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1.0 INTRODUCTION 

This sixth quarterly report presents results of two pilot-scale amendment tests conducted to evaluate 
feasibility for in situ treatment of hexavalent chromium [Cr(VI)] in the regional aquifer. The study is being 
conducted in accordance with the “Pilot-Scale Amendments Testing Work Plan for Chromium in 
Groundwater beneath Mortandad Canyon” (LANL 2017, 602505) as approved by the New Mexico 
Environment Department (NMED) (2017, 602546). The deployments occurred at regional groundwater 
monitoring wells R-42 and R-28. Sodium dithionite was injected into R-42 in late August 2017 and 
molasses was injected into R-28 in early September 2017 (Figure 1.0-1). The objectives of the tests are 
to evaluate (1) the ability of the amendments to reduce dissolved-phase Cr(VI) to insoluble and immobile 
trivalent chromium [Cr(III)] in the regional aquifer, (2) the longevity of the treatments in keeping Cr(VI) 
concentrations low (i.e., reduction capacity), (3) any adverse geochemical effects and their persistence, 
and (4) any adverse hydrological impacts of the treatments on hydraulic properties of the aquifer.  

The first quarterly report, issued at the end of January 2018 (LANL 2018, 602862), provided details of 
how the amendments were deployed and of the pumping and sampling strategies in each of the test 
wells, as well as the geochemistry data from the tests, through the end of calendar year 2017. The 
second quarterly report (LANL 2018, 603031) provided (1) an update of the geochemistry data from the 
two amendments tests, (2) the results of a borehole dilution tracer test that was conducted in R-42 in 
January 2018 to estimate the post-amendment ambient groundwater flow velocity through the R-42 
screened interval, and (3) an analysis of pre- and post-amendment drawdown data from both R-42 and 
R-28 to evaluate the effects of the amendments on near-well hydraulic conductivity. The third and 
fourth quarterly reports (N3B 2018, 700032; N3B 2018, 700108) provided an update of the geochemistry 
data from the two amendments tests. The fifth quarterly report provided updates on the geochemistry at 
R-42 and R-28, including data from extended purge events conducted in October and November 2018 
(the “October 2018 purge”), and additional samples collected in December 2018 (N3B 2019, 700214).  

This sixth quarterly report provides an evaluation of groundwater geochemistry from the first sampling 
event conducted in March 2019 as the beginning of a series of forthcoming biweekly events that employ 
time-series sampling during 1000-gal. purges at R-42 and R-28. The report also includes an updated 
analysis of hydraulic behavior at the two wells to explore insights into whether there have been reductions 
in aquifer permeability associated with the tests or chromium reduction. An analysis of the amount of 
chromium reduction to date at each of the two test wells is also presented. 

An update on an ongoing evaluation of the geochemical condition at extraction well CrEX-3 is also 
included. The geochemistry at CrEX-3 appears to be showing effects related to one (or both) of the two 
amendments tests and has resulted in having to pause continuous pumping at CrEX-3 because the 
geochemistry of its water is causing plugging of influent bag filters at the treatment system. 

All of the new geochemistry data associated with these samples are included in Attachment 1 (on CD 
included with this document, plotted along with previously reported data). 

As described in section 5.0 of this report, it is recommended that the next status report be submitted at 
the end of December 2019. 
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2.0 UPDATE OF AMENDMENT TEST GEOCHEMISTRY RESULTS  

2.1 Sodium Dithionite at R-42 

Figure 2.1-1 shows an updated plot of the concentration trends of selected dissolved cations and metals, 
including chromium, measured in samples collected from R-42 as a function of time. Operational timelines 
and operational descriptions are also provided in Figure 2.1-1 (and in subsequent R-42 Figures 2.1-2 
through 2.1-14). The approximate timeline for injection batches are plotted near the left-most of the vertical 
dashed timelines presented on each figure. Operational activities to the right of the amendment injection 
included the start of continuous pumping of R-42 in August 2017, and then the subsequent transition in 
September 2017 to pumping 5 days/wk (8 hr/day) from the well. This pumping was stopped in October 
2017. Biweekly 50-gal. purges were initiated after a dilution tracer test was conducted in January 2018, as 
described in the second quarterly report (LANL 2018, 603031). Following the dilution tracer test, each 
sampling event involved an approximate 50-gal. purge and did not include injections or water circulation. 
From October 22 and until November 2, 2018, an extended semicontinuous purge and sampling event was 
conducted at approximately 3 gallons per minute (gpm) (2.9 gpm) for 170 hr during the period. This R-42 
3-gpm purge and sampling event was conducted to obtain samples representing groundwater further into 
the aquifer than is likely achieved during the 50-gal. purges. Beginning on March 19, 2019, biweekly 
sampling began involving time-series sample collection across 1000-gal. purges. Samples were collected 
at approximately 50, 350, 700, and 1000 gal. The objective was to evaluate whether purging beyond 
50-gal. would provide data more representative of the aquifer further from local-scale conditions that may 
persist near the well. 

As Figure 2.1-1 shows, there was a period that lacked purging/sampling that occurred from April 19 to 
June 13, 2018. This sampling hiatus is a result of the transition of environmental work conducted by the 
U.S. Department of Energy Environmental Management Los Alamos Field Office’s contractor Los Alamos 
National Security, LLC (LANS) to Newport News Nuclear BWXT-Los Alamos, LLC (N3B) beginning on 
April 30, 2018. 

Figures 2.1-2 through 2.1-14 either show the full amendment period as in Figure 2.1-1, or the figures 
show a focused period that depicts only the more recent data from March 19, 2019, when the 1000-gal. 
purge event was conducted. This was the first event of a series of forthcoming 1000-gal. purges.  

Figures 2.1-3 and 2.1-4 focus only upon a subset of the analytes (i.e., iron, manganese, and arsenic). 
Figures 2.1-5 and 2.1-6 focus on sodium and sulfate. Figures 2.1-7 and 2.1-8 show concentration trends 
for some of the other elements of interest, including arsenic and selenium over the full amendment 
period. 

Figures 2.1-9 and 2-1.10 show concentration trends for selected anions. Figures 2.1-11 and 2.1-12 
focuses on a subset of recent data for nitrate and nitrite only. Figures 2.1-13 and 2.1-14 focus on recent 
bromide data. 

Cr(VI) concentrations (measured as total chromium) in R-42 decreased to below the New Mexico 
groundwater standard of 0.05 mg/L soon after the dithionite deployment and have remained well below 
this level. Since the beginning of 2018 and including the March 2019 purge, chromium concentrations 
have remained at levels below 0.01 mg/L (Figure 2.1-1), which suggests that the aquifer in the vicinity of 
R-42 maintains sufficiently reducing conditions to reduce and immobilize Cr(VI). The pH before, during, 
and following the October 2018 purge is approximately 7.0 standard units. This value remains 
significantly lower than pre-deployment values that were near 8.0. The persistence of these lower pH 
values is indicative of a continued influence from geochemical reactions following the dithionite 
deployment. 
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Concentrations of dissolved iron have persisted at elevated levels over the better part of the past year 
and at concentrations approximately a thousand times higher than the pre-amendment level (i.e., 10 mg/L 
versus 0.01 mg/L). There was a period in late 2017 when iron was lower, likely because of the use of a 
sampling circulation loop. The loop drew water from the well and up to the surface sampling point and 
then returned unsampled water back down into the well. In the process, atmospheric oxygen was likely 
introduced into the well water prompting iron oxidation and precipitation in the well bore and minimized 
iron concentrations in samples. Following a slow but steady decline in dissolved iron over the past year 
during which the 50-gal. purge sampling method was conducted, the extended purge conducted in 
October 2018 prompted an increase in the iron concentration from approximately 10 to 15 mg/L 
(Figures 2.1-3 and 2.1-4). The level has fallen further (to 8 mg/L) during the recent 1000-gal. purge 
samples, indicating a partial return towards pre-amendment conditions.  

