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1.0 INTRODUCTION

This work plan presents the objectives and approach for implementing pilot-scale amendments testing for
chromium (Cr) contamination beneath Mortandad Canyon at Los Alamos National Laboratory (LANL or the
Laboratory). It addresses one of several activities conducted under the New Mexico Environment
Department— (NMED-) approved “Work Plan for Chromium Plume-Center Characterization” (LANL 2015,
600615; NMED 2015, 600958). Other activities conducted as part of plume-center characterization include
pumping to evaluate source removal at extraction well CrEX-3, tracer studies to evaluate hydraulic
properties of the aquifer, and bench-scale biogeochemical and mineralogical characterization to design the
pilot-scale test. Data from these studies will also help guide future large-scale treatment options.

Figure 1.0-1 shows the project site. The proposed pilot-scale amendments testing is intended to scale up
from the bench-scale experiments and to provide important information that may be applied to full-scale
remedial options for the chromium plume to be presented in a future corrective measures evaluation report.

1.1 Objectives

The overarching objective of this work plan is to evaluate the feasibility of in situ treatability of hexavalent
chromium [i.e., reduction of Cr(VI) to Cr(lll)] in the deep and heterogeneous aquifer beneath

Mortandad Canyon. In general, converting Cr(VI) to Cr(lll) is straightforward under geochemically reducing
conditions. The main challenges associated with full site-scale remediation tend to be related to aquifer
characteristics, including large-scale heterogeneity, hydrostratigraphic complexity, mineralogy of aquifer
materials, and naturally occurring groundwater chemistry.

In addition to testing whether lasting reducing environments conducive to Cr(VI) reduction can be
established in situ within the aquifer with chemical amendments or bioamendments, other specific
objectives of this field testing include determining (1) the reduction capacity induced by different
amendments, (2) the volume of the treated zone relative to the volume of injected amendment solution,
and (3) any potential adverse conditions that may occur within the aquifer as a result of the amendments.
It is important to note that while the amendment solutions will displace the aquifer water as they are
injected, the expectation is that both the chemical and biological amendments will react primarily with
immobile phases/constituents in the aquifer (i.e., with the iron phases in the sediments in the case of
dithionite) and with microbes attached to the sediments in the case of molasses, to establish geochemical
conditions that are conducive to reducing Cr(VI) to Cr(lll).

Reduction capacity is the mass of chromium that can be reduced from Cr(VI) to Cr(lll) within the
treatment zone as contaminated groundwater flows through the zone. For the dithionite, reduction
capacity may be quite large from a single deployment as demonstrated by studies conducted at the

U.S. Department of Energy’s Hanford Site where over 10 yr of effective reduction has been documented
(DOE 2012, 602481). For biostimulation approaches, reduction capacity is regulated by the availability of
nutrients to microbial populations that must be restimulated periodically to maintain reducing conditions.
Typically, redeployments of nutrients are required every few months to every few years depending on the
nature of the physical and chemical interactions of the amendment with the aquifer matrix, groundwater
chemistry, and groundwater flow conditions (ESTCP 2010, 602491).

Chemical amendments typically do not travel far from the injection location within an aquifer because of
their high reactivity with dissolved oxygen in the groundwater and iron associated with aquifer sediments.
The distance a bioamendment may travel is a function of the rate at which the amendment is metabolized
by native microbes (which is, in turn, a function of microbial concentrations plus physical and chemical
conditions in the aquifer), its biodegradation rate, and groundwater velocity. For either chemical
amendments or bioamendments, the effective radius of injection is a function of the proportion of porous
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and permeable strata within the injection interval, the volume of injected fluid, and the mobility and
reactivity of the amendment. Figure 1.0-2 illustrates the highly stratified nature of the aquifer in the vicinity
of wells R-42 and R-28. The detailed stratigraphy shown in the figures was derived from sieve analysis of
discrete beds identified from core material obtained from sonic drilling near R-42 (CH-3, now CrPZ-3) and
R-28 (CH-2, now CrPZ-2) (Figure 1.0-1). Amendments are likely to preferentially enter the more highly
porous and permeable units that constitute a relatively small fraction of the formation within the screened
interval, assuming the “sandy-pebble” and “pebbly-sand” units are the preferential units. The expected
radius of injection will therefore likely be much greater within more permeable units and result in “disc”-
shaped areas of primary treatment that extend laterally much farther than in the less-permeable units.
More laterally extensive treatment of high-permeability units is actually beneficial because these units are
where the Cr(VI) should be migrating the fastest, so treatment of these units will have the greatest impact
on plume migration. If Cr(VI) is present in the less-permeable units, it should back-diffuse into the treated
high-permeability units and encounter the reducing conditions established within those zones, at least
until the reduction capacity is depleted.

