Figure 4.3-5). These observations suggest that a cation exchange mechanism occurs owing to the
lithium and sodium injection. The 110 mL of dithionite solution injected into the column contained the
400-ppm lithium bromide (tracer), and Na* from 0.05 M Na2SOs and 0.05 M Na2S204. The total number of
moles of lithium and sodium injected into the column was therefore 0.0005 and 0.022, respectively. After
the injection, ~95% of both lithium and sodium are recovered in the eluent, whereas the concentrations of
calcium, magnesium, strontium, and potassium in the eluent are below the concentrations of the injection
water, suggesting that some amount is then readsorbed to the sediment.

The column experiments were modeled numerically using Equations 6-9 to simulate 1-D reactive
transport in porous media while accounting for cation exchange of up to 9 cations (Williams et al. 2013).
This model was used because it was apparent from the column experiments that cation exchange played
a significant role in the fate and transport of Fe(ll). Figure 4.3-5 shows the breakthrough curves of
selected cations and anions in the column experiment with the Miocene pumiceous sediments, and the
right-hand plot shows the predicted breakthrough curves from the model. The model used published
values of cation exchange selectivity coefficients for all the cations, so the only parameters that were
adjusted to match the data were the longitudinal dispersivity in the column (matched using the bromide
breakthrough curve) and the cation exchange capacity (CEC) of the sediments (matched using the
shapes of the cation breakthrough curves). The breakthrough curves for the column packed with Puye
sediments (not shown) looked very similar to those of Figure 4.3-5, and adjustments of less than 10% to
the column dispersivity and CEC values relative to the Miocene pumiceous column were sufficient to
match the observations. The model parameters have not yet been formally optimized to match the data.
Adjustment of the selectivity coefficients for the various cations should provide better matches to the
individual cation breakthrough curves, particularly for calcium and magnesium, which appear to be
underpredicted during the intermediate portion of the tests. However, these species are of little
consequence for the behavior of dithionite and its effect on the reduction capacity of the sediments. It was
considered far more important to capture the behavior of Fe(ll), which has implications for the subsequent
reduction of Cr(VI). The Fe(ll) breakthrough curves were quite well predicted by the model, although the
model predicts an earlier first arrival of Fe(ll) than was observed in both columns. The recovery of Fe(ll)
from both columns was reasonably well matched.
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Figure 4.3-6 shows the profiles of iron and chromium that were leached from the sediments of the
Miocene pumiceous column. Of particular interest is the dramatic increase in iron concentrations leached
from the sediments that occurs about two-thirds of the distance from the column inlet. These data suggest
that aggressive dissolution of iron from the sediments reached only about two-thirds of the way into the
columns. Although iron concentrations on the sediments were not formally accounted for in the model,
Figure 4.3-6 shows that the modeled surface concentrations of the dummy species that corresponds to
the rapid consumption of dithionite appears to reach about the same distance into the column as the
depleted iron concentrations. This prediction assumes that about half the dithionite decayed before the
dithionite solution ever entered the column, and the difference between the locations of the inflection in
iron concentrations and the calculated penetration of the dummy species could easily be explained by a
slight inaccuracy in this assumption.

Although only partial sediment leaching data were available for the Puye column at the time of writing this
paper, preliminary indications are that the dithionite distance penetrated into this column was similar to
that of the Miocene pumiceous column. The chromium profile in Figure 4.3-7 indicates that there is not a
strong spatial dependence of where Cr(VI) was reduced and precipitated in the columns. This implies that
the reductive capacity imparted to the sediments by the dithionite does not appear to be limited to regions
where aggressive iron dissolution occurred and presumably where the dithionite reached. It is possible
that the elevated iron concentrations in the final one-third of the column, which were likely deposited by
cation exchange, provide as much reduction capacity as the depleted sediments in the first two-thirds of
the column, but reduced sulfur species are also suspected to play an important role in Cr(VI) reduction.
Note that the chromium recovery from the sediments was within about 20% of what was calculated to be
deposited in the column based on the breakthrough curves of the Cr(VI1).

Figure 4.3-7 shows the breakthrough curves of Cr(VI) in both columns. The Puye column exhibited about
35% more Cr(VI) reduction capacity than the Miocene pumiceous column. This is considered quite similar
for the two sediments, and it does not appear to be strongly correlated to the iron content of the
sediments, which was 1.9 wt% for the Puye vs 0.9 wt% for the Miocene pumiceous (determined by XRF).
Also, the amount of iron that was leached from the untreated sediments by a 2 M HNOs3 leach was about
2.5 times larger for the Puye sediments than for the Miocene pumiceous sediments (about 0.013 wt% vs
0.005 wt%, corresponding to approximately 0.5% of the total iron in the sediments measured by XRF in
both cases). The greater reduction capacity of the Puye sediments may be related to the fact that more
Fe(ll) appeared to be retained in this column than in the Miocene pumiceous column. The recovery of
dissolved iron from the Miocene pumiceous column was nearly twice that from the Puye column (about
15 mg vs about 8 mg, corresponding to about 0.75% of the total iron in the Miocene pumiceous column
and about 0.2% of the total iron in the Puye column), which may be a reflection of the mineralogy of the
sediments: the Puye sediment consists of largely crystalline minerals, whereas the Miocene sediment
consists mostly of glass, which is more susceptible to leaching. The reduction capacities of the sediments
in the two columns, expressed as moles of Cr(VI) reduced per mole of dithionite introduced, were
6.3x103 mol Cr(VI)/mole for the Miocene pumiceous sediments and 8.5x10 mol Cr(VI)/mole for the
Puye sediments. These numbers would approximately double if the dithionite concentration is corrected
for the amount of dithionite that was believed to have actually entered the columns after the rapid
decomposition. If the entire mass of sediments in each column was considered to be “treated”, then the
reduction capacity expressed as moles of Cr(VI) per gram of treated sediment would be 1.6x10-7 mol
Cr(VI)/g for the Miocene pumiceous column and 2.0x10" mol Cr(VI)/g for the Puye column.
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5.0 CONCLUSIONS

Although the chemistry associated with sodium dithionite reactions is complex and many mechanistic
details remain poorly understood, sodium dithionite appears to be a viable chemical reductant that should
be capable of establishing an in situ permeable reactive barrier in the regional aquifer that can immobilize
many pore volumes of Cr(VI)-contaminated groundwater. Batch experiments conducted in flame-sealed
glass reactors without sediments present confirmed a complex aqueous dithionite degradation process,
with both a rapid initial degradation process that proceeded to a greater extent at lower pH, followed by a
much slower degradation process that was also pH dependent. The lifetime of dithionite under anoxic
conditions was found to be greater than previously reported, presumably because reaction products such
as H2S gas were more efficiently prevented from escaping than in any previous experiments. This has
important implications for field deployments because it suggests that dithionite may be able to travel
further away from injection wells in an aquifer before degrading than previously thought. Batch
experiments with sediments showed that the presence of sediments causes the rapid reaction of about
2x10% mol of dithionite per gram of sediment beyond the initial rapid degradation of dithionite in the
absence of sediments. During this rapid reaction period, about 2x10-® mol of dissolved Fe?* and

2x1077 mol of dissolved Mn?* per gram of sediment were produced, and these quantities were found to be
similar for four different aquifer sediments tested. After the initial rapid reaction, any remaining dithionite
was consumed about 2.7 times faster in the presence of sediments than in their absence, and about

0.35 mol of Fe?* and 0.035 mol of Mn?* were produced for every mole of dithionite consumed.
Concentrations of arsenic and other metals observed in the experiments generally stayed below EPA
maximum concentration levels.

Column experiments showed that the injection of two pore volumes of a 0.05 M sodium dithionite solution
buffered with 0.05 M of Na2SOs resulted in a Cr(VI) reduction capacity ranging from about 6x10- to 9x10-3
mol Cr(VI)/mole dithionite introduced. These capacities were measured by injecting non-deaerated R-42
water [Cr(VI) concentrations of about 900 ng/L] through the columns until Cr(VI) broke through in the
column effluents. R-42 water nominally has a dissolved oxygen concentration of 6-7 mg/L and a nitrate
concentration of 25-30 mg/L. Nitrate was not reduced by the dithionite-treated sediments, but some of
the oxygen was probably reduced (dissolved oxygen was not measured in the column effluents because
the effluents became oxygenated before measurements could be made). The dithionite-treated sediments
effectively prevented Cr(VI) breakthrough for 30 to 50 column pore volumes. Arsenic and other metal
concentrations generally remained below their EPA maximum concentration limits except during the
dithionite pulse. After chromium breakthrough was complete, the columns were frozen and cut into 1-cm
long sections, and each section was acid leached to determine the spatial distribution of chromium, iron
and other constituents on the sediments. The results revealed that chromium was rather evenly
distributed throughout the columns, but the iron distribution in the sediments in one of the columns
suggested that the dithionite had reached only about two-thirds of the way through the column before
being consumed. The mass of sediments in the first two-thirds of the column corresponds to the mass
that would be predicted to rapidly consume all the injected dithionite if the rapid consumption were the
same as in the batch experiments (i.e., 2x10-° mol of dithionite per gram of sediment).

One of the main conclusions from the dithionite laboratory experiments is that, contrary to conventional
wisdom, the reduction capacity imparted to sediments does not appear to be derived almost exclusively from
the reaction of dithionite with Fe(lll) phases to form Fe(ll). Rather, there also appears to be a significant,
perhaps dominant, contribution from reduced sulfur species that are generated by the decomposition of
dithionite. More work is needed to understand and quantify this contribution. The implication is that dithionite
treatments may depend much less on sediment characteristics (such as iron content, mineralogy, and
specific surface area) than previously thought. A semi-empirical kinetic model was developed that, when
coupled with a 1-D mass transfer model that accounts for cation exchange, can predict dithionite
consumption and penetration into an aquifer, as well as Fe(ll) generation within the aquifer.
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Initial Dithionite = 0.025 M

0.0035 4

©913.6-915.1
0.003 - 918.32-919.4
2.56-932.
S 00025 | ° 932.56-932.9
- ° 932.9-933.6
2 0.002 -
s
‘= 0.0015 -
= ° ° o
S 0001 - s
[ ]
0.0005 . °
0 . . . . .
0 10 20 30 40 50
Days
Initial Dithionite = 0.05 M Initial Dithionite = 0.1 M
0.014 ~ ® 913.6-915.1 0.045 1 ® 913.6-915.1
0.012 4 918.32-919.4 0.04 1 918.32-919.4
' 932.56-932.9 0.035 A 932.56-932.9
s 0.01 iy 932.9-933.6 932.9-933.6
-~
< \ e Decay Curve ; 0.03 == Decay Curve
2 0008 {1 W 2 0025 \%
5 s \\ °
‘= 0.006 | o ° 2 002 A P
= S
2 0.004 - 5 0015 1 \ )
0.01 1 N °
0.002 - s
0.005 A \\
0 ' ' ! ! ' 0 T T T —
0 10 20 30 40 50
Days 0 10 20 Days 30 40 50

Figure 4.3-1  Dithionite decomposition in batch experiments with four different sediments
(identified by depth [ft] from CrCH-2) with 10 mL of solution for every 5 g sediment.
Curves were generated using the kinetic model discussed in text.