Manganese and arsenic trends are also shown in Figures 2.1-3 and 2.1-4. The trend for arsenic during 
the March 2019 purge correlates with that of iron, which fell. Manganese increased from 2.65 to 
3.64 mg/L during the purge. Both manganese and arsenic exhibited elevated levels shortly after 
amendment injections. These levels have been slowly diminishing over the past year. Concentrations of 
both manganese and arsenic have remained well above pre-amendment levels, indicating persistent 
reducing conditions (i.e., the pre-amendment level is approximately 0.001 mg/L for both). Similar to iron, 
the manganese and arsenic levels suggest that the purge captured groundwater that exhibits reducing 
conditions.  

Figures 2.1-5 and 2.1-6 present sodium and sulfate trends. The amendment, containing sodium dithionite 
and sodium sulfite (and to a lesser extent sodium bromide), was the origin of the elevated sodium. These 
chemicals also provided the sulfur that acted as the primary sulfur source that produced sulfate through 
oxidation reactions. Sulfate has been the most prominent anion measured in R-42 since the 
amendments. Sodium has helped to ionically balance sulfate (i.e., maintain charge balance) in samples 
following the time of the amendment. Sodium has most likely acted as an accompanying ion to sulfur 
species during the amendment test (i.e., accompanied sulfate and other more reduced sulfur species 
such as sulfite) and can be considered as a tracer to the sulfur species. Sulfate and sodium levels initially 
spiked upwards following amendment deployment and then subsequently trended downwards. At first, 
during post-amendment pumping, the sulfate and sodium levels fell rapidly, and then during later phases 
the levels decreased more slowly as they began approaching pre-amendment levels. During the 
March 2019 purge, sulfate persisted above the pre-amendment levels of approximately 80 mg/L. The 
sulfate level also increased from 175 to 237 mg/L over the course of the purge. 

Before the October 2018 purge event, the diminished sulfate and sodium levels had fallen to levels 
approximately double their historical concentrations (from June 2016, before a local test that involved a 
sodium addition). The data from the October 2018 purge resulted in increased levels of both, possibly 
drawing concentrations of these now soluble species from downgradient (i.e., the migration area as 
shown in Figure 2.1-17). It is also possible that sodium and sulfate were present in low permeability 
zones near the well that the 50-gal. purges were accessing. Following peaking of levels during the 
October 2018 purge, sulfate and sodium levels began to decrease, suggesting that the pumping also 
began reaching further out towards the influence of aquifer regions where concentrations of both are 
lower. Like the previous purge, the March 2019 1000-gal. purge also drew in subsequently higher 
concentrations of both sodium and sulfate. 

Figures 2.1-11 and 2.1-12 illustrate the long-term and recent trends for both nitrate and nitrite. The nitrate 
has been depressed below pre-deployment levels since the end of the post-amendment purges, indicating 
a continued reduced state in the R-42 samples from October 2017 to mid-October 2018. With the 
exception of a single outlying data point, nitrite was not detected during this period. As shown in 
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Figure 2.1-6, upon the start of the recent October 2018 purge, nitrite appeared while nitrate nearly 
disappeared. The nitrate-to-nitrite flip appears to represent a shift that was close to stoichiometric in regard 
to nitrogen. In the recent March 2019 purge samples, nitrate increased and nitrite decreased, potentially 
indicating a more oxidative environment. However, nitrate at low levels of 0.5 mg/L is still well below the 
pre-amendment level of approximately 20 mg/L of nitrate. 

Figures 2.1-13 and 2.1-14 show long-term and recent trends for bromide. Bromide originated from the 
co-deployed amendment tracer (i.e., sodium bromide). The bromide was predominantly captured during 
the initial post-amendment months when continuous pumping was conducted. Bromide levels steadily 
trailed off until August 2018, when the concentration essentially reached pre-deployment levels of 
approximately 0.2 mg/L, indicating a return of ambient groundwater conditions with respect to 
conservative ions. Like sodium and other analytes previously described, bromide exhibited a modest 
increase in concentration during the October 2018 purge. The concentration held relatively stable in the 
sample following the purge. Although the increase in bromide was modest (from approximately 0.22 to 
0.45 mg/L), the increase indicates that the October 2018 purge effectively reached further into the radius 
of influence (ROI) and possibly also into downgradient migration zones (see Figures 2.1-15 through 
2.1-17 for an illustration of a conceptualized model of amendment study stages over time), or into low 
permeability zones adjacent to the well that the 50-gal. purges did not access. The concentration of 
bromide fell towards pre-amendment levels during the March 2019 purge.  

Concentrations of other constituents (e.g., calcium, magnesium, potassium and chloride) remain close to 
pre-amendment levels. 

The March 2019 1000-gal. purge suggests that ROI region(s) in the R-42 vicinity are still exhibiting 
reducing conditions. The dissolved oxygen and oxidation-reduction potential field measurements also 
remained low, indicative of reducing conditions. Breakthrough or near-breakthrough of ambient levels for 
species that are not susceptible to reducing ROI conditions is evident for calcium, magnesium, and 
chloride. 

Concentrations of other elements or ions not shown in Figures 2.1-1 through 2.1-14 can be found in 
Attachment 1 (on CD included with this document). 

2.2 Molasses at R-28 

Overall, conditions are similar in the recent 1000-gal. purge, as were conditions at the end of the purge in 
October, and continue to show Cr(VI) reduction and precipitation. 

Figure 2.2-1 shows an updated plot of the concentration trends of selected dissolved cations and metals, 
including chromium, measured in samples collected from R-28 as a function of time. Operational timelines 
or other operational descriptions are also provided in Figure 2.2-1 (and in subsequent R-28 Figures 2.2-2 
through 2.2-14). The approximate timeline for injection batches are plotted near the left-most of the vertical 
dashed lines presented on each figure. The other vertical dashed lines shown to the right indicate 
subsequent dates when operational activities were conducted. Chronologically, following the amendment 
injection, these operational activities included the start of “no net pumping,” a 1000-gal. purge sample, and 
a transition to 50-gal. purge sampling. Finally, from October 22 and until November 2, 2018, an extended 
semicontinuous purge and sampling event was conducted at approximately 2.6 gpm (for 170 hr during the 
period). As Figure 2.2-1 shows, no purging/sampling occurred from April 19 to June 13, 2018. This gap in 
sampling is a result of the transition of environmental work from LANS to N3B. On March 19, 2019, a 
1000-gal. purge was performed where four samples were taken at times that were spread throughout the 
purge with the goal to obtain samples representing groundwater further into the aquifer than is likely 
achieved during the 50-gal. purges. 
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Figures 2.2-3 and 2.2-4 focus on chromium, pH, and total organic carbon (TOC). Following the injection, 
chromium concentrations increased to greater than 1.5 mg/L, potentially associated with small-scale 
leaching of the stainless-steel well screen. Following the 1000-gal. purge in November 2017, chromium 
concentrations declined from approximately 0.15 mg/L following the purge to approximately 0.065 mg/L in 
April 2018. During this period, pH was low (less than 5.5, with two exceptions) likely because of the 
production of organic acids from fermentation. At these lower pH levels, organic acids concentrations are 
assumed to correlate with the concentration of TOC, which remained elevated, at approximately 
1000 mg/L in April 2018. The data indicate that the persistence of Cr(III) produced from reduction of Cr(VI) 
in groundwater was caused by the increased solubility of Cr(III) minerals at the observed pH levels and 
potentially additional complexation by organic acids. The pH data was not collected from April through the 
October 2018 purge event. During this period, as TOC (and organic acids) declined, reaching a minimum 
of 102 mg/L on September 17, 2018, this decline is believed a probable factor that caused chromium 
concentrations to decrease to below 0.05 mg/L during mid-July 2018. The chromium concentration has 
remained below 0.05 mg/L since that time. During the October 2018 purge, chromium concentrations fell 
further and to the lowest levels yet observed (approximately 0.01 mg/L), while pH increased to above 5.5 
indicating diminishing levels of organic acids. TOC concentration initially increased during the purge and 
then fell back towards pre-purge levels. The data indicated a different geochemical environment in the 
aquifer adjacent to R-28 compared with the area in the aquifer further into the ROI. The rise in observed 
pH and fall in chromium levels over the October 2019 purge suggested falling concentrations of organic 
acids that would solubilize chromium. The March 2019 1000-gal. purge continued with trends similar to the 
October 2018 purge where pH further increased and chromium further decreased. These chromium results 
indicate the longevity of the Cr(VI)-reducing conditions generated by the injected molasses. 