Potential adverse geochemical effects that result from use of these amendments in the aquifer, including
potential adverse biofouling effects within a deployment location, will also be evaluated. Potential adverse
effects include precipitation of pore-filling minerals and dissolution of naturally occurring constituents
(e.g., arsenic) found in aquifer materials. The results of these tests will be used to parameterize and
refine predictive models that can be used to design additional pilot amendments testing as well as
potential full-scale remediation strategies.

1.2 Conceptual Model

The chromium plume in the regional aquifer beneath Mortandad Canyon exists in the hexavalent [Cr(V1)]
form. A common remediation strategy for Cr(VI) in groundwater involves manipulating aquifer conditions
with the goal of converting Cr(VI) to Cr(lll) within the aquifer (in situ) (Evanko and Dzombak 1997,
102743; Fruchter et al. 2000, 602475; Hawley et al. 2005, 602490; Stanin 2005, 602489; Vermeul et al.
2006, 602478; Varadharajan et al. 2017, 602477). Cr(lll) typically precipitates as hydroxide complexes
that have a very low solubility and are incorporated into iron-rich phases or adsorb strongly to sediment
surfaces, which effectively immobilizes the Cr because Cr(lll) is not easily reoxidized to Cr(VI) under most
geochemical conditions (Hawley et al. 2005, 602490; Stanin 2005, 602489; Varadharajan et al. 2017,
602477). The Laboratory has been conducting bench-scale column experiments using various
amendments applied to aquifer sediments and groundwater from the Chromium Project site have shown
that reduction of chromium in groundwater is easily achieved and persists for extended periods of time.
Experiments with sodium dithionite were very effective at reducing ferric iron phases in aquifer sediments
and imparting immobile reduced (ferrous) iron capacity to reduce Cr(VI) to Cr(lll).

Figure 1.0-3 shows the results of duplicate column experiments in which Miocene Pumiceous sediments
were treated with an excess of sodium dithionite and then packed into two columns. The batch
pretreatment of sediments was done to provide an upper bound estimate of reduction capacity of the
sediments. Experiments are currently underway to evaluate the reduction capacity of sediments treated
by column injections of finite pulses of dithionite solution, similar to a field deployment. Groundwater from
R-42 was flushed through the columns after an initial flush involving treated CrEX-3 water. The upper plot
of this figure shows the flow rates and nitrate concentrations as a function of pore volumes of water eluted
through the columns. Despite the sporadic breakthroughs of nitrate, no Cr(VI) eluted from either column.
Although the intent was to run the columns until Cr(VI) breakthrough was observed, the columns began to
clog before this occurred. The clogging was believed to be a consequence of the very long times that the
columns were run, not any sort of unfavorable reactions occurring in them. Columns run for many months
in the laboratory, as these had been, invariably tend to decrease in permeability because of sediment
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redistribution and possibly biofilm growth, which is difficult to avoid over long times. After flow was
stopped, sediment from the columns was sectioned into ~1-cm-long segments and leached with 2 molar
nitric acid. The lower plot of Figure 1.0-3 shows the chromium profile in the acid-leached sediments from
the two columns. The data show a very sharp chromium front that reached about two-thirds to four-fifths
of the way through the columns. Based on this information, it can be surmised that the breakthrough of
Cr(VI) would have occurred at around 200—240 pore volumes if the columns had continued to flow. These
column-experiment results are not expected to correspond perfectly to field results, but they are a clear
indication of the potential for significant and relatively long-term reduction imposed by dithionite. Key
differences between the column experiment and field conditions are (1) the R-42 water used in the
experiments was degassed and thus was probably lower in oxygen concentrations than in situ
groundwater, (2) the column porosity was higher than formation porosity, and (3) the sediments were
likely more efficiently reduced by dithionite in the batch treatment than can be expected in situ. However,
taking into account all these factors, it is still estimated that dithionite-treated sediments may be capable
of effectively reducing Cr(VI) from at least 100 pore volumes of water that pass through the sediments.
Long-term chromium reduction in these experiments is believed to be caused by reaction of the reduced
iron with aqueous Cr(VI) to generate Cr(lll).

