s SERDP

FINAL REPORT

Abiotic Trichloroethylene (and
Carbon Tetrachloride) Reduction by
Meta-Stable Mineral Phases

Richard Johnson

Paul Tratnyek

Graham O’Brien Johnson

Oregon Health & Science University

December 2022

SERDP Project ER20-1482 DISTRIBUTION STATEMENT A
This document has been cleared for public release.



This report was prepared under contract to the Department of Defense Strategic
Environmental Research and Development Program (SERDP). The publication of this
report does not indicate endorsement by the Department of Defense, nor should the
contents be construed as reflecting the official policy or position of the Department of
Defense. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the Department of Defense.



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other
aspect of this collection of information, including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information
Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other

provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) | 2. REPORT TYPE
31/12/2022 SERDP Final Report

3. DATES COVERED (From - To)
10/17/2019 - 10/17/2022

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

- ) . 20-P-0001
Abiotic TCE Reduction by Meta-Stable Mineral Phases

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Richard Johnson ER20-1482

Graham O'Brien Johnson

Paul Tratnyek 5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

Oregon Health and Science University REPORT NUMBER
School of Public Health
3181 SW Sam Jackson Park Road ER20-1482

Mail Code: GH230
Portland. OR 97239-3098

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
Strategic Environmental Research and Development Program (SERDP) SERDP

4800 Mark Center Drive, Suite 16F16
Alexandria, VA 22350-3605

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)
ER20-1482

12. DISTRIBUTION/AVAILABILITY STATEMENT
DISTRIBUTION STATEMENT A. Approved for public release: distribution unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The objective of this project was to examine the formation of meta-stable reactive species under realistic groundwater scenarios, including the addition
of precursor materials that have been reported to enhance abiotic degradation (e.g., magnetite, sulfate, ferrous iron, lactate). By conducting a matrix of
experiments varying carbon source (lactate), carbonate concentration, magnetite mineral addition, as well as aqueous ferrous iron and sulfate addition, it
was hoped that the factors controlling abiotic degradation could be isolated and quantified.

15. SUBJECT TERMS
Abiotic, TCE Reduction, Meta-Stable Mineral Phases

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF |18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
ABSTRACT OF Richard Johnson
a. REPORT b. ABSTRACT | c. THIS PAGE PAGES
UNCLASS
UNCLASS UNCLASS UNCLASS 100 19b. TELEPHONE NUMBER (Include area code)
503-346-3432

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z239.18




Contents

1.

AADSTIACE .ttt st st sttt et ettt bt e b e e bt e bt e b e e be e s sbe e bt ereereen 1
TakdgeTo [TotdTo] s =T o e K@ ] o] [=To1 1V T3S USPRN 1
I=Tel 1T ot 1Y o] o o =T o PR 1
RS UIES ettt ettt ettt et s et e bt e st e st e e e b e e e a bt e s be e e be e e b e e e e bee e be e e aheeeanne nheeeneeesreeeareeenns 1
BENETIES ettt ettt b et r e sh e she e s tenreenreesneenneennes 1

EXCCULIVE SUMMATY ..vtiiiiiiiiieiiie ettt ettt ettt e site e sabeesbeeesateesabeesabeessteesabeesabaesnseeensseesnseesnns 2
INEFOTUCTION L.t s e s e bt e st e e s b e e s ne e e ssneesmneesneeesn s saneeennneenns 2
(0] oY =T o1 £ 17U PRSI 2
BI=Tel 1] or= 1B o] o] o =Tl o F USRS 2
RESUIES @NA DISCUSSION ...ttt ettt st sttt st et b e bt e bt e s b e sheesenesanesmeeemneemreenneen 3
0210 g b 1oV LaTe I @(oT o [ol [V 1] o o - U SS 3
Implications for Future Research and BENEfitS........cccuiiiiiiii i et aee e 4

ODJECIIVES .uueeurirreeitetiite et sttt et s e sttt e b st et e b s bt e st e et e bt e as e s e sb e e ae e Rt s h e e ae e s e s heeme e st e bt ean e e e abeeanen snesneeneenne 5

BaCKEIOUNA ...ttt e neennees 5
ProbIem STATEIMENL . ... .eoutietieiieiteestee sttt ettt e bt e b e sb e she e satesae e s e sae e et eare s e enees 5
Choice of chlorinated compounds for the STUAY .......cceeriiiiiiiiriiiiiiie e e 5