22



Chemical Remediation Bench-Scale Studies

] 6000 .. e e
1600 1 |nitial Dithionite = 0.025 M Initial dithionite=0.05 M
1400 17 = ° ° 5000 °
1200 1 8§ o o
1000 1o ) ° 4000

s o

Z a0 |® ®® $ 53000 913.6-915.1

b ©913.6-915.1 © 01832.919 4

= 600 A PET

©918.32-919.4 2000
200 - 918.32-919 932.56-932.9
° 932.56-932.9 1000 932.9-933.6
200 T ©932.9-933.6 0'. Generation
0 T T T T T 1 0 .
0 10 20 30 40 50 0 10 20 30 40 50
Days Days
12000 Initial dithionite=( 1 M
10000
°

8000 °

=

= 6000 ® 913.6-915.T

L ® 918.32-919.4
4000 932.56-932.9
2000 /. ® 932.9-933.6

." e— (Generation
0
0 10 20 30 40 50
Days
Figure 4.3-2  Iron generation in batch experiments with four different sediments (identified by

depth [ft] from CrCH-2) with 10 mL of solution for every 5 g sediment. Curves were
generated using the kinetic model discussed in text.

23



Chemical Remediation Bench-Scale Studies

20.0
0.025M -Cr
[ ]
15.0
© 10.0 ®
o
o
50 °®
0.0 e
0 50 100
,,,,,,,, Days
<0 0.05M - Cr
[ )
40.0 ¢
30.0
O
o
o
20.0 °
100 ® 4
()
°
0.0 '
0 50 100
________ Days
0.0 0.1 M-Cr
]
40.0
30.0
O
o
o
20.0
10.0 e ¢
0.0
0 50 100
,,,,,,,, Days
A.
Figure 4.3-3

200
0.025M - As
15.0
e o
8100 !2 ©913.6-915.1
§ ©918.32-919.4
5.0 ©932.56-932.9
o ©932.9-933.6
0.0
150 0 U (U
,,,,,,,,, s
16.0
0.05M - As
14.0
12.0
100 F18
2 80 ;i ;
60 @
40 @
2.0
0.0
150 0 S0 o 100
_________ ys_
20.0
0.1 M-As
K
15.0 gi
®
"2.10.0 ?i ¢
o
o &
.
5.0 e
°
0.0
150 0 S0 oo 100
fffffffff ys oo
B.

starting concentration of the dithionite solution.

24

150

150

150

Release of Cr (A) and As (B) from batch sediments. The molarity indicates the



Chemical Remediation Bench-Scale Studies

pH

10

pH

5 m W pH CH3

[ |
3 |
| A W pH CH2
0 200 400 600 800

mL eluted

Figure 4.3-4  pH of column eluent

25



9C

Cations Anions Model
1000

o Na s
o Ca 1007 :’ \ S04
\‘. omg 2 ;\. °Br
] .:w-o

()
06*%000 00 Poo o © Fe 0.1 -
e .

/
%ﬁo’ .o.. o Li . ‘. ° ocl

1000

100

0.01 ° ‘~.-‘O.WU=.‘...| 0.01 4 o Py
f 9P o L ® Mn "..:v..ﬁ."c.' % *® o
0.001 + ———— 0001 +———F—F—7F——————T T "
0 200 400 600 800 0 200 400 600 800
Vol, mi Vol, ml Vol, ml

Figure 4.3-5 Breakthrough curves of cations and anions in the Miocene pumiceous column experiment and corresponding predictions
of the 1-D transport model

SaIPN}S 81BIS-yoUSg UOIRIPSLLISY [BIISYD




Chemical Remediation Bench-Scale Studies

0.3 0.007
g .
S ° °
] ® L
20254 “° e’ o 0.006
E. ° [ X ] [} o o ®
£ °® e © 0.005 =
s 0.2 v @
a e ° ° o ° £
B e ¢ ° °L 0004 5
3 @
%0-15 1° —Dithionite ° o
2 o Fe - 0003 3
?:B 0.1 - e Cr ° =
s L 0.002 O
@ oo
] 0o ® °

i [ [ J ) [ J
§0-05 8 ° L o0 [ ] [ J g | 0.001
()}
u- 0 T T T T T 0
-30 -25 -20 -15 -10 -5 0

Distance from column outlet,cm

Figure 4.3-6  Post-experiment Fe and Cr profiles in Miocene pumiceous column and prediction
of penetration distance by dithionite (dummy surface species, arbitrary units).

0.9

® Puye

© Mio. Pum.

0.6 -

0.5 A

Cr, mg/L

0.4 -

0.1 A

0 1000 2000 3000 4000
Vol, ml

Figure 4.3-7  Cr(VI) breakthroughs in the two dithionite column experiments.

27



Chemical Remediation Bench-Scale Studies

28



Chemical Remediation Bench-Scale Studies

Table 3.3-1
Size Fraction Abundance as Percent of Whole Rock
and Estimates of Hydraulic Conductivity for CrCH-2 Sediment Samples

Sample Depth | % Fraction 3 % Fraction 4 % Fraction 5 |Kozeny Carmen

(ft) (0.355-0.177 mm) | (0.177-0.063 mm) | (< 0.063 mm) | Estimate of K Lithologic Unit
913.6-915.1 |11.64 11.56 2.85 10.257 Puye Fm. (Tpf)
918.32-919.4 [9.51 6.63 6.76 8.74 Puye Fm. (Tpf)
932.9-933.66 |4.38 4.82 5.19 19.015 pumiceous Puye [Tpf(p)]
932.56-932.9 |15.06 7.71 6.99 6.069 pumiceous Puye [Tpf(p)]

Note: Lithologic units are the same as those described in Attachment 3 of this compendium, “Stratigraphic and Sedimentological
Studies and their Hydrogeological Features in the Chromium Investigation Area, Los Alamos National Laboratory.”

Table 4.1-1
Secondary Species with Corresponding Mass Action Laws
and Equilibrium Constants (K) Used in the Numerical Model

Secondary Species Mass Action Law K
OH- OH™ + H* & H,0 10140
COs%" C05%™ + H* & HCO5™ 10103
CO2(aq) C0,(aq) + H,0 & H* + HCO3~ 10634
HSO3~ HSO;™ & H* + 5032~ 107721
H2S03(aq) H,S05(aq) < 2H* + 5032~ 10-9-21
HSO4~ HSO,” & H* + 50,2~ 10-1-98
H2S04(aq) H,S0,(aq) < 2H* + 50,2~ 10102
NaCOs~ NaCO;~ + H* & HCO3™ + Na‘ 10981
NaHCOs(aq) NaHCO5(aq) & HCO3;~ + Na* 1070154
NaOH(aq) NaOH(aq) + H* & H,0 + Na* 10148
NaSO4" NaSO,” « S0,% + Na* 100820
H2S(aq) H,S(aq) & H* + HS™ 10699

Table 4.1-2
Additional Calibrated Parameters Used in the Numerical Model

Parameter Unit pH 8.3 pH 10

pHi, 0.1 M S20472 n/a* 7.15 9.14

pHi, 0.05 M S20472 n/a 7.43 9.55

pH;i, 0.025 M S20472 n/a 7.71 9.81
[S20472],, 0.1 M S20472 M 0.0391 0.0897
[S20472];, 0.05 M S20472 M 0.0180 0.0397
[S20472];, 0.025 M S20472 M 0.00897 0.0151
[HCO3 et M 0.329 0.570

* n/a = Not applicable.
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Table 4.2-1
XRF Data for Bulk Sediment Samples from CH-2 Used In
Batch Experiments (A) and Sediments from CH-2 and CH-3 Used in Column Experiments (B)

(B)

* LOI = Loss on ignition.

Sample | Na:0% | MgO% | AlOs% | Si0.% P20s% | K:0% | CaO% | Ti02% | MnO% | Fe:0:% | Vppm |Crppm

918.32 3.2 0.98 12 75 0.084 3.3 1.9 0.26 0.042 1.9 19 26

913.6 34 1.2 13 71 0.093 34 24 0.32 0.048 24 29 32

93256 |29 0.41 12 73 0.033 4.9 0.87 0.17 0.057 1.2 12 9.0

932.9 3.0 0.68 12 73 0.058 4.6 1.2 0.25 0.059 1.7 19 17

Sample |Nippm |Cuppm |Zn ppm |[Rbppm |Srppm |[Y ppm |Zr ppm|Nb ppm|Ba ppm |Pb ppm LOI*%

918.32 |25 8.0 27 73 260 12 120 18 910 9.0 0.83

913.6 29 12 30 84 320 13 150 20 800 10 1.0

93256 |[9.0 3.0 31 107 100 22 110 23 820 13 34

932.9 18 8.0 32 102 150 20 130 25 850 11 2.7

(A)

Sample Na:0% |(MgO% |AlOs% |SiO2% |P205% K20% Ca0% |TiO2% |[MnO% |Fe203% |V20s V ppm
CH-2917.66-918.32 | 3. 0.98 12 74 0.097 34 2.0 0.27 0.042 1.9 0.0037 |21
CH-3 934.4-935.2 3.3 0.19 12 75 0.021 4.8 0.69 0.13 0.060 0.90 0.0016 [9.0
Sample Crppm [Nippm [Cuppm [Znppm |[Rbppm |Srppm
CH-2 917.66-918.32 | 26.0 23 14. 29 82 290
CH-3 934.4-935.2 7.0 8 5.0 39 110 73
Sample Yppm |Zrppm |Nbppm |Bappm |[Pbppm |LOI%
CH-2917.66-918.32 |16 180 20 840 14 1.19
CH-3 934.4-935.2 23 100 29 620 13 3.3

S8IpnjS 8/eaS-youag UoneIpaLIsy [eoILBYD
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Table 4.2-2
XRD Data for Sediment Samples Used in the Column Experiments
2 £ 2 5| 8| 3
S g2 22|83 2| 8|2
=) S = 2 | B Q S N k= o g —
Samol s/ g| 8| | §E | 8| 2| s|&| 8| 8 K
ample 2|l w6 | E|S5 | 2| 65| 5| 8| x|a|< =
CH-3 934.4-935.2 F4 0.2 — — — — 6.7 1.1 2.4 2.8 8.0 804 |101.7
CH-3 934.4-935.2 F5 0.2 — 3.0 — — 5.6 0.6 9.6 4.2 116 |65.1 [99.9
CH-3 934.4-935.2 F6 — 4.0 8.0 — 0.2 59 0.1 6.1 2.8 10.7 |62.1 [99.9
CH-2917.66-918.32 F4 |— — 1.5 — 0.3 — 5.8 13.3 |11.6 [44.7 |22.8 |100.0
CH-2917.66-918.32 F5 |— — 120 |— 0.5 4.8 4.0 16.3 |8.7 30.1 |23.2 |99.6
CH-2917.66-918.32 F6 |0.4 — 318 |1.9 0.4 146 |23 7.7 7.9 216 |11.5 |[100.1

Notes: F4, F5, and F6 refer to the fraction size of the sediments, with 4 containing fine to medium sand (0.177 mm-0.355 mm),
fraction 5 very fine to fine sand (0.063 mm-0.177 mm) and fraction 6 silt (<0.063 mm). Dashes indicate an insignificant contribution
to the total mineral assemblage.