Figures 2.2-5 and 2.2-6 focus on the iron and manganese data. Dissolved iron and manganese were 
initially generated after the molasses injection. Following a general decline over the subsequent test 
period, both iron and manganese levels have remained elevated throughout the test and recently remain 
at about three orders of magnitude higher than pre-amendment levels. Both iron and manganese levels 
were observed to rise, prompted by the beginning of the October 2018 extended purge followed by falling 
concentrations. These initial increases indicated that the pumping reached further out into the ROI. The 
concentrations decreased as a result of the March 2019 purge. 

Figures 2.2-7 and 2.2-8 show concentration trends for some of the other elements of interest, including 
arsenic and selenium. Arsenic has demonstrated a slow and steady decline since February 2018. The 
purges may have accelerated the rate of decline in arsenic levels, which fell from 0.007 to 0.004 mg/L. 
With one exception at 0.014 mg/L in June 2018, selenium has remained undetected since March 2015. 
Although nickel levels fell overall throughout the period, the purge drew higher nickel levels temporarily. 
The recent samples following the purge exhibit the lowest nickel concentration values to date. 

Figures 2.2-9 and 2.2-10 show concentration trends for selected anions. Chloride concentrations generally 
fell throughout the test period, starting from elevated concentrations above 1000 mg/L in the molasses 
amendment and approaching historical background levels in the most recent sample set. The October 2018 
and March 2019 purges accelerated the rate of decline, indicating that the pumping pulled water from 
portions of the aquifer outside of the ROI. 

Figures 2.2-11 and 2.2-12 illustrate bromide, sulfate, and TOC trends. Sodium bromide is the tracer that 
was introduced with molasses. Sulfate may come from either of two potential sources: (1) from the aquifer 
outside of the ROI that contains approximately 60 mg/L or (2) from the molasses amendment itself, which 
contained approximately 1000 mg/L of organic sulfur that may be converted to sulfate by microbes or 
oxidation. The TOC represents molasses and/or ethanol and metabolic reaction products from each, such 
as organic acids (as described previously in this section). The levels of all three (i.e., TOC, bromide, and 
sulfate) were elevated following the molasses deployment and ethanol chase. Both the bromide and sulfate 
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levels decreased following the ethanol chase (and then rebounded to an extent), TOC levels rose slightly 
following the addition of the ethanol. TOC, bromide, and sulfate levels generally fell over the subsequent 
period as upgradient water flowed through the well and purges were conducted. Sulfate levels fell to below 
pre-amendment concentrations in July 2018, indicating action of sulfate-reducing bacteria in conjunction 
with a general washout of the amendment solution, which contained elevated levels of sulfate. Sulfate 
concentrations rose during the March 2019 1000-gal. purge and, while at 34 mg/L, are still lower than the 
pre-amendment level of 60 mg/L. The increase suggests the pumping of water that is influenced by 
lingering amendment with elevated sulfate or by water from outside of the sulfate-reducing zone. The 
bromide level has been falling since the October 2018 purge and through the March 2019 purge. This is 
indicative that the pumping has drawn out the majority of amendment solution that was still lingering in the 
vicinity of R-28 at the time of the October 2018 purge. TOC levels have held static since the end of the 
October 2018 purge. The levels, which are above 20 mg/L, are still well above the pre-amendment levels 
near 1 mg/L, indicating less microbial consumption and, more specifically, in conjunction with the pH data, 
indicating less fermentation. 

Figures 2.2-13 and 2.2-14 illustrate the nitrate and nitrite trends during the test progression. Nitrate has 
been reduced below pre-deployment levels since deployment of the molasses and ethanol. Nitrite 
exhibited an initial spike following molasses deployment, followed by a depression subsequent to the 
ethanol chase. Following a partial rebound in September 2017, the nitrite has been generally decreasing. 
More recently, since about July 2017, both nitrite and nitrate have been decreasing more visibly, as shown 
in Figure 2.2-13. The levels of both nitrate and nitrite fell to nondetect during the October 2018 extended 
purge event and also remained nondetect after the last sample collected in December 2018. This may 
indicate that the nitrogen sources in the molasses were consumed by microbes and that any nitrogen 
contribution from the aquifer was also consumed, or that more electrons in the reducing water are going to 
denitrification versus fermentation and sulfate reduction compared with the condition of the near-well 
environment before purging. Concentrations of both held relatively steady and low since the October 2018 
purge and through the March 2019 purge. Nitrate increased only slightly and nitrite had a subtle 
decreasing trend possibly indicating the return towards more oxidative conditions. 

Concentrations of other constituents have held static since the October 2018 purge and through the 
March 2019 purge. Potassium is holding and still well above pre-amendment levels (Figure 2.2-1). 
Sodium and calcium stayed near pre-amendment levels. 

Concentrations of other elements or ions not shown in the figures can be found in Attachment 1 (on 
CD included with this document). 

3.0 ESTIMATES OF CHROMIUM AMOUNTS REDUCED IN R-42 AND R-28 PILOT AMENDMENT 
TESTS 

Estimates of Cr(VI) reduced in the R-42 and R-28 pilot amendments tests are broken into two separate 
calculations for each well: (1) reduction resulting from drawing Cr(VI)-bearing groundwater into/through the 
treatment zone as a result of pumping the wells, and (2) reduction resulting from natural groundwater flow 
through the treatment zone during periods of no pumping. In both cases, it is assumed that the water 
moving into/through the treatment zone had an average Cr(VI) concentration equal to what was measured 
in the respective wells before the amendment additions (approximately 0.7 mg/L for R-42 and 
approximately 0.5 mg/L for R-28). It is also assumed that all the Cr(VI) in the water moving into/through the 
treatment zone was completely reduced. The latter assumption is justified by the observation that there 
has been little or no Cr(VI) detected in either well since the amendment additions, and it is also supported 
by the observation of persistent elevated concentrations of the reduced iron (Fe2+) and manganese (Mn2+) 
species in both wells, which are fundamentally incompatible with the presence of Cr(VI). 
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3.1 Contributions from Pumping at Both Wells 

The calculation of the contribution from pumping for each well is straightforward, and it should have 
relatively little uncertainty. The cumulative pumped volumes from each well is multiplied by the respective 
pre-amendment Cr(VI) concentrations to arrive at: 

 R-42: (110,000 gal.)(3.785 L/gal.)(0.0007 g Cr(VI)/L) =  approximately 290 g Cr(VI) 

 R-28: (30,000 gal.)( 3.785 L/gal.)(0.0005 g Cr(VI)/L) = approximately 57 g Cr(VI) 

The calculation of contributions from natural flow for each well is more complicated and far more 
uncertain. These contributions are the subject of the next two sections. 