Materials and MEthOGS. .....eoiiiiiiiiiiie ettt e b e b b e sbe e sbeesaeesaeesaneeas 6
EXPerimental QDPTOACK .....cccueitiiieieriiiieere et ettt e e 6
Modeling of TCE and CT Degradation..........cccecuvrcierviiriieriieeniessieenieesieeseeseeseeseeseeesssessesssesssesssessseesseens 6
Lactate MEtabOliSIT....cccueeieeiieiientieriee ettt ettt e b e b e she e she e sat e sat e s et et et et enne s 7
COIUIMI SETUP +.uteuteeuteete ettt ettt e st e st e e sh e sh e s b ee e bt e sheesatesatesabe st e eabeeabeeabeebe e beenbeesbeesaeesseesneesmeeeae sbeenbeenseas 7
COIUIMIN OPETALION. ..c.uteeutieteeiteentee et st ettt ettt e et e e sbeesbeesbeesbeesbeesbeesaeesaeeeabesabesabesabeebe e beenbeesheesaeesane reen 14
Contaminant Degradation EXPETimEnts .........ccccerireeririnienienieeeenesieeeesee st 14
Column Sampling and ANALYSIS.......ccveriierirrierierieeneereereeseeseeseestessesteesesteeseessessseessessseessessseesses 15

RESULLS ...ttt et e bt e b e s b e sh e e she e s aeesat e st e e et et e et et eaeeeaneeneens 17
Ferrous Iron COnCENIIAtIONS. .......cuuirtiriieeiieie ettt ettt ettt e st satesat e st sat e st e eatesabesbeebeebeebeebeenseas 17
Sulfate and Sulfide CONCENIIALIONS.......cevuieruiiriiiieeie ettt ettt et et e st e sbe e st e satesatesabesabesabeeseeseans 20
o5 B D - PO RROPPRPPI 21
Lactate and other Volatile Fatty Acid CONCENIAtiONS......cceereereererriieriieriiesteeieereeseeesieesseesseesseesseenaes 24



Chlorinated compound degradation under flowing conditions............cceceeverieereeseeneeneenee e 27

Chlorinated compound degradation under stopped-flow conditions ..........cceceeceerererieeninenseeneneneenens 28
Measured DNA in Water SAMPLES ......coeerueruiririeiriiniieiestesieete sttt ettt ettt sbe et see b et e sbesbeeaeenbesreeneenee 30
7.  Modeling of Chlorinated Compound Degradation ..........cccevcueereieernieeniieeniieenieesneeesieesreesieessieeesenes 31
Modeling of Chlorinated Compound Degradation under Flowing Conditions...........cccecveevcveerrueeenveennn 31
Modeling of Chlorinated Compound Degradation under Stopped-Flow Conditions ..........c.cceceervvrnennee. 31
Modeling Mass BalanCe.........cccoveeeriiririerienireeesese ettt st s s 34
Q. DISCUSSION ..veutentirueeie sttt st et et st et et s bt et e st e s bt e a b e bt sb e e st e bt she et e b e eue e b e sbeebe et e sbeeae et e abeenb et e sbeensenee 35
Effects of different column CONAItioNS.........coceevviniiiiiiiiiiiiiii e 35
Chlorinated Compound Degradation Products ............coceeuieiiiiiiiiiiiieeeseeeeeeeesee e 36
Effect of extended OPEration .........cueiuiiiiiiieiietiee ettt sttt sttt st s b e e b e e b nbeas 36
Changes in TCE and CT degradation rates OVEr tIIME. ......c.eeeereerrerierrerieneentesieeeeseesreseeeseesreseessesresneens 37
Implications for Active to Passive TIanSItIONS ......c.cecvvrevirrverrierrieenieerieeseeseesseesseeseesseeseessnesssessesssesnnes 37
9.  Conclusions and IMPIICALIONS ......eeirvierieeriieriiieerreesiieeerieeerteesteeesteeesteesseessbeeessseessessssesssseesssseesnnes 39
10. ReECOMMENAALIONS ...ccuteiiieiieiiieit ettt st st st sttt ettt e et e e sbeesbeesbeennes 40
oY1 [ 1YV I o o T=Y g Ty T=1 o} £ UURUROt 40
Closing note on Reduction Potential...........ccoceeiiririeiininieieseseeeeeeereee e 40
11. RETETEICES ...ttt st s b et b e sh et b e s et et e st e s bt e b e naesbee eeneenne 41
12. F N o) 1S3 114 (oL O SOROP PSPPI 42
APPENAIX A = ACTOMYITIS ...veeviiuiiiuteeuteeutt et et ete e bt e bt e beesbeesbeesbeesbeesaeesatesabesabeeabeeabeenteebeenbeenbeesbeenseennes 42
Appendix B. Ferrous Iron Data (M) ......cooiieeriiiieeieieeeseseee et 43
Appendix C. Sulfate Data (UM) ....cceecverrieerieerieereeseeseeseesteseesetesieeseestesssesbeeseesseesseessassseesseesseesasesnns 49
Appendix D. SUIfIde Data.......ccceiiciiiiiiiiiieiiee et st ste e sba e e naaeesaees 51
APPENAIX E. PH DAta...c..eiiiiiiiiiiiiee ettt ettt st s be e s s te e sbe e s bs e e bte e sabeesaaeenans 52
Appendix F. Volatile Fatty Acid Data (INM). ...ccccoriiriiiiiiiiieieeeeeereesee sttt 55
Appendix G. Chlorinated Compounds and Degradation Products Data — Round 1 (UM).......cccerveeeeee. 57
Appendix H. Chlorinated Compounds and Degradation Products Data — Round 2 (UM) .......ccceevveneen. 75
Appendix . DNA ANalySis Data .....ccoovueiiieiiiiiiiiieniee ettt sies st esiseesteessttesseaeesaseessbaesnsseesaseesanes 93
APPENAIX J. KEY WOTES ..ottt st st sttt sttt et et esbe e b e b e nns 94