Bench-top testing using acetate and molasses as bioamendments has demonstrated that biosimulation
can be easily achieved by the addition of nutrients to the aquifer sediments. Biostimulation of aquifer
sediments using acetate and molasses rapidly established strong reducing conditions and complete
removal of Cr(VI). The removal or Cr(VI) is attributed to direct reduction of Cr(VI) by microbes and indirect
reduction by substrates, such as ferrous iron and sulfide compounds, resulting from microbial anaerobic
respiration. Molasses was selected as the preferred biostimulant because laboratory experiments
indicated molasses treatments are much more effective at inducing longer-lasting reducing conditions that
are conductive to Cr(VI) reduction.

Figure 1.0-4 shows the results of a column experiment using a 3.4 g/L molasses treatment with Miocene
Pumiceous sediments. The plot shows the breakthrough profile of Cr(VI) along with the breakthrough of
tritium used as conservative tracer during the injection of the molasses pulse. The profile of pH over time
is also shown. The data show that Cr(VI) was completely removed from the column effluents as soon as
the molasses solution was injected. This effect is attributed to the reduction of Cr(VI) chemically by
molasses and the rapid establishment of anaerobic reducing conditions conductive to Cr(lll) precipitation.
The pH dropped to about 5.5 during the molasses injection because the microbes transform the sugar
compounds to organic acids that are further degraded to smaller organic substrates. The pH rebounded
to neutral after molasses exited the column. The Cr(VI) reduction capacity measured under the
experimental conditions was 15 pore volumes. Reinjection of molasses rapidly restored Cr(VI) reduction.
The reduction capacity induced was very similar to the capacity induced during the initial treatment. This
capacity might be larger or lower when biostimulation is induced in situ in the field. Induced reduction
capacity will depend on the water chemistry, including the availability of oxygen, nitrate, and the presence
of other redox active substrates. No clogging was observed in the column at any time during the
experiment based on no observable reduction in the flow rate produced by the syringe pump feeding the
column, which is sensitive to back pressure.

2.0 RATIONALE FOR SELECTION OF LOCATIONS FOR TESTING

A phased approach is proposed for the pilot testing. During phase one, two tests are proposed: a
chemical amendment at R-42 and a biostimulant amendment at R-28. Information obtained from these
tests will be used to select the amendment approach for a cross-hole test between CrPZ-1 and CrEX-2
(Figure 1.0-1). The cross-hole test location is expected to provide even better information on aquifer
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characteristics and potential treatability than either of the single-well test locations. The goal is to optimize
the study design based on information from the two test sites and apply it at the cross-hole location.