3.2 Contribution from Natural Flow at R-28 

R-28 has not been pumped for most of the time since the molasses amendment injection, and the total 
volume pumped has been only approximately equal to the volume of molasses solution injected. 
Figure 3.2-1 shows the concentration histories of chloride ion (Cl-) and bromide ion (Br-) in R-28 since the 
molasses injection. Both anions are non-reactive, and both were distributed uniformly in the molasses 
amendment solution at concentrations that were significantly elevated over background concentrations 
(Cl- from being a constituent of the molasses, and Br- as an introduced tracer). The concentration 
histories of these two anions in R-28 after the amendment addition can be divided into roughly three 
periods: (1) a period where the concentrations were basically the same as in the injected amendment 
solution (about the first 70 days), (2) a period where concentrations were significantly lower but remained 
relatively steady (about the next 240 days), and (3) a period where concentrations dropped to close to 
background levels but remained slightly elevated over background (the next 240+ days, with this third 
period still continuing). The three periods are shown in Figure 3.2-1 (note that the transitions between 
periods are not abrupt, but rather gradually occur over weeks). The Cl- and Br- behaved somewhat 
differently in that the Cl- concentrations during the second time period are relatively steady, whereas the 
Br- concentrations show a slow, steady decline during this period. The reasons for this are unknown. We 
use the Cl- concentrations for the analyses here, mainly because Br- elutes from an ion chromatography 
column in the tail of the Cl- chromatography peak, and measured Br- concentrations can thus be 
somewhat affected by the chromatographic tailing behavior of Cl-, particularly when Cl- concentrations 
significantly exceed Br- concentrations, as they do here. However, the Br- concentrations would yield a 
similar result if the decline in Br- during the second period were ignored and an average concentration 
were used. 

The post-injection concentrations observed in R-28 reflect the drift of the amendment solution that was 
injected upgradient of the well back toward the well. The direction of drift is also the direction that Cr(VI)-
bearing water is assumed to be moving into the treatment zone. It is assumed that approximately half the 
volume of amendment solution (15,500 gal.) was injected upgradient of the well, and the other half was 
injected downgradient and drifted away from the well (never to be seen again in R-28, and to have no 
effect on R-28 observations in the absence of sustained pumping at a relatively high rate, which never 
occurred). It is also assumed that the concentrations in R-28 reflect a flux-weighted contribution from the 
entire 15,500 gal. of amendment solution that was injected upgradient of R-28, even though only a small 
fraction of the upgradient injection should have ever actually flowed through R-28. The three periods of 
relatively steady but different Cl- (and Br-) concentrations are taken to reflect three different flux 
contributions. The transition from the first to the second period is taken to correspond to the period when 
the molasses solution was replaced by molasses-free inflowing water in the “flow zone” of highest flux, 
and the transition from the second to the third period is taken to correspond to when the molasses 
solution was replaced by inflowing water in the zone of second highest flux. The third flow zone is still 
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presumably contributing amendment solution at a very low rate. The assumed situation is schematically 
depicted in Figure 3.2-2. The volumetric fractions of flow contributed from each of the three flow zones is 
calculated using the concentrations during the three periods as follows: 

 𝑭𝟑 ൌ  
𝑪𝟑ି𝑪𝒃

𝑪𝟏ି𝑪𝒃
 Equation 1 

 𝑭𝟐 ൌ  
𝑪𝟐ି𝑪𝒃

𝑪𝟏ି𝑪𝒃
െ 𝑭𝟑 Equation 2 

 𝑭𝟏 ൌ  𝟏 െ 𝑭𝟐െ 𝑭𝟑 Equation 3 

where, 𝐹௫ = fractional flow contribution from zone that stops contributing amendment solution after period x, 

 𝐶௫ = concentration during period x, 

 𝐶 = pre-amendment background concentration. 

Using the chloride concentrations, and assuming 𝐶ଵ - 𝐶 = 950 mg/L, 𝐶ଶ - 𝐶 = 180 mg/L, and 𝐶ଷ - 𝐶 = 
20 mg/L, 𝐹ଵ = 0.811, 𝐹ଶ = 0.168, and 𝐹ଷ = 0.021. Furthermore, the fraction of amendment solution that 
was injected into each of the three zones can be estimated, which is not necessarily the same as the 
fractions given by 𝐹ଵ, 𝐹ଶ and 𝐹ଷ, as follows: 

  𝑴𝑭𝒊 ൌ  
𝑭𝒊𝑻𝒊

𝑭𝟏𝑻𝟏ା𝑭𝟐𝑻𝟐ା𝑭𝟑𝑻𝟑
 Equation 4 

where, 𝑀𝐹௫ = mass or volume fraction injected into zone that stops contributing amendment solution after 
period x, 

 𝑇௫ = time at which period x ends. 

Assuming that 𝑇ଵ = 70 days, 𝑇ଶ = 310 days, and 𝑇ଷ = 550 days (approximately the current time),  
𝑀𝐹ଵ = 0.471, 𝑀𝐹ଶ = 0.433, and 𝑀𝐹ଷ = 0.096. 

The flow contribution of each zone (in L/day) is calculated by apportioning the 15,500 gal. of amendment 
solution injected upgradient according to the mass fractions given by the 𝑀𝐹௫ values, and dividing by the 
times, 𝑇௫: 

 𝑭𝒍𝒐𝒘𝒊 ൌ  
ሺ𝟏𝟓,𝟓𝟎𝟎 𝒈𝒂𝒍ሻቀ𝟑.𝟕𝟖𝟓

𝑳
𝒈𝒂𝒍ቁ𝑴𝑭𝒊

𝑻𝒊
 Equation 5 

Using the values given above, 𝐹𝑙𝑜𝑤ଵ = 395 L/day, 𝐹𝑙𝑜𝑤ଶ = 82 L/day, and 𝐹𝑙𝑜𝑤ଷ = 10 L/day, which yields a 
total flow of 487 L/day of water flowing into the treated zone through a cross-sectional area perpendicular 
to flow defined by the reach of the 15,500 gal. of amendment solution injected upgradient. It can be 
readily verified that the three individual zonal flows have fractional flows equal to the values of 𝐹ଵ, 𝐹ଶ,and 
𝐹ଷ given above. With this approach, the key assumption is that half the amendment solution is injected 
upgradient, and half is injected downgradient. The flow estimate will be directly proportional to the volume 
assumed to be injected upgradient. It is also assumed that the observations in R-28 are representative of 
the entire cross-sectional area of the treated zone perpendicular to flow. If the injected solution were 
distributed in a cross-sectional area that is two times greater than that of a base case, then it would be 
expected that the upgradient distance the amendment solution was injected to would be approximately 
half that of the base case to conserve volume. In this case, the linear flow velocities perpendicular to the 
cross-sectional area would need to be half the base case velocities to result in the same zonal arrival 
times at R-28, but the linear velocities would be distributed over twice the area, which would result in the 
same volumetric flow through the treated zone. 
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Using the total flux estimate of 487 L/day of inflowing water, and multiplying by a pre-amendment Cr(VI) 
concentration of 0.5 mg/L over a 550-day period, yields an estimate of 134 g of Cr(VI) reduced as a result 
of natural flow around R-28, to date. Given the additional estimate of 57 g reduced during pumping 
(above), the total estimate of Cr(VI) mass reduced in the vicinity of R-28 to date is 191 g. This estimate 
clearly has considerable uncertainty, especially for the contribution from natural flow, given the 
assumptions involved. 