Table 4.2-3
BET Surface-Area Measurements for
Sediments Used in Batch and Column Experiments

Sample Surface Area (m2/g)
CH-2 913.6-915.1 3.2289
CH-2917.66-918.3 3.8053
CH-2 918.32-919.4 2.6024
CH-2 932.56-932.8 1.3666
CH-2 932.9-933.6 1.5024
CH-3 934.4-935.2 0.8965
Table 4.3-1

Chromium Concentrations in
Solutions after Injection of 1%
Chromium Solution to Dithionite-Treated Sediments

Chromium Sediment Uptake
Sample (ppm) (mg Cr/kg sediment)
Blank (no soil) 1223.2
CH-2 913.6-915.1 536.72 1510.3
CH-2 918.32-919.4 338.22 1947.0
CH-2 932.5-932.9 55.587 2568.8
CH-2 932.9-933.6 399.77 1811.6
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1.0 DESCRIPTION OF MODELS
1.1 Three-Dimensional Coupled Vadose-Zone/Regional-Aquifer Model

The coupled vadose-zone/regional-aquifer model is designed to represent the groundwater flow and
contaminant transport in the vadose zone and the regional aquifer in the chromium contamination area.
Spatially, the model domain includes Mortandad, Sandia, and Los Alamos Canyons. A map of the spatial
extent of the model domain is shown in Figure 1.1-1. Vertically, the model extends from ground surface to
a distance of about 100 m below the regional-aquifer water table including the entire vadose zone.

Figure 1.1-2 shows the entire model with hexahedral grid.

The major goals of these model analyses are the following:
1. Simulate groundwater flow and contaminant transport conditions at the site.

2. Predict the fate of contaminant mass in the vadose zone in the future, including the future impacts on
the regional-aquifer concentrations.

3. Represent the system behavior under different future natural and mitigation scenarios.

To achieve these goals, a series of model analyses are being performed, which currently predominantly
target Goal 1 above.

Various types of model analyses (model inversions and calibrations, sensitivity analyses, uncertainty
analyses, etc.) are carried out using the open-source code MADS (Model Analysis & Decision Support)
as described in section 3.0 (Vesselinov and O’Malley 2016), and forward model runs including flow and
transport modeling are accomplished using the Finite Element Heat and Mass Transfer Code (FEHM)
(Zyvoloski et al. 2015).

Currently, the chromium three-dimensional (3-D) coupled vadose-zone/regional-aquifer model is
calibrated to

e reproduce the perching of infiltrated groundwater on the top of the Cerros del Rio (CdR) basalts
within the vadose zone along the infiltration pathway. The goal here is that the model be capable
of reproducing the occurrences of perched-intermediate saturation beneath Sandia and
Mortandad Canyons.

e match the model-predicted saturation thickness with existing observations obtained from the
monitoring wells in the perched-intermediate zone beneath Sandia and Mortandad Canyons.

e obtain groundwater and contaminant-mass fluxes through “hydraulic windows” (Figure 1.1-3)
through the CdR basalts in the vadose zone, reproducing those estimated by the large-scale
regional-aquifer models and informed by the sitewide geologic model presented in Attachment 3
of this compendium, “Stratigraphic and Sedimentological Studies and their Hydrogeological
Features in the Chromium Investigation Area, Los Alamos National Laboratory.”

e achieve advective travel times through the vadose zone consistent with existing site data and
knowledge. Based on previous model analyses and site data, the advective flow path through the
vadose zone along a predominantly vertical flow path is estimated to be on the order of about 5 y;
however, 3-D complex flow paths that include vertical flow through the vadose zone and
horizontal flow along perching horizons may take longer (Vesselinov et al. 2013).
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111 Computational Grid

This model includes new hydrostratigraphic surface contours and evaluations based on new drill hole
data and the most current geologic framework model. For this model domain, the most notable difference
from earlier versions is the added detail to the top of the CdR basalt (Tb4). The changes result in
recognition of topography on top of the CdR that includes erosional drainage features and better
characterization of the relationship between the basalts and the overlying Puye Formation and Otowi
Member. Where the top of the basalt now has steeper contours, the higher elevations make for thinner
Puye Formation (Tpf3) deposits. The result is that Tpf3 is thin to absent over the higher Tb4 terrain. The
Guaje Pumice Bed (Qbog) and overlying Otowi tuffs (Qbof) sit directly on basalt where Tpf3 is missing.

The stacked mesh is made up of selected surfaces, and layers are divided proportionally between layer
pairs for the vertical spacing. The layers in this mesh that conform to surfaces are: the land surface; the
top of the basalts, Tb4, and dacites, Tvi2; and the water table surface. The bottom is flat at 1675 m
elevation, about —100 m from the lowest point of water table elevations. The information is interpolated
onto the grid nodes, and the nodes above the ground surface are removed.

The grid nodes are connected into tetrahedral elements based on the Delaunay criteria (George 1997).
After constructing and checking the grid, attributes are assigned to grid nodes and model setup files are
written for input into FEHM simulations. The numerical grid was developed using the Los Alamos Grid
Generation Toolbox (LaGriT) software package (George 1997). LaGriT reports a successful matrix for this
mesh with positive Voronoi volumes and zero negative coefficients on the interior of the grid (George 1997).

1.1.2 Model Setup
The model setup files are written for use in simulations using FEHM.

Based on detailed preliminary model analyses that consider computational time, convergence, and
accuracy, a conceptual model accounting for water-phase-only flow and transport was adopted based on
Richard’s Equation. A van Genuchten relative-permeability capillary-pressure model is used, and vadose-
zone permeabilities of various geologic units are represented as a function of saturation.

The initial and boundary conditions for the flow simulations in the 3-D coupled vadose-zone/regional-
aquifer chromium model are set as follows:

e The perched-intermediate zones are initially assigned to constant hydrostatic pressure head and
full saturation.

o The perched-intermediate water-table locations are fixed by assigning constant hydrostatic
pressure head and full saturation (equal to 1) to all nodes within the areas of saturation.

e The boundary nodes that are part of the perched-intermediate groundwater zones are assigned
to constant hydrostatic pressure head and full saturation.

e Permeability reduction is applied to the bottom of the perched-intermediate zones.

e Based on the information from the large-scale regional-aquifer models, three hydraulic windows
are defined in the vadose zone model, allowing downward water flow through these windows from
the perched-intermediate groundwater zones within the vadose zone towards the regional aquifer.

The contaminant transport of chromium is solved by the classical advective dispersion equation (ADE) as
defined in the “trac” macro of the FEHM. Specifics related to the “trac” macro format and inputs are
described in the FEHM manual (Zyvoloski et al. 2015). Groundwater flow and contaminant transport
simulations are carried out sequentially, assuming steady-state groundwater flow conditions.
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1.1.3 Calibrated Model Parameters

A series of model parameters is estimated automatically through model calibration. The model calibration
is performed using a modified version of the Levenberg-Marquardt algorithm as coded in MADS
(Vesselinov et al. 2016). There are a total of 23 model parameters to be estimated, including

o uniform anisotropic permeability of nodes within the three hydraulic windows (3),
¢ uniform anisotropic permeability of nodes above, within, and below the basalt (3),
e porosity of nodes above, within, and below the basalt (3),

e inverse of air entry head in van Genuchten formula for nodes above, within, and below the
basalt (3),

e power n in van Genuchten formula for nodes above, within, and below the basalt (3),
¢ infiltration rates at the ground surface (1),
e canyon infiltration fluxes along Los Alamos, Sandia, and Mortandad Canyons (3),

o water influx from western boundary, which represents the unknown inflow within the regional
aquifer outside of the model domain (1),

e chromium concentration at inlet nodes (1),
e time when chromium arrival into the regional aquifer begins (1), and

e time when chromium arrival into the regional aquifer ends (1).

1.1.3.1  Calibration Targets

Four types of measurements are applied as calibration targets in the perched-intermediate groundwater
in the process of model inversion, including

1. thickness of perched-intermediate zones at 11 locations. Some of these locations are based on the
observations at existing monitoring wells. The rest are defined based on the data analyses performed
by Attachment 3 of this compendium, which accounts for the 3-D structure of geology and
groundwater flow.

2. fluxes of groundwater arrival at the top of the regional aquifer estimated by the large-scale regional-
aquifer model (discussed in section 1.2 of this report).

3. advective travel times through the vadose zone.

4. year-average chromium concentration from 2005 to 2016 for six wells: MCOI-4, MCOI-5, MCOI-6,
SCI-1, SCI-2, and TA-53i.

1.2 Regional-Scale Aquifer Model

The Los Alamos National Laboratory (the Laboratory or LANL) site model is designed to represent the
groundwater flow and contaminant transport in the regional aquifer at the Laboratory site. The current
model is 3-D with a spatial model domain encompassing the entire Pajarito Plateau. The top of the model
is defined by the regional-aquifer water table.
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The regional-scale aquifer model spans a domain with the Jemez Mountains as the approximate western
boundary and the Rio Grande as the eastern boundary. The model grid (see Figure 1.2-1) contains
766,283 nodes and 4,659,062 elements with local refinement in the area of the chromium plume. The
local refinement enables the model to include accurate locations for wells within the area of the chromium
plume that are used in the model calibration effort. The top of the grid matches the water table. The
model represents hydrologic flow and transport using spatially heterogeneous permeability (permeability
is also anisotropic) and specific storage. The model includes several areas where there is local
groundwater recharge. Some of these groundwater recharge areas are also breakthrough areas
(“sources”) of chromium contamination. The model also includes pumping from municipal water-supply
wells and from tests performed in the area of the chromium plume.

The computational grid includes nodes that are connected into tetrahedral elements based on the
Delaunay criteria (George 1997). After constructing and checking the grid, attributes are assigned to grid
nodes and model setup files are written for input into FEHM simulations. LaGriT reports a successful
matrix for this mesh, with positive Voronoi volumes and lack of negative coefficients on the interior of the
grid; this process guarantees that the FEHM simulations using the created grid will not have numerical
errors caused by poor grid quality. .

The model is built through model inversion, which is the process of establishing models that derive from
actual field observations. The model properties are estimated by calibration against observed field data.
Prior information about the model properties is provided in the form of prior information about plausible
parameter ranges. However, these ranges are defined to be wide enough to capture existing uncertainties.

The model accounts for transients in the municipal water-supply pumping occurring on the Pajarito Plateau.
The model also simulates the pumping at the chromium site during long-term field tests (e.g., the pumping
at R-28, R-42, CrEX-1, and CrEX-3). The drawdown responses at site monitoring wells to the water-supply
and site pumping are key pieces of information allowing characterization of aquifer heterogeneity at the
chromium site during the model inversion.

The model also simulates the chromium transport using advective-dispersion partial-differential
equations. The model estimates the location and shape of the contamination sources as a part of the
inverse process. The model also estimates flux of infiltration from the vadose zone and contaminant
concentration directly at the entry point into the regional aquifer. The other important information allowing
characterization of aquifer heterogeneity at the chromium site is the chromium concentrations observed at
the site monitoring wells. The chromium concentrations also provide information about the transport
properties of the regional aquifer.