2.1 Sodium Dithionite at R-42

The R-42 location is selected for the sodium dithionite deployment because it has the highest Cr(VI)
concentrations observed in the plume (currently around 700 ug/L), and therefore it offers the opportunity
to evaluate Cr(VI) reduction capacity more quickly than at other locations. Additionally, hydraulic
responses to pumping from nearby extraction wells CrEX-1 and CrEX-3 indicate that the R-42 location is
somewhat hydrologically isolated from nearby pumping and injection activities that will occur in 2017. This
relative hydraulic isolation means the movement of water in R-42 as a result of pumping at the extraction
wells (CrEX-1, CrEX-2, and CrEX-3) should be minimal, and the planned continuous pumping at R-42 will
thus dominate the local groundwater gradient. Furthermore, push-pull and dilution tracer tests conducted
in 2014 indicated that groundwater flow velocities at R-42 are relatively slow (on the order of 0.1 m/d),
which favors a push-pull test because it makes the test results less dependent on the natural flow velocity
in the aquifer, allowing more straightforward, less uncertain test interpretations. The low natural flow
velocity also makes it much easier to recover injected fluids for evaluation of any adverse geochemical
effects of the dithionite treatment, and it further helps minimize the volume of water that will contain
elevated concentrations of any problem constituents. In the 2014 push-pull test, it was demonstrated that
>90% of the introduced tracer was recovered from R-42 after an 11-d drift period (the time after tracer
injection and before pumping), so any adverse effects (e.g., generation of a transient elevated sulfate
pulse or other undesirable reaction products) should be captured through pumping after the planned 2-d
drift period (see below).

2.2 Molasses at R-28

The R-28 location is selected for the molasses bioamendment because it also has relatively high Cr(VI)
concentrations (currently around 480 ug/L), and it has a very high natural groundwater flow velocity
(estimated to be approximately 1 m/d), which makes the location amenable to a “push-drift” test in which
R-28 is only passively sampled after the injection of the molasses. The test design for the R-28 location is
greatly aided by the results of passive monitoring that was conducted after a tracer injection in R-28 in
2016. That tracer deployment used a total volume of approximately 15,000 gal. of tracer solution plus
15,000 gal. of chase solution (potable water was used for both), which is approximately the total volume
being proposed for the molasses injection (~31,000 gal.). Figure 2.2-1 shows the responses of major
anions and Cr(VI), respectively, in R-28 as a function of time after the 2016 tracer injection under what
should be essentially the same flow and pumping conditions as in the pilot molasses test (CrEX-3 was
pumping during the first 6 wk of the 2016 tracer test). Having this information makes it possible to know
when Cr(VI) levels should return to pre-test concentrations if the water injected into R-28 contained no
molasses. Therefore, the effects of the molasses treatment on Cr(VI) breakthrough can be inferred from
the difference in the observed behavior of Cr(VI) relative to that of Figure 2.2-1. Furthermore, the
breakthrough of the bromide tracer (planned for pilot tests at both R-28 and R-42) will help to identify any
differences in hydrologic conditions relative to the 2016 tracer test, which will be important for test
interpretation. The previous tracer test also provides information on how long the molasses solution is
expected to remain upgradient of R-28 to provide biostimulation of the aquifer. By design, the test will
interrogate only processes occurring upgradient of R-28 because processes occurring downgradient or at
oblique angles to the gradient can be interrogated only by drawing water into the well by pumping.
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3.0 TEST METHODOLOGY
3.1 Sodium Dithionite at R-42
3141 Deployment

A push-pull approach will be used at well R-42. The test will involve injecting an estimated 9000 gal. of a
sodium dithionite (Na2S204) solution containing approximately ~0.05 mol/L (300 kg) dithionite in untreated
R-42 water buffered to approximately pH 7.0 using 250 kg of sodium sulfite (Na2S0Os3). Laboratory tests
have shown that keeping the pH buffered to neutral or alkaline conditions stabilizes the dithionite, and the
sulfite also serves as an additional form of reduced sulfur to help to establish reducing conditions.
Buffering with a sodium bicarbonate/carbonate mixture also stabilizes dithionite, but sodium sulfite is
preferred as a buffer because it will maintain low alkalinity in the dithionite solution and thus avoid calcite
precipitation in the groundwater, which is naturally saturated with respect to calcite. Five kilograms of
sodium bromide (NaBr) will be added to the injection solution to introduce bromide to serve as a
conservative tracer. Monitoring the bromide and breakdown products of the dithionite will provide a basis
for estimating the volume of aquifer that the dithionite affected relative to the volume seen by the tracer
during the deployment. A preinjection sample will be collected to characterize the groundwater chemistry
at the well immediately before dithionite is deployed in the well.