Alternatively, the volumetric flow rate can be estimated through the treated zone using the decline in Br- 
concentrations in R-28 during the second of the three periods shown in Figure 3.2-1, assuming that the 
decline reflects the flushing of a well-mixed volume around R-28 equal to the amendment solution 
volume. The assumption of perfect mixing over approximately 31,000 gal. of pore volume of porous 
media is not precise, similar to the assumption that the concentration decline in R-28 accurately reflects a 
decline in average concentrations over a much larger volume. Also, the fact that the Cl- concentrations 
did not decline as the Br- concentrations did during the second time period further complicates this 
approach. Figure 3.2-3 shows the results of a log-linear fit to the bromide concentration data during the 
second time period, and the resulting volumetric flow rate estimate, given by (-slope)*(31,000 gal.) 
(3.785 L/gal.), is equal to 1067 L/day, or about 2.2 times the estimate of 487 L/day provided above. If this 
value is used instead of the estimate of 487 L/day, the mass of Cr(VI) reduced as a result of natural flow 
would be 294 g instead of 134 g, increasing the total mass of Cr(VI) reduced to 350 g from approximately 
190 g. 

3.3 Contribution from Natural Flow at R-42 

At R-42, an estimate of the natural volumetric flow rate through the treated zone is complicated by the fact 
that nearly 8 times the volume of the injected dithionite amendment solution was pumped from R-42 before 
natural flow conditions were established. This precludes any possibility of applying an estimation approach 
similar to that used for R-28 at R-42. However, similar to the situation at R-28, Br- concentrations did 
decline rather steadily at R-42 for a time period spanning from just after a January 2018 attempt at a 
borehole dilution tracer test to just before an extended purge in October 2018 (Br- was also introduced as a 
tracer with the amendment solution at R-42). Figure 3.3-1 shows the results of a log-linear fit to the Br- 
concentration data during this time period, and the resulting volumetric flow rate estimate through the 
treatment zone is (-slope)*(10,000 gal.)(3.785 L/gal.) = 360 L/day. If the factor of 2.2 difference between 
this type of estimate and the more rigorous flow estimate at R-28 is assumed to apply at R-42, a more 
rigorous flow estimate at R-42 would be 163 L/day. These two flow estimates (360 L/day and 163 L/day) 
result in estimates of 126 and 57 g, respectively, for the mass of Cr(VI) reduced because of natural flow 
through the treatment zone at R-42. Although these mass estimates are considered more uncertain than 
the estimates for natural flow through the treatment zone at R-28, the fact that the estimated mass of 
Cr(VI) reduced as a result of pumping is much greater at R-42 (290 g versus 57 g at R-28) means that the 
greater uncertainty for natural flow at R-42 corresponds to a much smaller fraction of the total Cr(VI) mass 
reduction estimate at R-42 than at R-28. The estimates of total Cr(VI) mass reduced at R-42 are 416 g or 
347 g, depending on which of the above estimates is used for the contribution from natural flow. 
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3.4 Estimates of Natural Flow Rates at R-42 and R-28 before Amendment Additions, and 
Corresponding Estimates of Permeability Reduction by Amendments 

Estimates of natural flow rates through the treatment zones at R-42 and R-28 before amendment 
additions can be obtained by analyzing responses of tracers or conservative species in these two wells 
after injections conducted in 2016. In July 2016, 15,000 gal. of a 0.005 molar bicarbonate (HCO3

-) and 
0.005 molar carbonate (CO3

2-) solution in potable water was injected into R-42. Figure 3.4-1 shows the 
increases in concentrations of conservative species as they moved back into the well, replacing the low-
ionic-strength potable water. It took approximately 90 days for the groundwater to replace the potable 
water in R-42, and using the methods presented above, an estimate of the natural flow rate is given by 
(7,500 gal.)(3.785 L/gal.)/(90 days) = 315 L/day. This is slightly less than the flow rate of 360 L/day 
estimated from the decline in Br- concentrations during the dithionite amendment test, but it is 
approximately twice the value of the 163 L/day estimate obtained by dividing the Br- estimate by 2.2 (the 
factor accounting for the difference between the Br- estimate and the “more rigorous” flow estimate at 
R-28). This result is considered to provide justification for the correction factor of 2.2 because there was 
evidence that the natural flow velocity in the vicinity of R-42 decreased after the dithionite injection, as 
indicated by a decrease in specific capacity in the well after the injection and the fact that the specific 
capacity never fully recovered [see “Second Quarterly Report on Pilot-Scale Amendments Testing for 
Chromium in Groundwater Beneath Mortandad Canyon” (LANL 2018, 603031), April 2018]. Although the 
volume of water injected in 2016 was 15,000 gal. versus only 10,000 gal. of dithionite (plus chase) in 
August 2017, this difference in volumes is considered small enough that the analysis of the 2016 injection 
still provides a valid comparative estimate of the natural flow rate before the amendment test. Note that if 
10,000 gal. had been injected in 2016, the time for groundwater to replace potable water would likely 
have been less than 90 days, so the smaller volume would have been at least partly offset by a shorter 
time used in the flow velocity calculation. If the post-amendment flow rate estimate of 163 L/day obtained 
by applying the factor of 2.2 is used, then it is possible that the permeability in the vicinity of R-42 was 
reduced by about a factor of 2 as a result of the amendment injection. 

At R-28, 15,000 gal. of a tracer solution plus 15,000 gal. of chase water (both potable water) were 
injected on September 29, 2016. Figure 3.4-2 shows the concentrations of conservative species in R-28 
after the injection, and it is apparent that groundwater replaced the potable water after approximately 
60 days. Using the methods presented above, an estimate of the natural flow rate is given by 
(15,000 gal.)(3.785 L/gal.)/(60 days) = 946 L/day. There was no obvious multiple-plateau-concentration 
response, as was observed after the molasses addition at R-28 (Figure 3.2-1), so the assumption is that 
the entire 15,000 gal. injected upgradient of R-28 moved uniformly downgradient. Also, the tracers 
injected into R-28 in 2016 decreased to essentially negligible concentrations after about 60 days, which 
further supports the assumption that the injected water moved uniformly downgradient (Figure 3.4-3 
provides a comparison of the tracer concentration history in 2016 and the Br- concentration history from 
September 2017 through April 2018). The flow-rate estimate of 946 L/day implies almost a factor of 2 
decrease in permeability in the vicinity of R-28 after the amendment addition (using the more rigorous 
estimate of 487 L/day obtained for the post-amendment flow rate). Thus, the fractional permeability 
reduction at R-28 as a result of the molasses amendment addition is estimated to be almost the same as 
the fractional permeability reduction at R-42 (about a 50% reduction).  