In summary, the model is calibrated to reproduce

e regional-aquifer water levels from existing monitoring points,

e transients in the hydraulic drawdowns in the regional aquifer caused by water-supply pumping
and project-related pumping activities, and

e chromium concentration transients observed in regional-aquifer monitoring wells.

In total, there are more than 143,549 calibration targets, which include 196 transient chromium
concentration values; 109,108 transient drawdown values caused by the municipal water-supply
pumping; and 34,421 transient drawdown values caused by the pumping at the chromium site. Different
weights are applied to different calibration targets to reflect the importance and magnitude of the
calibration values.
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It is important to note that this calibration data set does not include 2016 and 2017 data. A new calibration
data set, which includes the 2016 data, has 479,872 entries. Even more will be added in the calibration
process when the 2017 data are added in the model calibration process.

The model parameters estimated in the calibration process are

aquifer permeability (accounting for 3-D anisotropy and heterogeneity) (137 parameters),

e aquifer storativity (accounting for 3-D heterogeneity) (74 parameters),

o aquifer transport properties (advective transport porosity, dispersivities) (4 parameters),

e characteristics of contamination sources (location, size, strength, etc.) (19 parameters), and

o model internal and external boundary conditions (8 parameters).

The contaminant transport of chromium is solved by the classical ADE as defined in the “trac” macro of
the FEHM. Specifics related to the “trac” macro format and inputs are described in the FEHM manual
(Zyvoloski et al. 2015).

In total, 242 model parameters are calibrated. The model calibration is performed using a modified
version of the Levenberg-Marquardt algorithm as coded in MADS (Vesselinov et al. 2016).

Various types of model analyses (model inversions and calibrations, sensitivity analyses, uncertainty
analyses, etc.) are carried out using MADS (Vesselinov and O’Malley, 2016), and forward model runs,
including flow and transport modeling, are accomplished using FEHM (Zyvoloski et al. 2015).

1.3 Biogeochemical Remediation Model

The primary goal of in situ remediation of chromium-contaminated groundwater is to geochemically reduce
hexavalent chromium, [Cr(V1)], to its immobile, benign oxidation state, trivalent chromium [Cr(lll)]. A multi-
dimensional reactive transport model of relevant biogeochemical processes is valuable for evaluating the
deployment of various amendments for in situ remediation in the aquifer. To this end, CHROTRAN
(Chromium Transport Bio-Chemical Remediation Code) was developed as a comprehensive modeling tool
used to evaluate potential bioremediation strategies for chromium. CHROTRAN provides a framework for
modeling biostimulation, biodegradation, chemical degradation, growth inhibition, and biocide effects.
There have previously existed no general software tools appropriate for modeling all of these complex,
interacting processes. CHROTRAN is optimized for modeling biogeochemical remediation of Cr(V1), but it
is of sufficient generality that it may be used for bioremediation of other metals and a wide range of organic
contaminants. Appendix A of this attachment includes a detailed description of CHROTRAN capabilities.
The following section describes the use of the latest CHROTRAN release (version 1.2) for analysis of
potential in situ remediation of chromium. Biochemical remediation of chromium using molasses and
geochemical remediation using sodium dithionite are described separately below.

The following is further addressed in Appendix A. The CHROTRAN mathematical model is provided as a
convenient, open-source software package based upon the existing code, PFLOTRAN (Lichtner, 2017a
2017b), which has modularity and “reaction sandbox” capability that allows model implementation without
changes to its flow and transport code. CHROTRAN can harness the existing capabilities of PFLOTRAN,
which allows for simulations of complex models with a large number of computational cells and degrees
of freedom. The Fortran source-code files for CHROTRAN, along with input files for the examples, are
freely available at https://github.com/chrotran/release. Additional information regarding CHROTRAN is
available at http://chrotran.lanl.gov.
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1.31 Using CHROTRAN to Model Bioamendment Remediation

In situ biochemical remediation of chromium-contaminated groundwater using molasses as a biostimulant
is currently undergoing pilot-scale testing at the Laboratory’s chromium site. The injection of molasses
can achieve remediation objectives because it can initiate direct reduction by microbes (Wang and Xiao
1995; Okeke 2008; Hansen et al. 2017a) and indirect reduction by substrates such as ferrous iron and
sulfide compounds resulting from anaerobic respiration. The biochemical model includes full dynamics for
all relevant species that occur both in situ and in the treatment solution. Refer to Appendix A of this
attachment and Hansen et al. (2017b) for a full description of the biochemical treatment model. Since
CHROTRAN is optimized to model chromium remediation, the full suite of biochemical processes
implemented in CHROTRAN is used to model this treatment method. In the exploratory models
conducted for bioremediation to date, the following species, whose dynamics are governed by physical
and biochemical aquifer processes, were considered:

e Cr(VI), the contaminant to be remediated,

e Molasses, a carbon source that serves as the biostimulant and abiotic reductant,

e Biomass, a collection of microbial cells and their associated extracellular material,
e Ethanol, a conservative amendment that serves as a microbial growth inhibitor, and

¢ Biocide, an amendment that kills excess biomass and is consumed in the process.

The injection of a biostimulant solution into chromium-contaminated groundwater results in the following
reactions, which are modeled in CHROTRAN. After a molasses solution is injected into the groundwater,
its transport is retarded because of adsorption onto sediments. This is a reversible process and is
modeled using a mobile-immobile mass transfer reaction. The direct (abiotic) reduction of Cr(VI) occurs
with molasses as the electron donor in an oxidation-reduction reaction. This reaction is known to possess
fast kinetics (Chen et al. 2015; Hansen et al. 2017b) and can use molasses in either the mobile or
immobile phase. Bioreduction is a far more complex phenomenon that could involve multiple cell-
metabolic or extracellular processes. In CHROTRAN, these processes are abstracted into a single
reaction that is controlled by the concentration of Cr(VI) and biomass. Biomass concentration is controlled
by a multitude of other reactions, which are explicitly modeled and are now summarized. Biomass growth
occurs as it consumes molasses. However, the growth rate may be slowed because of cell stress induced
by biomass crowding. Similarly, the inclusion of ethanol in the treatment solution inhibits excessive
biomass growth. Natural death and decay return biomass to background levels if it is left unstimulated.
Finally, biomass death can also be induced through the inclusion of a biocide as an amendment. The
inclusion of either a bio-inhibitor or biocide in the treatment solution is beneficial if excessive growth near
the injection well poses the risks of preventing the dispersal of molasses or causing clogging (i.e., a
decrease in porosity/permeability). The bio-clogging effect is also explicitly modeled; the degree of
clogging in a certain region depends upon the local biomass concentration.

1.3.2 Using CHROTRAN to Model Chemical Remediation

In situ geochemical remediation of chromium-contaminated groundwater is also currently undergoing
pilot-scale testing at the Laboratory’s chromium site. The injection of sodium dithionite, a strong chemical
reductant, is capable of reducing iron in sediments from ferric iron [Fe(lll)] to ferrous iron [Fe(ll)], which
can be present on mineral surfaces within the aquifer or occur in the aqueous phase. Surface-bound
Fe(ll) becomes a long-term, stationary source of reductant capable of geochemically reducing dissolved
Cr(VI) to Cr(lll). This process is referred to as in situ redox manipulation (ISRM). CHROTRAN is capable
of modeling the entire process of ISRM using sodium dithionite. Along with simulation of in situ reduction
of Cr(VI), it is also capable of modeling other important processes that may influence remediation, such
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as mineral precipitation/dissolution, aqueous speciation, and pH. Because of the oxic nature of the
regional groundwater at the site, relevant reactions with dissolved oxygen are also modeled. Refer to
Appendix A of this attachment for a full description of the dithionite geochemical remediation model.

The specific geochemical reactions that enable simulation of in situ dithionite treatment using
CHROTRAN are summarized here. Dissolved dithionite is known to be unstable and is prone to
degradation (i.e., disproportionation), especially in the presence of sediments (Amonette et al. 1994).
Thus, a dithionite degradation reaction is included in the model. The kinetics of this reaction is higher at
low pH, so the injectant is buffered with bicarbonate, and the associated buffering reactions are also
included in the model. Dithionite is also highly reactive with dissolved oxygen, so a bimolecular reaction
that consumes both of these species is also included. Injected dithionite that does not degrade or react
with oxygen is available to reduce iron associated with aquifer sediments, which results in the formation
of an ISRM zone with Fe(ll) bound to sediments. Fe(ll) can subsequently reduce any dissolved oxygen or
Cr(VI) that passes through the ISRM zone. Chromium that is reduced to Cr(lll) quickly precipitates as
Cr(OH)s(s), a highly insoluble secondary phase. Finally, the groundwater is assumed to be in equilibrium
with calcite. These reactions are primarily assumed to be kinetically limited, with the exception of aqueous
pH buffering effects. Kinetic rate laws were formulated after an extensive literature review (see

Appendix A of this attachment). Relevant geochemical species include oxidants [dissolved oxygen, Cr(IV)
as HCrOq, the injected reductant and associated degradation products (dithionite, sulfate, sulfite, and
thiosulfate), Fe(Il) bound to mineral surfaces, pH and pH buffers [H*, OH-, CO3?2, H2COs(aq)], minerals,
[Fe(OH)s(s), Cr(OH)s(s), CaCOs(s)], and other relevant dissolved ions (Na*, Fe*3, Ca*?, Cr*3).

2.0 MODEL RESULTS AND UNCERTAINTY ANALYSES
21 Three-Dimensional Coupled Vadose-Zone/Regional-Aquifer Model

Figure 2.1-1 shows the simulated perched-intermediate water zone; Figure 2.1-2 shows the simulated
perched-intermediate water zone with three hydraulic windows; and Figure 2.1-3 shows the observed and
simulated thicknesses of the perched-intermediate water zone. The model reproduces the thickness of
the perched-intermediate zones on top of the CdR basalts, and the predicted saturation thickness
matches reasonably well with existing observations from monitoring wells. Here, the applied modeling
approach makes a simplifying assumption that the top of the basalt is the perching horizon, even though
some of the significant perching takes place near the bottom of the basalt (e.g., SCI-2, MCOI-5, and
MCOI-6) as well. Still, the model predicts increased saturation within the basalts as well, because of grid
vertical resolution, which ranges between 10 and 20 m in the area of the basalts.

The simulated thickness is quantitatively compared with data at the 11 calibration-target locations, as
shown in Table 2.1-1 and Figure 2.1-4. The data applied to calibrate the model and reproduce the thickness
of the perched-intermediate zone of saturation is extracted from spatial interpretation of the existing site
data. The simulated fluxes in three hydraulic windows and chromium travel time through the vadose zone
are calibrated well with observations (Tables 2.1-2 and 2.1-3). The simulated concentrations compare
relatively well with observations at wells MCOI-5 and MCOI-6 (Tables 2.1-4 and 2.1-5). Table 2.1-6 lists the
23 adjustable parameters and their estimated values obtained through model inversions.