The sodium dithionite solution will be deployed in the well as rapidly as possible with the goal of not
exceeding a 100-ft water level rise in the well. Previous tracer injection rates in R-42 were approximately
15 gallons per minute (gpm) with a 10-12 ft water-level rise in the well. The pump will be removed and
the dithionite solution will be deployed via nonmetallic tremie that will terminate below the water level in
the well but above the screened interval. This configuration will ensure that the dithionite solution is
minimally exposed to air, thus minimizing the potential for degradation before it enters the aquifer.
Because the dithionite solution will be slightly denser than water, the tremie configuration will also allow
the dithionite solution to sink into the well screen and naturally find preferential hydrostratigraphic
pathways. After the sodium dithionite solution is injected, approximately 1000—1500 gal. of potable water
(without dithionite or bromide tracer) will be introduced to R-42 as “chase” water to flush the dithionite
solution out of the well and filter pack. Potable water will be used for the chase water because it has no
Cr(VI) other than naturally occurring concentrations.

The injected solution will be allowed to sit in the aquifer for 2 d before continuous pumping at R-42
begins. The continuous pumping rate is yet to be determined but is expected to be between 3 and 8 gpm,
depending on the pump used. Continuous, extended pumping will occur to facilitate breakthrough of
chromium and related redox sensitive constituents (e.g., nitrate). Because water generated from
continuous pumping will need to be dispositioned via land application, continuous pumping will not be
conducted for the period when land application under the Laboratory’s Discharge Permit (DP-1793) is not
allowed because of frozen ground conditions, nominally between December and approximately the end of
March. At 3 gpm, the lowest expected pumping rate, the equivalent of 1 injection volume (approximately
10,000 gal.) of dithionite solution plus chase water will be extracted from the well approximately every

2.3 d. During the first several days of pumping, elevated concentrations of both sodium and sulfate are
expected because these are the two primary breakdown products of sodium dithionite. Additionally,
elevated concentrations of sulfite can be expected as well as elevated concentrations of iron and
manganese that will be liberated as reduced species from aquifer sediments. Naturally occurring arsenic
may be also liberated. Reduced iron, manganese, or arsenic will reoxidize when they encounter the
naturally high dissolved oxygen content (6—7 mg/L) in groundwater outside the treated zone. The pulse of
sodium and sulfate generated through breakdown of the dithionite will be largely removed during the
continuous pumping at R-42 during the first 2 wk of continuous pumping.
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3.1.2 Sampling Program

Samples will be collected during the pumping phase to analyze for the bromide tracer, iron, manganese,
Cr(VI), nitrate, sulfate, pH, alkalinity, and various trace metals such as arsenic, selenium, and uranium.
Although these are the species of greatest interest, the analyses will be conducted for a full suite of
cations and anions. Upon initiation of pumping at R-42, sampling will be conducted at least twice daily for
the first 2 wk. Field parameters will also be collected and measured through a flow-through cell. The
frequency of sampling may then be adjusted according to the results of the initial 2 wk of data and in
consultation with the New Mexico Environment Department (NMED). On-site field instrumentation will be
used to attempt to measure reduced sulfur species, including dithionite, in real time. Real-time field data
may also be collected periodically using HACH kits for iron, manganese, sulfide, and sulfate to guide the
sampling program. The concentration histories of these species relative to the bromide tracer will provide
key information on the aquifer volume that was effectively treated by the dithionite injection. Note that
many samples will also be collected of batches of injection solution and analyzed for dithionite and
bromide, as well as major ions.

Hydraulic testing will be conducted in R-42 after breakthrough occurs to characterize potential changes in
hydraulic conditions within the treatment zone.