Tables 3.4-1 and 3.4-2 provide a summary of specific-capacity estimates for R-42 and R-28 over a period 
spanning deployment of amendments. The specific capacity estimates have clearly decreased over the 
time period following deployment; however, it is not possible to discern whether the decrease is related to 
conditions in the filter pack and/or well screen or whether it is because of conditions in the aquifer within 
the ROI. Recommendations are provided below to further address this question. 
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3.5 Comparison of Cr(VI) Reduced So Far at R-42 and R-28 with Lab-Estimated Reduction 
Capacities for the Two Amendments 

The amounts of Cr(VI) estimated to be reduced per mole of amendment introduced at R-42 and R-28 can 
be compared with laboratory estimates of the reduction capacities for the two amendments. For dithionite, 
estimates of reduction capacity derived from laboratory column experiments ranged from 0.006 to 
0.009 moles Cr(VI)/mole dithionite, and for molasses estimates obtained in a similar manner ranged from 
0.005 to >0.011 moles Cr(VI)/mole molasses [see “Compendium of Technical Reports Conducted Under 
the Work Plan for Chromium Plume Center Characterization,” Attachments 7 and 8 (LANL 2018, 
602964)]. 

The best estimates of Cr(VI) reduction at R-28 and R-42 (from both pumping and natural flow) are 
approximately150 g at R-28 and approximately 350 g at R-42. These masses correspond to 2.9 and 
6.6 moles of Cr(VI), respectively. Neither one of these values reflects a full reduction capacity because 
Cr(VI) is still being reduced at both locations. Approximately 2000 moles of dithionite were injected at 
R-42, and approximately 21,000 moles of molasses were injected at R-28 (assuming a molasses 
molecular weight of 180 g/mole). Thus, the moles of Cr(VI) estimated to be reduced so far per mole of 
dithionite at R-42 is 0.0033, and the moles of Cr(VI) estimated to be reduced per mole of molasses at R-28 
is 0.00014. These values correspond to 35 to 55% of the laboratory-derived reduction capacity estimate for 
dithionite, and 1 to 3% of the laboratory-derived estimate for molasses. Thus, the reduction capacity of the 
dithionite amendment addition at R-42 is estimated to be as much as half consumed, and the reduction 
capacity of the molasses amendment addition is estimated to be only a few percent consumed.  

3.6 Significant Figures of Results 

Different numbers of significant figures were used when reporting the results of the various calculations in 
the analysis and write-up in section 3 of this report. Given the uncertainties associated with the 
assumptions behind the calculations, no more than two significant figures should be reported for any of 
the numbers, and in most cases, it is probably more appropriate to only report one significant figure. 
When a greater number of significant figures is presented, it is done to facilitate reproduction of the 
calculations, not to imply a greater precision or certainty to the numbers. 

4.0 ANALYSIS OF POTENTIAL AMENDMENTS INFLUENCE AT CrEX-3 

Observations in the treatment system, manifested as plugging of the treatment system influent bag filter 
and increasing pressures observed only at the CrEX-3 wellhead, suggest that factors associated with one 
or both of the amendments test may be responsible. Investigations are underway to characterize the 
condition at CrEX-3 and develop a conceptual model for the spatial scale of aquifer that may be favorably 
and unfavorably affected by an amendment deployment.  

As described in the “Semiannual Progress Report on Chromium Plume Control Interim Measure 
Performance” (N3B 2019, 700356), pumping at CrEX-3 has been limited to periodic sampling since the 
middle of 2018 because continuous pumping causes plugging at the influent bag filter within 2 days. This 
condition began approximately 1 yr after deployment of amendments in R-42 and R-28 leading to 
speculation that the condition at CrEX-3 may be related. The influent bag filters have been observed to be 
covered with a reddish substance. Recent wellhead filter tests confirm that the reddish substance 
originates from CrEX-3. Initial microscope observations indicate that the reddish substance is amorphous. 
Slight increases in manganese and arsenic, as well as possible very low concentrations of 
1,6-naphthalene disulfonate observed at CrEX-3 in the Fall of 2018, may indicate a connection between 
CrEX-3 and geochemical conditions associated with molasses testing at R-28. 
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As of this report, preliminary geochemical modeling has begun and sample material has been collected 
from filters placed at extraction wellheads. Analyses are currently being conducted on initial samples of 
solid fractions using standard analytical methods and scanning electron microscopy. Additional sampling 
and characterization strategies will be coordinated with NMED through the chromium technical team.  

5.0 DISCUSSION AND RECOMMENDATIONS 

Results to date illustrate that both dithionite and molasses can support Cr(VI) reduction in groundwater 
over long periods of time. Results from both the October 2018 purge and the first of the biweekly 
extended (1000-gal.) time-series purge events (March 2019) provided additional insights into conditions 
within the ROI at R-42 and R-28. The biweekly sampling will be conducted for at least several more 
rounds until a sufficient data set is available to further characterize the geochemical conditions around the 
wells.  

As discussed above, the dithionite amendment test at R-42 still requires more time to determine Cr(VI) 
reduction capacity imparted to the aquifer in the ROI. Chromium has not yet begun to break through into 
R-42. Other indicators such as iron, manganese, and arsenic either continue to decrease towards pre-
amendment levels or hold at steady levels since the October 2018 purge tests indicating that, although 
the reducing conditions near the well have been diminishing, they are still significant and are effectively 
reducing chromium. 

The molasses amendment test at R-28 will similarly require more time for breakthrough to occur. As 
discussed above, significant reduction capacity is apparently still present in the ROI around R-28. 
Following the initial purges, reducing conditions in the aquifer have treated chromium below the 
pre-deployment level of 0.5 mg/L. Slightly elevated chromium (as dissolved Cr(III)) was linked to low pH 
conditions and did not become treated to the New Mexico groundwater standard level (0.05 mg/L) until 
mid-2018 when pH had rebounded up to approximately 5.5. Since that time and as the pH has further 
increased, the dissolved chromium continued to decrease and is recently at its lowest achieved levels of 
around 0.01 mg/L. The pH continues to increase but has not yet returned to pre-deployment levels. Iron 
and manganese levels and other indicators such as dissolved oxygen and oxidation-reduction potential 
indicate the persistence of reducing conditions amenable to reducing Cr(VI).  

The results of the March 2019 purge indicate that favorably reducing and varying geochemical conditions 
remain present in the aquifer surrounding R-42 and R-28. The path forward is to continue conducting 
purges and sampling protocol that is expected to provide data that will facilitate further assessment of 
conditions in the aquifer and possibly help accelerate completion of the present study phase (Phase 1). 
The data from the extended purge continue to show concentrations of byproduct constituents (e.g., 
sulfate, iron, manganese) that do not allow direct land application of produced water without treatment. 
Therefore, continuous pumping for the Phase 1 test at R-42 and R-28 creates significant logistics 
challenges related to management of produced water since these waters are not compatible with the 
current ion-exchange treatment system. Further sampling will be conducted on a biweekly basis and 
continued as a time-series sampling over a purge volume of approximately 1000 gal. Samples will be 
collected at approximately 50 gal., 350 gal., 700 gal., and 1000 gal. At pumping rates of approximately 
3 gpm and 2.6 gpm at R-42 and R-28, respectively, the sampling can be conducted within an 8-hr work 
day. Samples will be analyzed for metals, anions, and TOC. Field parameters will be collected for each 
sample in the time series.  
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In order to better determine whether decreases in specific capacity observed at each well is because of 
conditions in the well or filter pack or in the aquifer, each of the wells will be redeveloped using 
mechanical methods. Following redevelopment, dilution tracer tests will be conducted in a manner 
consistent with pre-amendment dilution tests to generate data that may provide insights into aquifer 
conditions associated with the amendments testing and resultant geochemical conditions.  