The site 3-D coupled vadose-zone/regional-aquifer model is currently well calibrated to reproduce the
current groundwater flow in the subsurface. The model reproduces the spatial shape of the perched
horizons, and the simulated fluxes of groundwater arrival at the top of the regional aquifer are consistent
with the regional-aquifer model discussed in section 1.2. It is important to note that the regional aquifer is
calibrated using much more data than the model discussed here. The regional aquifer is calibrated
against transient water levels and chromium concentrations observed at more than 15 regional monitoring
wells and accounts for municipal and field-test pumping conducted at the site.
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However, the current model is overpredicting the mobile-phase [Cr(VI)] mass in the vadose zone as
estimated from pore water and perched-intermediate zone water-quality data. Additional model analyses
are being performed to improve the model calibration to calculate more accurately the estimated Cr(VI)
mass in the vadose zone.

2.2 Regional-Scale Aquifer Model

The groundwater flow and contaminant transport in the regional-scale aquifer model are calibrated by
exploring (1) aquifer heterogeneity, (2) contaminant source attributes (e.g., location, size, and
contaminant concentration at multiple source zones representing dripping of contaminant from the vadose
zone into the regional aquifer), and (3) properties of groundwater flow and contaminant transport in the
regional aquifer (including aquifer dispersivity). The groundwater flow and contaminant transport in these
models are currently calibrated against all the transient data for the hydraulic pressures and chromium
contaminant concentration observed in the regional aquifer. The calibration is performed using advanced
optimization methods running in parallel and coded in MADS (see section 3 of this report).

Figures 2.2-1 and 2.2-2 illustrate the calibration of the model to the water-level and chromium concentration
data from monitoring wells. Figure 2.2-3 presents the model-predicted heterogeneity and anisotropy in the
hydraulic conductivity along the top of the regional aquifer. The anisotropy in hydraulic conductivity along
the x, y and z axes are shown in Figure 2.2-3a, 2.2-3b, and 2.2-3c, respectively. The model estimates the
aquifer heterogeneity and anisotropy based on the calibration data. The hydraulic conductivity is
conditioned on the prior information about aquifer heterogeneity based on past pumping tests.

Figure 2.2-4 depicts the model-predicted contaminant sources (breakthrough areas) at the top of the
regional aquifer. The number, size, shape, location, start time, and concentrations of the contaminant
sources are estimated automatically during the model calibration. No prior knowledge is applied. The
model estimates the contaminant source properties based on the provided calibration data. The figure
shows the estimated four contaminant sources, the start times (in calendar years), their size, and
concentrations (as log transformed values).

Figure 2.2-5 presents two snapshots of the model-predicted chromium concentrations in 2017 and 2018.
The concentrations do not depict the mixed concentrations that might be present in a monitoring well, but
rather they are the potential concentrations in an extremely thin layer right at the water table and could
not be measured in any type of real monitoring well. They should effectively be considered relative
concentrations with dispersion from the initial breakthrough locations. The model predictions are based
on the best calibrated model and do not depict existing uncertainties.

Figure 2.2-6 shows the model-predicted pumping effects caused by the municipal water-supply wells. The
figure shows the model-predicted pumping effects on the regional-aquifer water table caused by the
municipal water-supply wells. The changes in the hydraulic heads presented in Figure 2.2-6 are relative
to the model-predicted water levels circa May 2011. In the period between May 2011 and December
2014, some of the municipal wells are experiencing only rebounds, because of decreases in the water-
supply pumping (e.g., PM-2 and O-4). PM-5 is observing only pressure declines. PM-4 has rebound and
decline periods. PM-3 and PM-1 maps are not shown in Figure 2.2-6 because these wells are predicted
to produce no drawdown of the regional water table at the chromium site.
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Figure 2.2-7 summarizes the model-predicted chromium concentrations vs observed chromium
concentrations at various site wells. Note that these predictions are based on a model that did not have
CrIN-6 data as a calibration target. The best estimate of the chromium concentration at CrIN-6 in 2017 is
about ~250 ppb, which matches well with the actual chromium concentrations observed at CrIN-6.

2.3 Biochemical Remediation Model

The following example studies illustrate the ability of CHROTRAN to simulate biochemical and geochemical
remediation of chromium-contaminated groundwater and how it may be used to aid in the design of both
pilot-scale field studies and long-term remediation strategies. In these studies, the background and inflow
Cr(VI) concentration are assumed to be constant. The inflow Cr(VI) concentration is equal to the
background concentration. More specific model terms and constraints based on field observations of
ongoing pilot-scale studies can eventually be used to estimate the effects of in situ remediation strategies.

2.3.1 Biochemical Remediation with Molasses

Figure 2.3-1 shows the results of a two-dimensional (2-D) case study that uses CHROTRAN to simulate
injection of a molasses treatment solution at the site (in the presented case, injection is performed at
R-28). The purpose of this study is to estimate effects (spatial and temporal) of an injection of a
biostimulant on Cr(VI) concentrations at a well downstream (e.g., CrIN-1). In the simulation, preferential
flow occurs with a mean pore water velocity of 1 m/d (~3.3 ft/d) to the east of the injection location.

A 0.01 M molasses treatment solution is injected at R-28 for 20 d at a flow rate of 10 gallons per minute
(gpm). The solution also includes ethanol as a biological inhibitor, and the abiotic reduction of Cr(VI) by
molasses is modeled. The bioreduction rate is assumed to be fast, so biomass (i.e., bioreduction) plays
an important role in Cr(VI) remediation. The figure shows the concentration of Cr(VI) removed [i.e.,
reduced to Cr(lll)] as a result of bioremediation 10 mo after the injection. A large amount of Cr(VI) (3 kg)
has been converted to Cr(lll) by this time, and relatively fast pore water velocities result in a large zone of
influence downstream of the injection well. However, additional injections would be required and Cr(VI)
concentrations would have to be measured for a longer period of time before significant declines in Cr(VI)
concentrations are observed at CrIN-1.

2.3.2 Geochemical Remediation with Sodium Dithionite

Figure 2.3-2 shows the results of a 2-D case study that uses CHROTRAN to simulate injection of a
buffered sodium dithionite treatment solution (in the presented example, injection occurs at the CrPZ-3
location). The purpose of this study is to estimate the effects of an injection of a chemical reductant on
Cr(VI) concentrations at a well downstream (e.g., R-42). In the simulation, preferential flow occurs with a
mean pore water velocity of 0.1 m/d (~0.33 ft/d) to the east. A 0.01 M dithionite treatment solution is
injected for 20 d at a flow rate of 10 gpm. The figure shows the concentration of Cr(VI) removed [reduced
to Cr(l1] 11 mo after the injection. Although a large amount of Cr(VI) (0.6 kg) has been removed by this
time, relatively slow pore water velocities prevent the migration of the treated groundwater to a substantial
distance downstream, resulting in no change in Cr(VI) concentration at R-42 within the modeled duration.

2.3.3 Comparison of Molasses and Dithionite Injection in a Hypothetical Scenario

The CHROTRAN model enables comparisons of various deployment strategies. The results of model
runs can be used to inform deployment strategies, spatial density of deployment locations, frequency of
required redeployment, and expected longevity of treatments. Figure 2.3-3 shows the results of a 2-D
study that compares CHROTRAN biochemical (molasses) and geochemical (dithionite) remediation. A
treatment solution is injected for 20 d, and chromium concentrations are monitored at a single observation
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point downgradient of the injection well. To evaluate the performance of the different remediation
strategies, the concentration of either molasses or dithionite in the treatment solution is varied. Similarities
in the initial decrease in Cr(VI) concentrations in all cases is due to dilution [the treatment solution has

0 ppb Cr(VI)]. Despite dilution effects, the figure shows that the Cr(VI) concentration at the observation
well decreases for all of the test cases, albeit to varying degrees. Naturally, the remediation schemes with
the highest concentration of amendment provide the most effect treatment of Cr(VI). The initial, partial
rebound in Cr(VI) that occurs in some of the bioremediation simulations is due to the fact that, in these
cases, abiotic reduction of Cr(VI) by molasses alone only provides partial treatment and biomass is not
yet well established, causing minimal bioreduction in the period shortly after injection. This study shows
the ability of CHROTRAN to model both biochemical and geochemical remediation and its potential value
as a decision-support tool to aid in the design of effective in situ remediation strategies for chromium-
contaminated groundwater.

2.3.4 Relative Impact of Abiotic Reduction and Bioreduction with Molasses Amendment

Figure 2.3-4 shows the simulated co-injection of molasses (electron donor) and ethanol (nonlethal bio-
inhibitor) into a single well drilled in a heterogeneous aquifer. This study explores the competition
between direct abiotic reduction of Cr(VI) by molasses and bio-reduction of Cr(VI), which exists since both
reduction pathways consume the electron donor, along with the impact of suppressing the biomass
growth. Four related simulations are performed on the same 2-D heterogeneous hydraulic conductivity
field with the same injection duration; they differ in chemical kinetics, only. Both zero and moderate direct
abiotic reduction are considered, as well as injection with and without ethanol. The injection fluid
chemistry always has Cr(VI) concentration equal to the initial Cr(VI) concentration, ensuring that no
chromium disappearance is due to dilution. The figure shows that little persistent reduction due to
biomass alone occurs with the model parameters specified (the bioreduction rate is assumed to be slow),
although ethanol co-injection does increase the biomass footprint, which has a noticeable and persistent
effect. By contrast, the rapid abiotic reduction of Cr(VI) by molasses has more impact, because molasses
has a large reducing capacity and has a retardation factor of around 150 (Shashidhar et al. 2006),
allowing for the formation of a persistent permeable reactive zone around the well. Better performance in
the presence of ethanol occurs because ethanol co-injection prevents excessive consumption of
molasses by the biomass, allowing molasses to reduce Cr(VI) over a larger area.

2.3.5 Simulation of Biofouling

Figure 2.3-5 shows simulated hydraulic conductivity reduction that may occur in the aquifer because of
biofouling and the use of biocide associated with introduction of a biostimulant. Initially, an acetate
biostimulant is injected into a well within a 2-D, homogeneous permeability domain. The acetate
amendment is subsequently replaced with the biocide for the remainder of the simulation. The figure
shows a sequence of quiver plots representing the velocity field at nine points in time superimposed on
the biomass concentration. During the first 400 d of the simulation, biomass concentration grows in the
vicinity of the well, causing a drop in hydraulic conductivity until no influx occurs there. Only ambient flow
is apparent, flowing around the impermeable barrier near the well. At this point, the biomass has become
useless for bioremediation, as contaminated groundwater no longer travels through it. However, at 400 d,
a biocide is introduced into the injection fluid and effectively eliminates biomass in the vicinity of the well.
The region containing biocide is relatively sterile and grows outward until the biomass concentration
approaches background, and the initial flow regime is recovered at 416 d. This cycle could be performed
indefinitely to counteract the negative impact of biofouling and increase remediation performance.

10
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2.3.6 Simulation of Geochemical Remediation along a Flow Path

Figure 2.3-6 shows the simulated release of a sodium dithionite solution along a contaminated, one-
dimensional (1-D) flow path. Four different CHROTRAN simulations that varied in the concentration of
sodium dithionite in the injectant were conducted. Figure 2.3-6A shows the variation of observed Cr(VI)
concentrations through time at an observation well located 10 m downstream of the injection location. The
figure shows that remediation performance is heavily dependent upon the dithionite concentration.