List of Tables

Table 1. Matrix of column conditions used the EXPeriMENLS .........cccerireeriririeerereneese et 6
Table 2. Nominal influent CONCENTIAIONS. ......eeeivrieiireerieeeiteeeiteeesteesteeeeteeesteeessaeesseesbeeesseeessseessessnseeenses 14
Table 3. List of target analytes for the GC/MSD/FID analySes .........ccceveevuerrieriienieeneeneenieenee e 16
Table 4. Observed first-order rate constants for TCE and CT in all columns for the two sampling rounds.
.................................................................................................................................................................... 31
Table 5. Modeled first-order rate constant data (hr'") for all ports on all columns under stopped-flow
COMAITIONS. 1eeuuvieiutieeiteeesteeeteeestee e taeestteeetee e taeessseesssaeasseesseaasseesasasasaseasseeassaeansasasssessseesssasans sansaesnseserssennes 33
List of Figures

Figure 1. Basic layout of the column eXperiments. ..........cccvreeceeririereneneeese et nnens 8
Figure 2. Flow system used for injection of sulfate into the column. .........ccccceevveirniiiniienieneee e 9
Figure 3. Flow system used for the injection of ferrous iron and chlorinated compounds. ...........cceceeneenee 10
Figure 4. Overview photograph of the COIUMMNS.........ccceeviiiiiiiiiieeee e 11
Figure 5. Photograph showing detail of the injection system configurations...........ccccceevveeeiiiieeeicieeennn, 12
Figure 6. Close-up photograph of the sparging tOWEr ... iiiiiie e 13
Figure 7. Schematic flow diagram for the GC/MSD/FID SYSteM......cccccereereerineesienienieeienieseeeenie e 16
Figure 8. Measured ferrous iron concentrations in columns NM and NMFe. ........ccccoeeeiiiiieeccieeeccciieeeeas 17
Figure 9. Measured ferrous iron concentrations in columns M2 and S2. .......cccceeveeciiiieeee e ccciieeee e 18
Figure 10. Measured ferrous iron concentrations in columns NLand NC.........cccccoovviieiiiiieeccciee e, 19
Figure 11. Measured concentrations of sulfate and sulfide in column S2. .........cccoociiiiiiiniiniiniiiceee 20
Figure 12. Measured pH in columns NIM and NIMIFE........cccuiiiiiiiiiiiiiie ettt eee e e e e 21
Figure 13 . Measured pH in columns M2 and S2. .........ooiiiiie ettt e svee e e 22
Figure 14. . Measured pH in columns NLand NC. ......cciiiiiiiiicciiiieeee ettt e e e e e araee e e e e s e nnnees 23
Figure 15. Volatile fatty acid concentrations in the NM column. ......cccooiiiiiiiiiei e 24
Figure 16. Measured volatile fatty acid concentrations in columns M2 and S2........c.ccccoccvveeeiieeeeccieeeenns 25
Figure 17. Measured volatile fatty acid concentrations in columns NLand NC..........cccccceeeiviiiieeeeeeenns 26
Figure 18. Measured chlorinated compound and degradation product concentrations in columns M2 and
Sttt ettt e ee ettt e e e e e —ee ettt ettt e e —ee e tee et eeeanteeaateeateeebeeeaatee e teeeteeeareee e teen teenteeennteeateeeareeenrteennes 27
Figure 19. Measured chlorinated solvent and degradation product concentrations in columns M2 and S2
under NON-FlOWING CONITIONS. ... .uiiiiiiie et e s tte e e e et a e e e s eata e e e sbteeeesnbaeeesnnes 29
Figure 20. Measured DNA concentrations (NZ/UL) ......cecvevireererinieieneeeeiiseeeese e 30
Figure 21. Modelled mass balance of CT, CF and CS2 during stopped flow in columns M2 and S2. ......... 34
Figure 22. Decision tree for CT degradation under various cCOnditions. ..........cceeeereereeneeneeneenieesieesnenane 38