As described in section 4.0, additional characterization of the geochemical condition at CrEX-3 will be 
conducted. Additional sampling and analysis, mining of existing data, and geochemical modeling will be 
conducted. Additional characterization tools such as x-ray diffraction and x-ray fluorescence may be 
used, as necessary. One goal is to characterize the condition at CrEX-3 to enable development of ways 
to bring the well back online or to determine when conditions at the well may naturally enable operation. 
An additional goal is to glean important information that is related to objectives that may be part of a 
phase 2 amendment study, which is to characterize the spatial extent beyond amendment deployment 
locations that effects of amendments test may manifest.  

It is also recommended that because of the slow rate of change of geochemical conditions around R-42 
and R-28, the next status report be submitted at the end of December 2019 instead of July 2019. Updates 
and ongoing evaluation of biweekly sampling, geochemical modeling, and evaluation of new data 
collected in support of characterization at CrEX-3 will be provided through frequent technical team 
meetings, and then documented in the report submitted in December 2019. 
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Figure 1.0-1 Map showing estimated 50 ppb extent of the Cr(VI) plume and monitoring wells (including R-42 and R-28), piezometers, and Interim Measure infrastructure wells 
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Notes: The pre-test concentrations were approximately as follows: Na = 50–60 (16), Ca = 30 (55), K = 2, Mg = 12 (15), Fe = 0.01 (0.1), Mn = 0.001, Cr = 0.7. Values indicate levels immediately preceding 2017's amendment. Also, if different, historic values are included in parentheses. Values are in mg/L. 
All results are from filtered samples. Acronyms: Det = Detected, ND = Not Detected.  

Figure 2.1-1 Concentrations of selected cations and metals in R-42 dithionite test as a function of time 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. All results are from filtered samples. Acronyms: Det = Detected, ND = Not Detected. 

Figure 2.1-2 Time-series plot showing concentrations of constituents from the approximately 1000-gal. purge conducted at R-42 on March 19, 2019 

 

0.001

0.01

0.1

1

10

100
7
:1
2

8
:2
4

9
:3
6

1
0
:4
8

1
2
:0
0

1
3
:1
2

1
4
:2
4

m
g
/L

Na, Det

Ca, Det

K, Det

Mg, Det

Fe, Det

Mn, Det

Cr, ND

Mar 19, 2019:  4 samples over 1000 gal purge



Sixth Quarterly Report on Pilot-Scale Amendments Testing for Chromium 

 20 

 
Notes: All results are from filtered samples. Acronyms: Det = Detected. 

Figure 2.1-3 Concentrations of iron, manganese, and arsenic in R-42 dithionite test as a function of time  
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. All results are from filtered samples. Acronyms: Det = Detected. 

Figure 2.1-4 Time-series plot showing concentrations of iron, manganese, and arsenic from the approximately 1000-gal. purge conducted at R-42 on March 19, 2019 
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Notes: The pre-test concentrations were approximately as follows. Values both immediately preceding 2017's amendment injection and also, if different, values for (2014/2015) are shown in mg/L: Na = 50–60 (16); SO4 = 80. 

All results are from filtered samples. Acronyms: Det = Detected 

Figure 2.1-5 Concentrations of sodium and sulfate in R-42 dithionite test as a function of time 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. All results are from filtered samples. Acronyms: Det = Detected. 

Figure 2.1-6 Time-series plot showing concentrations of sodium and sulfate from the approximately 1000-gal. purge conducted at R-42 on March 19, 2019 
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Notes: The pre-test concentrations were approximately as follows. Values both immediately preceding 2017's amendment injection and also, if different, values for (2014/2015) are shown in mg/L: Si = 35, Fe = 0.01 (0.1), Mn = 0.001, Se = 0.002 (<0.005), As = 0.001 (0.002), Cr~0.7 (~1.0). 

All results are from filtered samples. The detection limit for chromium changed in October 2018 with the change in contract from EES to GEL laboratory. Acronyms: Det = Detected, ND = Not Detected 

Figure 2.1-7 Concentrations of selected constituents during R-42 dithionite test as a function of time 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. All results are from filtered samples. Acronyms: Det = Detected. 

Figure 2.1-8 Time-series plot showing concentrations of select constituents from the approximately 1000-gal. purge conducted at R-42 on March 19, 2019 
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Notes: The pre-test concentrations were approximately as follows. Values both immediately preceding 2017's amendment injection and also, if different, values for (2014/2015) are shown in mg/L: Br ~0.2 Cl = 50-60 (45), NO2 <0.2, NO3 = 20 (25), SO4 = 80. 

Acronyms: Det = Detected, ND = Not Detected 

Figure 2.1-9 Concentrations of select anions in R-42 dithionite test as a function of time 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. Acronyms: Det = Detected. 

Figure 2.1-10 Time-series plot showing concentrations of select anions from the approximately 1000-gal. purge conducted at R-42 on March 19, 2019 
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Notes: The pre-test concentrations were approximately as follows. Values both immediately preceding 2017's amendment injection and also, if different, values for (2014/2015) are shown in mg/L: NO2 <0.2, NO3 = 20 (25). 

Acronyms: Det = Detected, ND = Not Detected. 

Figure 2.1-11 Concentrations of nitrate and nitrite in R-42 dithionite test as a function of time 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. Acronyms: Det = Detected, ND = Not Detected. 

Figure 2.1-12 Time-series plot showing concentrations of nitrate and nitrite from the approximately 1000-gal. purge conducted at R-42 on March 19, 2019  
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Notes: The pre-test concentrations were approximately as follows. Values both immediately preceding 2017's amendment injection and also, if different, values for (2014/2015) are shown in mg/L: Br ~0.2. Acronyms: Det = Detected. 

Figure 2.1-13 Concentration of bromide in R-42 dithionite test as a function of time 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. Acronyms: Det = Detected. 

Figure 2.1-14 Time-series plot showing concentrations of bromide from the approximately 1000-gal. purge conducted at R-42 on March 19, 2019 
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Note: Element and compound levels as mg/L. 

Figure 2.1-15 Progressive snapshots of the conceptual R-42 plan view model: September 2017 
(right after injection) 
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Figure 2.1-16 Progressive snapshots of the conceptual R-42 plan view model: End September 2017 (right after 77,000-gal. purge) 
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Figure 2.1-17 Progressive snapshots of the conceptual R-42 plan view model: October 2018 
(right before October 2018 purge) 
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Notes: The pre-test concentrations were approximately as follows. Values are shown in mg/L: Na = 16; Ca = 47, K = 2, Mg = 12, Fe = 0.01–0.025, Mn = 0.001–0.005, Cr = 0.5. All results are from filtered samples. Acronyms: Det = Detected, ND = Not Detected.  

Figure 2.2-1 Concentrations of selected cations and metals in R-28 molasses test as a function of time 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. All results are from filtered samples. 
Acronyms: Det = Detected. 

Figure 2.2-2 Time-series plot showing concentrations of select cations from the approximately 
1000-gal. purge conducted at R-28 on March 19, 2019 
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Notes: The pre-test concentrations were approximately as follows. Values both immediately preceding 2017's amendment injection and also, if different, values for (2014/2015) are shown in mg/L: Cr = 0.5. pH = 7.8. All results are from filtered samples. Acronyms: Det = Detected. 