3.2 Molasses at R-28
3.21 Deployment

A push-drift test is planned for the molasses deployment at R-28. Before the molasses is injected, the
existing pump in R-28 will be pulled and the well will be redeveloped to remove any biofilm present in the
lower portion of the screen. Biofilm has historically been observed in video logs run in R-28.
Redevelopment will involve swabbing, surging, bailing, and pumping to remove as much of the existing
biofilm as possible. The pump will then be removed to allow injection of molasses via a tremie set
downhole below the water level in the well and above the screen. As with the dithionite, the tremie
configuration will allow the molasses solution to sink into the well screen and naturally find preferential
hydrostratigraphic pathways. A preinjection sample will be collected to characterize the groundwater
chemistry at the well immediately before molasses is deployed in the well.

Approximately 48,000 Ib of a 20% molasses solution will be mixed into approximately 25,000 gal. of
untreated R-28 water, and the resulting approximately 30,000 gal. of diluted molasses solution will be
injected into R-28. The injection solution is expected to be approximately 38.4 g/L molasses. Ten
kilograms of NaBr will also be added to the injection solution, with the bromide serving as a conservative
tracer. The intent is to complete the entire injection in 1 d, which should be feasible because of the high
flow capacity of this well. During the 2016 tracer injection, 30,000 gal. of water was injected in a single 8-h
shift, an average of over 60 gpm.

Molasses injection will be followed immediately by approximately 1000—1500 gal. of potable chase water
mixed with approximately 150 gal. of 95% denatured ethanol to briefly sterilize the well and surrounding
filter pack and aquifer. The ethanol solution will rapidly drift out of the filter pack, and microbial growth will
eventually be stimulated in the well as molasses and native microbes drift back in, but the ethanol
treatment should suppress rapid growth of residual biofilms that are not removed by the well
redevelopment procedure described above. The ethanol is not expected to play a significant role in
observable biogeochemical changes because it will rapidly drift downgradient of R-28, and most of its
biostimulation effects will therefore not be observable. Potable water will used for the chase water
because it has no Cr(VI) other than naturally occurring concentrations. The pump will be reinstalled
immediately after the molasses and chase-water injection and set low in the sump and pumped to remove
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any molasses solution that may have settled into the sump. The pump will then be raised to a position
approximately mid-screen and set up for frequent sampling at the well-head using a circulation loop.

3.21 Sampling Program

R-28 will be monitored for bromide tracer, iron, manganese, Cr(VI), nitrate, sulfate, pH, alkalinity, and
various trace metals such as arsenic, selenium, and uranium (same as with the dithionite test) with the
addition of total organic carbon. The microbial density in groundwater will be also be monitored, although
it will be used only qualitatively because the majority of the biomass growth is expected to remain fixed on
sediments. Sampling will begin immediately following reinstallation of the sampling pump and circulation
system. Sampling will be conducted twice daily for at least the first 2 wk. Field parameters will also be
collected and measured through a flow-through cell. The frequency of sampling may then be adjusted
according to the results of the initial 2 wk of sampling and in consultation with NMED. The volume water
in the circulation loop will be removed before each sample is collected. Note that many samples will also
be collected of batches of injection solution and analyzed for molasses (via total organic carbon) and
bromide as well as major ions.

The concentration histories of these species relative to the bromide tracer will provide key information on
the aquifer volume that was effectively treated by the molasses injection. The circulation loop will not be
run continuously because this will raise the temperature in the well and potentially induce biofouling as
the molasses solution (organic carbon) drifts back through the well under natural flow conditions (with
some flow also presumably induced by the pumping of CrEX-3 nearby). Based on the results of the 2016
tracer test, the portion of 30,000-gal. solution that is pushed upgradient can be expected to pass through
R-28 wellbore by natural flow within about 2 mo, with the concentrations of either molasses or its reaction
products (or both) remaining high for about 1 mo and then steadily declining for the next month until
background levels are reached (Figure 3.2-1). Depending on what is observed during the passive
monitoring of R-28, a decision may be made to conduct continuous pumping to induce breakthrough of
Cr(VI) into the well.