Figure 2.3-6B shows the spatial distribution of reduced Fe(ll) in aquifer sediments at several times after
the injection of a high concentration of dithionite solution. The figure shows that a rebound in observed
Cr(VI) to background levels occurs as the source of Fe(ll) reductant is depleted. In this model, after 1 yr,
most of the Fe(ll) has been removed from the system (passivated), indicating that a re-injection of
amendment would be required.

2.3.7 Local Sensitivity Analysis

Local sensitivity analysis was performed on the chromium remediation model using the open-source code
MADS (http://mads.lanl.gov), a model analysis and decision support tool written in the high-performance
computing language Julia (see section 3 of this report). Sensitivity analyses are important to identify
model parameters that are critical for the obtained model predictions. In general there are local and global
sensitivity methods. The local sensitivity methods evaluate parameter sensitivity in the vicinity of the
optimal parameter data set; typically, this optimal parameter data set is identified through model inversion
or based on literature data. The global sensitivity analyses explore the importance of model parameters
within predefined parameter ranges. Again, these parameter ranges can be identified through model
inversion or based on literature data.

The method uses local gradients of the model output as model parameters that are simultaneously
perturbed (Gustafson et al. 1996; Vesselinov 2000; Vesselinova et al. 2016). These gradients are used to
calculate a Jacobian (J) matrix with dimensions that correspond to the number of model parameters and
the desired number of model outputs. A covariance matrix is then computed as [J7J]™' and is analyzed
using eigenanalysis. The estimated covariance matrix in this case represents the local parameter
uncertainty and sensitivity related to the predefined initial guesses for the model parameters. In the more
general case, when calibration data are available, the covariance matrix represents the local parameter
uncertainty and sensitivity related to the estimated optimal model parameters representing the calibration
data. The computed eigenvectors represent the contribution of each model parameter to the model output
during perturbation of all parameters, and the dominance of each eigenvector is inversely related to its
computed eigenvalue. Eigenvectors are ordered by magnitude of the respective eigenvalues. The more
important eigenvectors are to the left. Parameters with large absolute eigenvector components (close to 1
and —1) are more dominant in characterizing the respective eigenvector. This method also quantifies
correlation between parameters. Parameters that have an important contribution in the same eigenvector
are correlated. Positive correlation occurs if the contributions of these parameters possess the same sign,
and negative correlation occurs if the signs are opposite. Local sensitivity analysis was conducted
separately for both the biochemical remediation model (molasses amendment) and the geochemical
remediation model (dithionite amendment).

Table 2.3-1 describes the model parameters and Figure 2.3-7 shows the results of the biochemical
remediation model local sensitivity analysis. Based upon the first two eigenvectors in Figure 2.3-7, the
model appears to be most sensitive to perturbation of A5, (biomass growth rate constant) and A, (biomass
natural decay rate constant). It follows that Az, and Ag, would be the most well-constrained parameters
during model calibration. These parameters are important because they control the amount of biomass
present in the system; biomass is required for bio-reduction of Cr(VI) to occur. Based upon eigenvectors
3-6 in Figure 2.3-7, moderately sensitive/constrained parameters include I'c, (abiotic reduction rate
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constant), Ky (the molasses Monod constant [Monod 1949]), K; (bio-inhibitor Monod inhibition constant
[Monod 1949]), and A¢ (the chromium bio-reduction rate constant). The model is only moderately sensitive
to perturbations of Iy because it only controls chromium reduction when molasses is present in the
system (i.e., during or immediately after injection). Both K and K| influence the biomass growth rate, but
the model appears to be less sensitive to these parameters as opposed to the kinetic rate constants in
the biomass rate expressions (i.e., Az, and Ag,). The moderate sensitivity to A; indicates that the bio-
reduction rate expression is more strongly controlled by biomass concentration. Based upon eigenvectors
7 and 8 in Figure 2.3-7, the least sensitive and most unconstrained parameters are Kg (biomass Monod
inhibition constant [Monod 1949]) and K¢ (chromium bio-reduction Monod constant [Monod 1949]).

Table 2.3-2 describes the model parameters and Figure 2.3-8 shows the results of the geochemical
remediation model local sensitivity analysis. Based upon the first eigenvector in Figure 2.3-8, the model
appears to be most sensitive to perturbation of kg , -z_;s,, (dithionite degradation rate constant) and
K—pe(mn-ucro,~ [EFe(Il) reduction of chromium rate constant]. It follows that Ks,0,-2-disp @Nd K=ren-ncro,-
would be the most well-constrained parameters during model calibration. Based upon eigenvectors 2-5 in
Figure 2.3-8, moderately sensitive/constrained parameters include kg , -z_q, (,q) (dithionite reduction of
oxygen rate constant), kg, -2_ge(om),(s) [dithionite reduction of Fe(lll) sediments rate constant],
K=re(in-0,(aq) [EF€(ll) reduction of oxygen rate constant], and wt%geon),(s) [Weight percent of total solids
that are Fe(lll) sediments]. The parameter k5204—z_disp is important because it directly controls the mass
of nondegraded dithionite that is available to create the ISRM zone. The parameter K=ge(1)-ncro,~ IS
important because it controls the rate at which the ISRM zone reduces Cr(VI). Thus, model analysis
reveals that the combined influence of Ks,0,72-disp» K=Fe(n-Hcro, ™ and their associate reactions provides

the strongest control on ISRM behavior and, thus, the overall effectiveness of in situ geochemical
remediation. The parameters kg, -2_q, (aq) @8Nd K=ren-o0,(aq) CONtrol the kinetics of reactions that involve
oxygen. The moderate sensitivity of the model to perturbation of these parameters indicates that the
mass of dissolved oxygen is not sufficient to substantially alter ISRM behavior, despite the assumption
that the aquifer is saturated with respect to oxygen. The parameters K . -2_ge(ony,(s) @Nd Wt%re(om);(s)
control the kinetics of reactions that involve Fe(lll)(s). The moderate sensitivity of the model to
perturbation of these parameters could indicate that even extremely small amounts of Fe(lll) minerals are
sufficient to create an ISRM zone and provide a long-term capacity to reduce Cr(VI), which would make
ISRM viable over a wider range of site geologies.

2.3.8 Global Sensitivity Analysis

The extended Fourier Amplitude Sensitivity Test (eFAST; Saltelli et al. 1999) was employed for global
sensitivity analysis of the geochemical (dithionite) remediation model. This variance-based method allows
for efficient analysis of both first-order (i.e., main effect) and higher-order (i.e., total effect) sensitivity
indices for each model parameter. The main effect measures the output variance caused when a single
model parameter is perturbed and is averaged over variations in the other model parameters

(Sobol, 1993). The total effect measures the output variance caused as a single model parameter is
perturbed but is also averaged over variations in the remaining model parameters. Results of global
sensitivity analysis of the geochemical remediation model using eFAST are shown in Figure 2.3-9. The
figure visualizes results by plotting the total and main effect of each parameter over simulated time. Both
the total and main effect scale relative sensitivity such that calculated values for each parameter range
from 0 to 1. At a given time, the total and main effect values that approach 1 are classified as the most
influential parameters. Conversely, the total and main effect values close to 0 indicate less influential
parameters. If the shapes of the total and main effect curves are similar, the parameters are more
independent. Differences in the shapes of the total and main effect curves could indicate that the
analyzed parameters are correlated.
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Figure 2.3-9 shows that both the total and main effect reaffirm local sensitivity analysis results. The
results demonstrate a strong dependence of the geochemical remediation model on kg  -2_g4;, and
K=rean-ncro,~- This analysis also indicates that the model appears to be less sensitive to kg -2_o, aq)
K=Fe(i1)-0,(aq), @Nd Ks,0,72—Fe(0M)s(s)" which is also similar to the local sensitivity analysis. However, the
global sensitivity analysis shows that the model is highly sensitive to wtY%ge(on),(s), Unlike the local
sensitivity analysis, especially at later times. Comparing the total and main effects reveals the curve
shapes for the most influential parameters (k5204_2—disp’ K=pe(in-tcro,~» Wt%re(0H),(s)» @and
Ks,0,-2-Fe(om)s(s)) @re similar, indicating that these parameters behave independently. Analysis of the

time-dependence of the relative sensitivity of each parameter in Figure 2.3-9 provides additional insight
that can be used to aid in experimental design. The most striking result shown in the figure is the
significance of multiple parameters at ~15 d. Fifteen days marks the time at which the release of the
amendment solution containing dithionite ceases. Global sensitivity analysis reveals that this time period
is of critical importance, and possibly the most difficult to interpret, because of the influence of multiple
parameters (and thus their associated reactions). In an actual experiment, increasing the sampling
interval during this time could provide valuable additional data. These data could then be used to more
accurately calibrate the model and interpret experimental results. Towards the end of the simulations,
only two parameters (l<5204—z_disp and wt%pge(on),(s)) Control model behavior. If model calibration is
successful using the early-time data from an experiment, it follows that the sampling interval can be

decreased at late times. If model calibration using early-time data is questionable, late-time data could

then be used to more accurately constrain parameter values for Ks, 0, 2-disp and wt%ge(om),(s)- Used in
this manner, global sensitivity analysis becomes a valuable decision support tool that can help lead to a
better understanding of the remediation of chromium-contaminated groundwater at the Laboratory and

improve confidence in predictive capabilities.

3.0 COMPUTATION FRAMEWORK CAPABILITIES (MADS)

MADS is a Laboratory-developed open-source code (http://mads.lanl.gov). MADS is designed to perform
various types of model analyses including uncertainty quantification, sensitivity analyses, machine
learning, model selection, and decision analyses.

The source code is available on github (https://github.com/madsjulia). A user manual and references to
the publications presenting the theory behind the MADS algorithms are publicly available online at
http://mads.lanl.gov and http://madsjulia.github.io/Mads.jl. MADS is easy to install on any computer
(PC/Mac/Linux; laptops/HPC clusters/cloud frameworks). MADS is written in Julia (http://julialang.org)
and can be internally or externally coupled with any existing external model simulator such as FEHM,
PFLOTRAN, CHROTRAN, ModFlow, MT3D, etc. MADS is specifically designed for high-performance
computing and includes advanced tools for automatic bookkeeping of model results for efficient restarts
and reruns; these MADS capabilities are critical for the model analyses performed for the chromium
projects because a typical model analyses such as a model calibration requires more than 20 d to be
performed in parallel using 1024 processors and frequently requires restarts. The sensitivity, uncertainty,
and decision analyses require even more computational time.

Unit-testing and code-coverage analyses are performed periodically to improve code testing, verification,
and validation. New unit tests are regularly added and required with addition of new features. New unit
tests are also implemented when bugs are found. Unit tests are automatically executed with each change
of the code submitted at the MADS website using a cloud service. The unit test results are publicly
available at https://travis-ci.org/madsjulia. Code coverage analyses are also performed automatically with
each change of the code submitted at the MADS website to the master branch using a cloud service. The
coverage results are also publicly available at https://coveralls.io/github/madsijulia.
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All the MADS functions are fully documented at http://madsjulia.github.io/Mads.jl/Modules/Mads. The
website lists all the MADS modules and functions. All the input and output parameters of all the MADS
functions are provided as wells. Examples are also provided.