Figure 2.2-3 Concentrations of selected chromium, pH, and TOC in R-28 molasses test as a function of time 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. Chromium results are from filtered samples. 
Acronyms: Det = Detected. 

Figure 2.2-4 Time-series plot showing pH and chromium concentrations from the 
approximately 1000-gal. purge conducted at R-28 on March 19, 2019 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. The pre-test concentrations were approximately as follows. Values are shown in mg/L: Fe = 0.01–0.025 and Mn = 0.001–0.005.All results are from filtered samples. Acronyms: Det = Detected. 

Figure 2.2-5 Concentrations of iron and manganese in R-28 molasses test as a function of time 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. All results are from filtered samples. 
Acronyms: Det = Detected. 

Figure 2.2-6 Time-series plot showing concentrations of iron and manganese from the 
approximately 1000-gal. purge conducted at R-28 on March 19, 2019 
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Notes: The pre-test concentrations were approximately as follows. Values are shown in mg/L: Si = 35, Fe = 0.01–0.025, Mn = 0.001–0.005, Cr = 0.5, Se = ND–0.01, As = 0.0005, Ni = 0.01–0.04. All results are from filtered samples. Acronyms: Det = Detected, ND = Not Detected. 

Figure 2.2-7 Concentrations of selected constituents during R-28 molasses test as a function of time 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. All results are from filtered samples. 
Acronyms: Det = Detected, ND = Not Detected. 

Figure 2.2-8 Time-series plot showing concentrations of select cations from the approximately 
1000-gal. purge conducted at R-28 on March 19, 2019 
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Notes: The pre-test concentrations were approximately as follows. Values are shown in mg/L: Br = 0.2, Cl = 45, NO2 <0.01, NO3 = 19, SO4 = 60, PO4 <0.01. Acronyms: Det = Detected, ND = Not Detected, Flt = Filtered Sample. 

Figure 2.2-9 Concentrations of anions in R-28 molasses test as a function of time 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. All results are from filtered samples 
Acronyms: Det = Detected, ND = Not Detected. 

Figure 2.2-10 Time-series plot showing concentrations of select anions from the approximately 
1000-gal. purge conducted at R-28 on March 19, 2019 
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Notes: The pre-test concentrations were approximately as follows. Values are shown in mg/L Br = 0.2, SO4 = 60, TOC = 1. Acronyms: Det = Detected. 

Figure 2.2-11 Concentrations of bromide, sulfate, and TOC in R-28 molasses test as a function of time 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. All results are from filtered samples 
Acronyms: Det = Detected. 

Figure 2.2-12 Time-series plot showing concentrations of sulfate, bromide, and TOC from the 
approximately 1000-gal. purge conducted at R-28 on March 19, 2019 
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Notes: The pre-test concentrations were approximately as follows. Values are shown in mg/L: NO2 <0.01, NO3 = 19. 

Acronyms: Det = Detected, ND = Not Detected. 

Figure 2.2-13 Concentrations of nitrate and nitrite in R-28 molasses test as a function of time 
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Notes: Four samples taken through purge at approximately 50, 350, 700, and 1000 gal. All results are from filtered samples. Acronyms: Det = Detected, ND = Not Detect. 

Figure 2.2-14 Time-series plot showing concentrations of select cations from the approximately 1000-gal. purge conducted at R-28 on March 19, 2019. Recent Period – Concentrations of nitrate and nitrite in R-28 molasses test 
as a function of time 
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Note: The amendment test is divided into three periods (shaded regions) of different approximately-steady concentrations of Cl- in R-28 (concentrations roughly indicated by horizontal lines). 

Figure 3.2-1 Background-corrected Cl- and Br- concentrations in R-28 during the molasses amendment test  
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Notes: Colors of amendment solution in “flow zones” correspond to color-shading of the time periods in Figure 3.2-1. The 
thicknesses of the “flow zones” are not intended to reflect actual thicknesses and are used only for illustration purposes. 
Likewise, the transitions between amendment solution and groundwater are depicted as being more abrupt than is likely 
occurring. 

Figure 3.2-2 Schematic depiction of side view of upgradient distribution of molasses solution 
at R-28 at the start of the amendment test, at the end of period 1 (see Figure 3.2-1), 
and at the end of period 2 (see Figure 3.2-1).  
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Figure 3.2-3 Log-linear fit to decline in background-subtracted Br- concentrations during period 2 (and extending slightly into period 3) at R-28 
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Note: The slope obtained for R-42 is much more sensitive to the assumed background concentration of Br- than at R-28 (Figure 3.2-3) because the Br- concentrations are much closer to background at R-42. 

Figure 3.3-1 Log-linear fit to decline in background-subtracted Br- concentrations in R-42 between the end of the January 2018 borehole dilution tracer test and the beginning of the October 2018 extended purge 
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Note: Initial high concentrations are taken to reflect non-ideal mixing and flow distribution in the well during the injection. 

Figure 3.4-1 Increases in concentrations of conservative species as they moved back into R-42, after injection of 15,000 gal. of a 0.005 M HCO3
-/0.005 M CO3

= solution mixed in potable water in July 2016 
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Figure 3.4-2 Increases in concentrations of conservative species as they moved back into R-28, after injection of 15,000 gal. of tracer solution plus 15,000 gal. of chase water (both potable water) in September 2016 
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Notes: Both tests involved approximately the same volume of water injected into R-28 (~30,000 gal.), although only the first 15,000 gal. of injected water in 2016 contained 1,6-NDS, whereas almost the entire ~30,000 gal. of water in 2017 contained Br-. 

Figure 3.4-3 Concentrations in R-28 of 1,6-NDS concentrations in 2016 and Br- from September 2017 through April 2018 (both plotted with time zero corresponding to the end of chase water injections) 
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Table 3.4-1 
R-42 Specific Capacity Estimates 

Event Period 
Pumping Rate 

(gpm) 
Average Drawdown 

(ft) 
Specific Capacity 

(gpm/ft) 

Test-1 2009-11-14 to 2009-11-15 5.5 7.0 0.8 

Pre-1 2013-06-17 to 2013-07-07 7.1 2.6 2.7 

Pre-2 2013-07-11 to 2013-08-21 7.1 7.4 1.0 

Pre-3 2014-04-21 to 2014-04-29 7.5 7.4 1.0 

Post-1 2018-10-22 to 2018-10-26 2.9 5.4 0.5 

Post-2 2018-10-29 to 2018-10-30 2.9 6.6 0.4 

 

Table 3.4-2 

R-28 Specific Capacity Estimates 

Event Period 
Pumping Rate  

(gpm) 
Average Drawdown  

(ft) 
Specific Capacity  

(gpm/ft) 

Test-1 2004-02-05 to 2004-02-06 9.45 0.8 11.8 

Test-2 2004-03-07 to 2004-03-08 12.9 1.0 13.3 

Pre-1 2013-09-07 to 2013-11-22 28.7 2.5 11.6 

Pre-2 2014-05-30 26.5 2.1 12.6 

Pre-3 2014-05-31 to 2014-06-03 26.5 2.2 12.1 

Post-1 2018-10-22 to 2018-10-26 2.6 1.1 2.4 

Post-2 2018-10-29 to 2018-10-30 2.6 0.7 3.8 

Post-3 2018-11-01 to 2018-11-02 2.6 0.7 3.9 
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Attachment 1 

Data Associated with the “Sixth Quarterly Report  
on Pilot-Scale Amendments Testing for Chromium  

in Groundwater Beneath Mortandad Canyon” 
(on CD included with this document) 
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