Hydraulic testing will be conducted in R-42 after breakthrough occurs to characterize potential changes in
hydraulic conditions within the treatment zone.

4.0 KEY MONITORING INDICATIONS

Monitoring at both R-42 and R-28 will mainly address the Cr(VI) reduction capacity induced by the
treatments and the generation of byproducts that could have potential adverse effects (including
biofouling at R-28). Based on laboratory experiments, it is expected that the reduction capacity induced
by the dithionite treatment at R-42 could approach or exceed 100 pore volumes, which would mean that
as much as 1,000,000 gal. may have to be pumped from R-42 before significant Cr(VI) breakthrough
occurs (i.e., 100 times the amendment volume of 10,000 gal.). At a pumping rate of 3 gpm, it would take
about 230 d for Cr(VI) breakthrough, and at 8 gpm, it would take about 86 d. However, these estimates
are considered to be upper limits for reduction capacity because the sediments in laboratory experiments
were likely much more efficiently reduced by dithionite than they will be in the aquifer. Also, non-ideal flow
effects from differences in vertical flow distribution within the well during dithionite injection relative to flow
distribution during pumping (for instance, from density-driven flow of the concentrated dithionite solution)
could result in earlier breakthrough of Cr(VI). The return concentrations of the bromide tracer will help to
evaluate the effectiveness of the dithionite treatment if this occurs (the bromide response can be used to
account for the effects of non-ideal flow). Also, slower than anticipated kinetic effects could potentially
result in earlier than expected breakthrough of Cr(VI) [i.e., Cr(VI) could move through the treated zone too
quickly to be entirely reduced]. Potential kinetic effects can be evaluated by interrupting the pumping of
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R-42 to increase residence times in the treatment zone or possibly by changing (lowering) the R-42
pumping rate. The effective volume of aquifer treated by the dithionite relative to the total volume of
dithionite solution injected will be estimated by comparing the responses of the bromide tracer with key
dithionite reaction byproducts, including dissolved iron and manganese, as well as various sulfur species
that are reaction products of dithionite consumption. It is anticipated that the vast majority of groundwater
with elevated total dissolved solids (TDS) and byproduct concentrations will be pumped from R-42 within
approximately the first 30,000 gal. of pumping. In column experiments, the high-TDS water transports
effectively conservatively, and significantly elevated concentrations of byproducts do not linger more than
a few pore volumes.

At R-28, monitoring will include measurements of total organic carbon concentrations (as an indication of
molasses concentrations) in addition to measurements of Cr(V1), nitrate, dissolved iron and manganese,
and sulfate/sulfide. These measurements will provide information on the bioconsumption rate of the
molasses and the establishment of reducing geochemical conditions that should be conducive to Cr(VI)
reduction. It is not anticipated that any geochemical signature of the amendment deployment will be
observed at CrEX-3 because the tracers injected into R-28 in 2016 were not detected in CrEX-3 during
the 6 wk that CrEX-3 pumped after the tracer deployment. Based on the results of laboratory
experiments, it is expected that Cr(VI) will not appear in the passively monitored R-28 for at least 1 yr,
although as in the case of the dithionite deployment at R-42, the largest uncertainty associated with this
prediction is how uniformly the molasses is distributed hydrologically during the deployment (with the
main concern being density-driven flow effects).

As at R-42, the response of the bromide tracer will help separate out any effects of non-ideal flow during
the deployment. A delayed disappearance of the bromide tracer relative to the observed disappearance
of tracers after the 2016 tracer injection may indicate biofouling of the aquifer and well. Such a delay
would suggest that flow rates through the aquifer in the vicinity of R-28 have decreased relative to that
observed during the 2016 tracer test. If the appearance of Cr(VI) takes more than a year, pumping of
R-28 may be considered. The treated aquifer volume is expected to be essentially equal to the
30,000-gal. injection volume of the bioamendment solution divided by effective porosity because
laboratory data suggest molasses transports almost conservatively and its bioconsumption is delayed by
a few days, so it should go where the bromide tracer goes during the deployment. Monitoring of the
bromide tracer, molasses, and various biogeochemical reaction products will verify this expectation.