1. Abstract

Introduction and Objectives

The development of chemically-reducing conditions in the subsurface is an important strategy for
in situ restoration of groundwater contaminated by chlorinated solvents. This can be
accomplished by emplacement of reducing materials (e.g., ZVI, edible oil) or active pumping of
reductants (e.g., sulfate, nano-minerals, labile carbon source). For actively pumped restoration
activities, there is significant uncertainty regarding how long the enhanced reduction will persist
once the site has been returned to more-passive conditions (i.e., active-to-passive transition). If,
during active treatment, a reservoir of reactive reduced species is produced (e.g., precipitation of
reactive minerals), then those minerals may continue to reduce contaminants well after active
treatment has ended. However, if the reactive species are short-lived, then the ongoing effect on
groundwater restoration may limited.

The objective of this project was to examine the formation of meta-stable reactive species under
realistic groundwater scenarios, including the addition of precursor materials that have been
reported to enhance abiotic degradation (e.g., magnetite, sulfate, ferrous iron, lactate). By
conducting a matrix of experiments varying carbon source (lactate), carbonate concentration,
magnetite mineral addition, as well as aqueous ferrous iron and sulfate addition, it was hoped that
the factors controlling abiotic degradation could be isolated and quantified.

Technical Approach

The matrix of experiments was conducted in large sand columns, which were initially allowed to
run for a period of several months to establish steady-state conditions. Then a cocktail of
chlorinated compounds was continuously injected for a period of approximately two weeks to
develop a steady-state concentration profile within the column. At the end of that period, the
concentrations of each of the chlorinated compounds was analyzed in water samples from along
the length of the column. Column flow was then stopped to simulate the end of active pumping,
and samples were periodically collected over a period of 3 months.

Results

TCE showed a consistent degradation rate for nearly all conditions tested, with the exception of
the column where no carbon source (no lactate) was added. CT degradation was observed at
more-or-less consistent rates in 4 of 6 columns. The two columns showing lower rates were the
column without lactate (NL) and the column without carbonate addition (NC). The latter had a
low pH (~3.5), which was eventually increased to 7.2 using PIPES buffer). When the pH was
increased in the NC column, the CT rate increased by an order of magnitude, but was still an
order of magnitude less than the four columns with both lactate and carbonate. For both TCE and
CT, an important result is that biologically-active conditions were critical for creating an
environment in which abiotic degradation could occur.

Benefits

This project was to undertaken to develop a data set for use in a concurrent larger-scale project
(ER20-1357). The data set was also used to evaluate a decision tree approach to identify which
subsurface conditions resulted in enhanced and sustained degradation of contaminants



2. Executive Summary

Introduction

An important strategy for in situ restoration of groundwater contaminated by chlorinated solvents
is the active development of reducing conditions to enhance dechlorination via biotic or abiotic
means. This can be accomplished by emplacement of reducing materials (e.g., ZV1, edible oil) or
active pumping of reductants (e.g., sulfate, nano-minerals, labile carbon source). For actively
pumped restoration, there is significant uncertainty regarding how long the enhanced reduction
will persist once the site has been returned to more-passive conditions (i.e., active-to-passive
transition). If, during active treatment, a reservoir of reactive reduced species is produced (e.g.,
precipitation of reactive minerals), then those minerals may continue to reduce contaminants well
after active treatment has ended. However, if the reactive species are short-lived, then the
ongoing effect on groundwater restoration may limited.

Objectives

The primary objective of the project was to examine if reactive dechlorination conditions formed
under a range of realistic groundwater flow scenarios, including the addition of precursor
materials that have been reported to enhance abiotic degradation (e.g., magnetite, sulfate, ferrous
iron, lactate). By conducting a matrix of experiments varying carbon source (lactate), carbonate
concentration, magnetite mineral addition, as well as aqueous ferrous iron and sulfate addition, it
was hoped that the factors controlling degradation could be isolated and quantified.

A second objective was to develop a “decision tree” to assess which conditions were most
effective for abiotic degradation following transition to passive groundwater flow conditions (i.e.,
which amendments led to the highest rates of sustained reduction of chlorinated contaminants.)