All the MADS unit tests can be executed through the MADS command Mads.test() under Julia.
Mads.test() executes all the unit tests and performs comparisons against "gold standard" results stored in
"gold standard" files.

MADS has been applied to perform analyses related to various types of tasks related to the Chromium
project. These include

e Model analysis

% Model calibration

« Sensitivity analysis

% Uncertainty quantification

% Model selection and averaging

% Model reduction

e Surrogate modeling based on advanced machine-learning methods
¢ Risk assessment and decision analysis

+ Monitoring well siting

« Siting of injection and extraction wells

«» Evaluation of contamination risks associated with chromium concentrations in the
regional aquifer

«» Evaluation of intermediate measures and remedial scenarios

MADS contains advanced unique capabilities for quantifying uncertainty and supporting decision-making under
uncertainty. Similar capabilities are not available in any of the other tools frequently used for similar analyses
such as DAKOTA (https://dakota.sandia.gov), PSUADE (https://computation.linl.gov/projects/psuade-
uncertainty-quantification), PEST (http://www.pesthomepage.org), and UCODE
(http://igwmc.mines.edu/freeware/ucode).

Figure 3.0-1 shows the uncertain chromium transients predicted from a Markov Chain Monte Carlo
(MCMC) analysis of the regional-aquifer model. MADS can leverage these uncertainty quantification
capabilities to enable robust decision making. Figure 3.0-1 is an example that is directly relatable to the
chromium contamination.

A simple demonstration of uncertainty analysis capabilities of MADS can be also found online at
http://madsjulia.qgithub.io/Mads.jl/Examples/bayesian_sampling.

MADS also includes a unique Bayesian Information-Gap Decision Theory (BIGDT) capability that
leverages the MCMC framework discussed above. This method is applied to a problem that is
representative of the Laboratory’s chromium plume. Figure 3.0-2 shows a schematic map of a
hypothetical representative site that is used to demonstrate application of BIGDT to a decision scenario.
The representative site shares some commonalities with the Laboratory’s chromium site including a
network of ~30 monitoring wells surrounding the contaminant plume, a compliance boundary where
concentrations must be kept below a concentration threshold, supply wells in the vicinity of the
contaminant plume, three extraction wells that can be used in various combinations for pump-and-treat
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near the boundary, and uncertain model parameters that govern the flow of groundwater and transport of
the contaminant. In this problem, three potential remedial options are considered. The first involves using
all three extraction wells. The second involves only using the central extraction well. The third involves
using the two outer extraction wells but not the central extraction well.

Figure 3.0-3 shows the results of applying BIGDT to this decision scenario. As expected, the first remedial
option using all three extraction wells provides the most robustness against uncertainty. Somewhat
surprisingly, the second option (use of central extraction well only) provides more robustness against
uncertainty than the third option (use of the two outer extraction wells). This result arises from the fact that
the central well is the crucial well for successful pump-and-treat here. When only the two outer wells are
used, the contaminated groundwater can flow between them, resulting in an exceedance of the
concentration threshold across the hypothetical compliance boundary. The following conclusions can be
drawn from this analysis:

1. The approach that used only the central extraction well provides almost as much robustness against
uncertainty as the approach that uses all the extraction wells, making it a potentially viable option.
The decision to use all the extraction wells could be justified if additional robustness is desired and
could be seen as a conservative decision.

2. Using the two outer extraction wells without using the central extraction well would not meet
remediation goals, and employing this remedy would be a bad decision. It is expected to fail, and
provides no robustness against uncertainty. If a two-well remedy is desired, an alternative design
should be considered such as employing two closely spaced wells straddling the original central well
location.

An additional simple decision analyses demonstration is available online at
http://madsjulia.github.io/Mads.jl/Examples/bigdt/source termination.

More examples of MADS applications can be viewed and downloaded at
http://madsjulia.github.io/Mads.jl/Examples.
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Elevation

Figure 1.1-1

-

Figure 1.1-2

11E3

Lateral model domain (yellow line) of the 3-D vadose-zone/regional-aquifer model of
the Laboratory chromium site. The gray-shaded relief presents the ground surface
(the units of ground-surface elevations and spatial coordinates are in meters). Some
the regional aquifer wells along Mortandad Canyon are also shown in the map.

Block diagram showing the computational grid of the chromium 3-D vadose-zone /
regional-aquifer model. View is towards the northwest and the canyons, from left
to right, are Mortandad, Sandia, and Los Alamos. Vertical lines show well

locations. Y-axis indicates north.
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Figure 1.1-3  Block diagram showing the computational grid and locations of three hydraulic
windows in the perched water zone above the regional aquifer. Each ellipse is
intersected by the reduction zone inside the basalts and near well locations R-42,
R-62, and R-43. View is towards the northeast with the y-axis indicating north.

Figure 1.2-1  Block diagram showing the grid used for the regional-scale aquifer model. View is
towards the northwest and the y-axis indicates north. The coloring represents the
elevation of the regional-aquifer water table in 2012. The red regions to the west are
high pressures in the area of mountain-front recharge beneath the Sierra de los Valles.
The blue regions to the east represent the impact of discharge near the Rio Grande.
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Figure 2.1-1  Block diagram showing the 3-D shape of the simulated perched water zone above
the regional aquifer. In the figure, the full saturation is shown in red. To produce
the figure, model nodes with saturation less than 0.3 are blanked out to depict the
separation between the perched saturated zone (red region on the top) and the
regional aquifer (brick-shaped red region on the bottom). The perched saturated
zone is clearly separated from the regional aquifer in the 3-D coupled vadose-
zone/regional-aquifer model.
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Figure 2.1-2  Block diagram showing the 3-D structure of the simulated groundwater flow
between the perched horizon and the regional aquifer when the flow occurs along
three hydraulic windows as depicted in Figure 1.1-3. In the figure, the full
saturation is shown in red and minimum saturation is shown in blue. To produce
the figure, model nodes with saturation less than 0.3 are blanked out to depict the
separation between the perched saturated zone (red region on the top) and the
regional aquifer (brick-shaped red region on the bottom). The perched saturated
zone is clearly separated from the regional aquifer in the 3-D coupled vadose-
zone/regional-aquifer model. The partly saturated flow between the perched
horizon and the regional aquifer along the three hydraulic windows can be seen
in green.
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Figure 2.1-3 Maps showing “true” (top) and simulated (bottom) thicknesses of the perched
saturated zone. Areas of thinner (blue) and thicker (red) perched zones are in the
north-west and south-east quadrants, respectively. The top map shows the
locations of the existing wells used in the calibration (blue dots) and locations of
additional points (red dots) used to improve the characterization of the saturated
thickness. The bottom map also shows the location of the three hydraulic windows
applied in the model; the hydraulic windows define the locations of vertical flow
from the perched zone towards the regional aquifer.
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Figure 2.2-1 The model-predicted (black) vs the observed (red) water-level declines (drawdowns) at the site monitoring wells
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Figure 2.2-1 (continued)

The model-predicted (black) vs the observed (red) water-level declines (drawdowns) at the site monitoring wells
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Figure 2.2-2 The model-predicted (black line) vs the observed (red dots) chromium concentrations at the site monitoring wells. The predicted concentrations are based on the best values estimated for the model parameters.
These concentrations also represented the “central” tendencies of the multiple realizations presented in Figure 2.2-7 below.
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Figure 2.2-2 (continued)
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The model-predicted (black line) vs the observed (red dots) chromium concentrations at the site monitoring wells. The predicted concentrations are based on the best values estimated for the model
parameters. These concentrations also represented the “central” tendencies of the multiple realizations presented in Figure 2.2-7 below.
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The model-predicted (black line) vs the observed (red dots) chromium concentrations at the site monitoring wells. The predicted concentrations are based on the best values estimated for the model

parameters. These concentrations also represented the “central” tendencies of the multiple realizations presented in Figure 2.2-7 below.
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(a) (b)

(c)

Figure 2.2-3 Maps of model-predicted heterogeneity and anisotropy in the hydraulic conductivity along the top of the regional aquifer; hydraulic conductivity along x, y, and z axes (north-south, east-west, and
vertical axes, respectively) are shown in the a, b, and c graphs above
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Figure 2.2-4 Maps of model-predicted contaminant sources; the number, size, shape, location,
start time, and concentrations of the contaminant sources are estimated automatically during the
model calibration. The figure shows the estimated four contaminant sources, the start times (in
calendar years), their size, and concentrations (as log transformed values).
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(b)

Figure 2.2-5

Maps of model-predicted chromium concentrations in 2017 and 2018.
Concentrations are depicted as the value in a thin layer right at the water table and
do not represent concentrations that might be measured in a monitoring well. The
concentration gradients can be considered as relative modeled concentrations
rather than absolute model predictions for mixed groundwater concentrations

at wells.
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(a) rebound of the hydraulic heads in the vicinity of O-4 in February 2014
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(b) rebound of the hydraulic heads in the vicinity of PM-2 in February 2014

Figure 2.2-6

Model-predicted pumping effects on the regional-aquifer water table caused by the

municipal water-supply wells. The changes in the hydraulic heads presented above
are relative to the model-predicted water levels circa May 2011. In the period
between May 2011 and December 2014, some of the municipal wells are
experiencing only rebounds, because of decreases in the water-supply pumping
(e.g., PM-2, and O-4). PM-5 is observing only pressure declines. PM-4 has rebound
and decline periods. PM-3 and PM-1 maps are not shown because these wells are
predicted to produce no drawdown of the regional water table at the chromium site.
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(c) rebound of the hydraulic heads in the vicinity of PM-4 in November 2013
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(d) decline of the hydraulic heads in the vicinity of PM-4 in February 2014

Figure 2.2-6 (continued) Model-predicted pumping effects on the regional-aquifer water table
caused by the municipal water-supply wells. The changes in the
hydraulic heads presented above are relative to the model-predicted
water levels circa May 2011. In the period between May 2011 and
December 2014, some of the municipal wells are experiencing only
rebounds, because of decreases in the water-supply pumping (e.g.,
PM-2, and O-4). PM-5 is observing only pressure declines. PM-4 has
rebound and decline periods. PM-3 and PM-1 maps are not shown
because these wells are predicted to produce no drawdown of the
regional water table at the chromium site.
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(e) decline of the hydraulic heads in the vicinity of PM-5 in November 2014

Figure 2.2-6 (continued) Model-predicted pumping effects on the regional-aquifer water table
caused by the municipal water-supply wells. The changes in the
hydraulic heads presented above are relative to the model-predicted
water levels circa May 2011. In the period between May 2011 and
December 2014, some of the municipal wells are experiencing only
rebounds, because of decreases in the water-supply pumping (e.g.,
PM-2, and O-4). PM-5 is observing only pressure declines. PM-4 has
rebound and decline periods. PM-3 and PM-1 maps are not shown
because these wells are predicted to produce no drawdown of the
regional water table at the chromium site.
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Figure 2.2-7 Model-predicted chromium concentrations (solid gray lines) vs observed chromium concentrations (red circles) at

various site wells. The plots in the figure depict the confidence bounds as shown in regions of overlapping solid gray
lines. Note that these predictions are based on a model that did not have CrIN-6 data as a calibration target. The best
estimate of the chromium concentration at CrIN-6 in 2017 is about ~250 ppb, which matches the actual concentration at
CriIN-6 when it was drilled.
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Figure 2.3-1 Map showing simulation of the injection of a biostimulant (molasses) and a

biological inhibitor (ethanol) at R-28. The figure shows the concentration of Cr(VI)
removed as a result of remediation 10 mo after the injection. A large amount of
Cr(VI) has been removed by this time, and relatively fast pore water velocities

(1 m/d; ~3.3 ft/d) result in a large zone of influence downgradient of the injection
well. However, a significant decrease in Cr(VI) concentrations has not occurred in
CrIN-1 after 10 mo.