At both R-42 and R-28, once initial breakthrough of Cr(VI) occurs, selected samples may be analyzed for
chromium isotopes (°3Cr/52Cr) to determine if Cr(VI) is being partially reduced as it moves through the
treatment zone as indicated by enrichment in the heavier chromium isotope relative to well-established
ratios for the regional aquifer elsewhere in the chromium plume.

5.0 REPORTING

A quarterly summary report is proposed for the pilot-scale testing. Reports would include monitoring data
from each location and interpretation of the results collected over the period of record before each report.
The goal is to deploy each of the amendments described in this work plan by September 15, 2017. The
first report will be submitted to NMED by January 30, 2018, and quarterly, thereafter. A recommendation
to terminate summary reports would be included in a summary report at a time that chromium
breakthrough defined by approximately 50% of the chromium concentration at each well before
introduction of the amendment. Additional considerations regarding the disposition of pumped water will
need to be addressed when contaminant concentrations greater than land-application limits (e.g., 45 pg/L
for chromium) are produced at the wellhead. The cross-hole test between CrPZ-1 and CrEX-2 using a
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preferred amendment and a refined deployment plan will be proposed when sufficient information is
available to support a work plan for the cross-hole amendments test.

6.0 WASTE MANAGEMENT

All investigation-derived waste (IDW) generated during the pilot-scale amendments testing will be
managed in accordance with EP-DIR-SOP-10021, “Characterization and Management of Environmental
Programs Waste.” This procedure incorporates the requirements of all applicable U.S. Environmental
Protection Agency and NMED regulations, U.S. Department of Energy orders, and Laboratory
implementation requirements, policies, and/or procedures. IDW will also be managed in accordance with
the approved waste characterization strategy form for well rehabilitation.
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Injection, extraction, and monitoring wells in the area of the chromium plume
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concentrations (C/Co, where C is measured concentration and Co is injected concentration) of nitrate as a function of pore volumes eluted through each column. Cr(VI) never appeared above detection limits in
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Figure 1.0-4  Breakthrough profiles of Cr(VI) and tritium (both expressed as C/Co) in a column filled with SCI-2 sediments and biostimulated with 3.4 g/L molasses, injected only while the tritium was injected (about 2.3 pore

volumes). Untreated R-42 water containing 950 ug/L at pH of 7.5 was continually injected through the column at an average flow rate of 1.8 mL/h. The pore volume of the column was 82.4 mL, resulting in a mean
column residence time of about 47 h. The pH dropped to about 5.5 at the end of the molasses pulse but rebounded to 7.5 very rapidly. Nitrate was also reduced during the initial 15 pore volumes. The tritium pulse
shown in red squares represents the breakthrough of a conservative tracer, and later experiments showed that it also approximates the breakthrough behavior of molasses. Total organic carbon concentrations

(a proxy for molasses) were not measured in this experiment because of the presence of tritium in the samples.
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R-28 Normalized Concentrations
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Trends for four constituents at monitoring well R-28 following injection of 30,000 gal. of potable water on September 29, 2016 (T = 0). Left panel shows the trends in concentrations;
right panel shows the trends normalized to the concentrations present in the well before injection of potable water. Concentrations of chromium increased to levels above the T =0
concentrations as tracer and chase water drifted away from the well. Increases over the T = 0 concentrations shown as C/Co values greater than 1 may be from pumping at nearby

CrEX-3 or CrEX-1.
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R-28 Tracers
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Figure 3.2-1  Breakthrough curves for deuterium and sulfonate tracers in R-28. Molasses concentrations would be expected to remain high during the time the tracer concentrations
were increasing and then to decline at approximately the same time and rate as the decline in tracer concentrations.
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