37



Groundwater Modeling Status Report

Cr{Vl) removed
(ppb)

400

300 day
e g e
— pre——
——
- -
R-42
L]
2 700
T 600
3 500
£ 400
£ 300
3
E 200
asm 30m 2 100
G o
0 50 100150200 250 300 350
Time [day]

Map showing simulation of the injection of a strong chemical reducing agent
(sodium dithionite) at CrPZ-3. The figure shows the concentration of Cr(VI)
removed as a result of remediation 11 mo after the injection. Although a large
amount of Cr(VI) has been removed by this time, relatively slow pore water
velocities (0.1 m/d; ~0.33 ft/d) prevent the migration of the treated plume to R-42.
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CHROTRAN breakthrough concentration curves for Cr(VI) at an observation point
located 10 m downstream of the injection well. The results are taken from 2-D
simulations in a heterogeneous permeability aquifer with mean pore water
velocities of ~1 m/d (3.3 ft/d). Colored dashed lines represent CHROTRAN
simulations that model the injection of a biostimulant (molasses), the solid lines
represent CHROTRAN simulations that model the injection of a chemical reductant
(dithionite), and the black dashed line shows dilution effects (no reaction). All
simulations result in the decrease of Cr(VI) downstream, but the long-term
effectiveness of treatment is heavily dependent upon the mass of amendment
being injected.
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Figure 2.3-4
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Maps showing predicted Cr(VI) concentrations (ppb) in a heterogeneous, Cr(VI)-
contaminated aquifer 470 d after treatment, under four different scenarios.
Scenarios with and without co-injection of ethanol and with and without direct
abiotic reduction of Cr(VI) by molasses are shown. The injection well location is
denoted by a black cross. The simulation where direct abiotic reduction is modeled
and ethanol is co-injected (bottom right) results in the most effective in situ
remediation.
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Figure 2.3-5

Simulation of biomass fouling that could occur during in situ bioremediation. The
figure shows groundwater velocities overlaid upon biomass concentration.
Velocity magnitude is indicated by arrow length and direction by arrow orientation;
biomass concentration [g m~] is indicated by green intensity. The initial condition
is shown in the upper-left corner, with time increasing in the clockwise direction.
The biostimulant is first injected without a biocide, resulting in the growth of
biomass that clogs the system. Groundwater velocities within the area of
remediation decrease significantly until flow stops within the remediation area
(bottom right). Biocide is then injected into the system, which reduces biomass
concentrations and restores groundwater velocities to the initial state at 416 d.
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Figure 2.3-6  Simulation of the release of a sodium dithionite treatment solution along a 1-D flow
path. Panel (A) shows the time evolution of Cr(VI) concentration at a well located
10 m downstream of the injection location for four different concentrations of
dithionite in the injectant. The figure illustrates that a high concentration of
dithionite is required to have prolonged decreases in the observed Cr(VI)
downstream. When the concentration of dithionite is too low, the concentration of
Cr(VI) quickly rebounds in the observation well. Panel (B) shows the spatial
distribution of surface-bound Fe(ll) at five different times for a 10" M dithionite
injection. Fe(ll) remains as a reductant of Cr(VI) long after dithionite is flushed from
the system. However, it eventually depletes, resulting in the rebound in the Cr(VI)
concentration in the observation well seen in panel (A).
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Figure 2.3-7  Local sensitivity analysis of biochemical treatment model. See Table 2.3-1 for a

description of the parameters. The figure presents the eigenvectors of the
estimated parameter covariance matrix, which defines the parameter uncertainty
and sensitivity.
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Figure 2.3-8 Local sensitivity analysis of geochemical treatment model. See Table 2.3-2 for a
description of the parameters. The figure presents the eigenvectors of the
estimated parameter covariance matrix, which defines the parameter uncertainty
and sensitivity.
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Figure 2.3-9  Global sensitivity analysis (eFAST) of geochemical treatment model.
See Table 2.3-2 for a description of the parameters.
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Figure 3.0-1 An example MCMC analysis of the regional-aquifer model. Shown are the sampled model predictions (grey lines) in
comparison with the observational data (red dots) for the chromium transients.
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Figure 3.0-2 Conceptual map of a representative site that is used to demonstrate the MADS
approach to decision analysis. Groundwater flow direction is southward. The
green dots denote the locations of wells that are used for monitoring the plume
evolution; the red stars denote the locations of water supply wells; the cyan dots
denote the locations of potential extraction wells; and the black line denotes the
compliance boundary. Along the compliance boundary and further to the south,
concentrations of the contaminant cannot exceed a specified threshold. The blue
ellipse denotes the location where the contaminant enters the aquifer from the
vadose zone.
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Figure 3.0-3  Application of BIGDT to optimize use of extraction wells to ensure contaminants in
groundwater do not exceed a specified threshold at a compliance boundary. For a
given probability of failure at the compliance boundary, the robustness against
uncertainty is shown for each of the three remedies considered. Note that the use
of two extraction wells fails to meet remediation goals, and the plot at 0 on the y
axis until the maximum probability of failure is 1, where robustness increases to
>9. The robustness against uncertainty quantifies how wrong the physical and
probabilistic models can be while still ensuring that the probability of an
undesirable outcome remains below the maximum probability of failure (as plotted
along the x axis).
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Table 2.1-1
Simulated and Observed Perched
Water Zone Thickness at 11 Locations

Location
Label Observed Thickness (M) Estimated Thickness (M)

T722 124 130
T996 150 145
T1051 115 120
T2052 93 99
T2154 93 99
T2243 91 96
T3486 100 85
T4088 98 104
T4510 104 98
T5060 36 36
T5801 78.1 78.1

Note: the simulated values are estimated through model calibration.

Table 2.1-2
Estimated and Calibration-Target
Groundwater Fluxes in Three Hydraulic Windows

Window | Calibration-Target Flux in Hydraulic Estimated Flux in Hydraulic Windows
Label Windows (kg/s) (kals)
w1 0.394 0.394
w2 0.0081 0.0086
w3 0.0216 0.0214

Note: The estimated fluxes are obtained through model calibration of the 3-D coupled vadose-
zone/regional-aquifer model discussed here. The calibration-target fluxes are obtained through model
calibration of the 3-D regional-aquifer model discussed in Section 1.2.

Table 2.1-3
Simulated and Calibration-Target Chromium Travel Time through Vadose Zone

Calibration-Target Chromium Travel | Simulated Chromium Travel Time through
Time through Vadose Zone (yr) Vadose Zone (yr)

Travel Time 10 10.2

Note: The simulated travel times are obtained through model calibration of the 3-D coupled vadose-
zone/regional-aquifer model discussed here. The calibration-target fluxes are estimated based on past
analyses and site data.
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Table 2.1-4
Simulated and Observed Chromium Concentration at Well MCOI-5

Observed Chromium Concentration Simulated Chromium Concentration
Year (ppb) (ppb)
2005 3.30 3.16
2006 2.85 4.06
2007 2.92 5.10
2008 6.09 6.28
2009 6.09 7.57
2010 6.44 8.96
2011 4.48 10.39
2012 4.56 11.84
2013 7.29 13.26
2014 5.95 14.59
2015 5.20 15.80
2016 9.32 16.86

Note: the simulated values are estimated through model calibration.

Table 2.1-5
Simulated and Observed Chromium Concentration at Well MCOI-6

Year Observed Chromium Simulated Chromium Concentration
Concentration (ppb) (ppb)
2005 54.41 19.29
2006 4510 24.63
2007 34.19 30.80
2008 38.11 37.73
2009 46.73 45.29
2010 54.74 53.31
2011 57.64 61.58
2012 61.05 69.84
2013 72.55 77.83
2014 72.67 85.29
2015 74.78 91.00
2016 78.64 97.75

Note: the simulated values are estimated through model calibration.
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Table 2.1-6
Name, Meaning, and Estimated Values of
Adjustable Parameters Estimated through Model Calibration

Parameter Name Parameter Meaning Estimated Value
logk1 logarithm of the permeability (m?) of nodes within the three -15.575
logk2 hydraulic windows —17.628
logk3 -16.681
logkab logarithm of the permeability (m2) of nodes above, within, and -11.385
logkbs below the basalts —12.564
logkbl -12.009
rab porosity of nodes above, within, and below the basalts 0.207
rbs 0.049
rbl 0.092
rp3ab inverse of air entry head for nodes above, within, and below the | 0.578
rp3bs basalts 2.993
rp3bl 2.994
aab power n in van Genuchten formula for nodes above, within, and | 1.791
abs below the basalts 1474
abl 1.942
infil infiltration rates at the ground surface (kg/s) 0.124
mc_flux Mortandad Canyon infiltration rates (kg/s) 0.062
sc_flux Sandia Canyon infiltration rates (kg/s) 6.441
Ic_flux Los Alamos Canyon infiltration rates (kg/s) 0.683
west_flux Water influx from western boundary (kg/s) 71.782
crbc Injection chromium concentration at inlet nodes (mol/kg) 67.332
crst Time when chromium injection begins (d) 14525.9
cret Time when chromium injection ends (d) 18221.3
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Table 2.3-1
Description of Parameters Used for

Sensitivity Analysis of Molasses Treatment Model

Symbol

Description

l—‘CD

Direct (abiotic) reduction rate constant

AB

1

Biomass growth rate constant

Ag,

Biomass natural decay rate constant

Ac

Chromium bioreduction rate constant

Kg

Biomass Monod inhibition constant* (biomass crowding)

Chromium bioreduction Monod constant

Molasses (electron donor) Monod constant

Ethanol (inhibitor) Monod inhibition constant

* Monod 1949.

Table 2.3-2
Description of Parameters Used for

Sensitivity Analysis of Dithionite Treatment Model

Symbol

Description

kSZO4_2—disp

Rate constant, dithionite degradation

k5204_2—02(a®

Rate constant, dithionite reduction of oxygen

k5204-z_Fe(OH)3(S) Rate constant, dithionite reduction of Fe(lll) sediments

K=re(11)-0,(aq)

Rate constant, Fe(ll) reduction of oxygen

K=re(in-Hcro,”

Rate constant, Fe(ll) reduction of chromium

WEYoFe(0H)4 (s)

Weight percent of total solids, Fe(lll) sediments
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