Technical Approach

A matrix of experiments was conducted in large sand columns through which simulated
groundwater was pumped. The columns, with groundwater flowing at ~10 cm/day, were allowed
to run for a period of several months to establish steady-state conditions for each of the scenarios
to be tested. Then a cocktail of chlorinated compounds (TCE, CT and 1,2,3-trichloropropane
[TCP]) was continuously injected for a period of approximately two weeks to develop a steady-
state concentration profile within the column. In these experiments the TCP was used as a
conservative tracer, since it has proven to be very resistant to reduction under a wide variety of
conditions. At the end of the contaminant injection period, the concentrations of each of the
chlorinated compounds was analyzed in water samples from along the length of the column.
Those concentrations became the initial conditions for follow-on experiments in which column
flow was stopped to simulate the end of active pumping. During the stopped-flow period,
samples were periodically collected from each of ports along the columns that had been sampled
under flowing conditions. These experiments persisted for a period of ~3 months. During the
project these “flowing-followed-by-stopped flow” experiments were conducted twice for each
column over a 2-year period.



Results and Discussion

Under flowing conditions (i.e., during the development of a steady-state concentration profile in
the columns) TCE showed a consistent degradation rate for nearly all conditions tested, with the
exception of the case where no carbon source (lactate) was added. Interestingly, no TCE
degradation products were observed (e.g., DCE, VC, acetylene, ethane, ethane), except acetylene
was observed in the case where no carbonate was added and the resulting pH was very low
(~3.5). Even in that case, when the pH was increased in the column using PIPES buffer, TCE
degradation persisted at more-or-less the same rate, but there was no longer acetylene
accumulation. In these experiments, the use of TCP as a conservative tracer allowed us to
demonstrate that volatilization or other losses were not occurring during the experiments.

CT degradation was observed at more-or-less consistent rates in 4 of 6 columns under flowing
conditions. The two columns showing lower rates were the column without lactate (NL) and the
column without carbonate addition (NC). For the NL column, CT degradation rates were lower
by about a factor of three from the flowing case. The NC column showed a CT degradation rate
about an order of magnitude lower during both sampling rounds.

Under non-flowing conditions, degradation rates for TCE dropped by about an order of
magnitude relative to the flowing cases. For CT, the degradation rates were approximately the
same as under flowing conditions for 4 of the 6 columns. For the NL column, CT degradation
rates were somewhat complicated. In the first sampling round, when the pH was ~3.5, the rate
was approximately 50 times slower than under flowing conditions. When the pH was increased
during the second round, the CT rate increased to a value that was comparable to the rate during
flowing conditions for that column, but which was still an order of magnitude less than the four
columns receiving both lactate and carbonate.

The observed products from CT degradation included carbon monoxide (CO), chloroform (CF),
and carbon disulfide (CS2), and were consistent for published data on abiotic CT degradation.
The mass balance based on these products was in the range 25-55%.

Ferrous iron concentrations [Fe2+] generally decreased over the course of two years of column
operation. During stopped-flow periods, there was accumulation of ferrous iron, which decreased
when flow was re-initiated. However, [Fe2+] generally did not appear to correlate with
degradation rates. In one column, ferrous iron was added at the ~100 uM (~5 mg/L) level, but it
did not significantly affect either TCE or CT degradation rates.

For four of the six columns tested, lactate degradation occurred along the full length of the
column with a first-order half-life on the order of 2-5 days. Based on the primary reaction
products, propionate and acetate, the primary pathway for lactate degradation appears to have
been fermentation.

It was anticipated that the addition of sulfate, and the observed production of iron sulfide
precipitates in the column, would lead to increased degradation rates in sulfate column (S2)
relative to an identical column without sulfate (M2). While there may have been a slightly higher
rates in the sulfate column, they were not significantly different.

Summary and Conclusions

The data from these experiments suggests, not surprisingly, that a labile carbon source probably
represents the single most important factor controlling chlorinated solvent degradation for the



systems studied here. This is likely the case for three reasons: 1) the carbon represents an energy
source for active microbial communities; 2) it facilitates the biological removal of any available
oxygen in the system through aerobic microbial reactions; and 3) the ongoing microbial reactions
likely result in the production of more-reduced surfaces (possibly including the production of
reactive phases) which support abiotic reduction.

Very low pH values also impacted reduction rates. Given that carbonate is a ubiquitous
component of groundwater, and pH values are more-commonly circumneutral, systems without
carbonate are likely to be unusual in natural settings.

The presence of the mineral magnetite is considered by some to be an important contributor to
abiotic natural attenuation. Likewise, the in situ formation of iron sulfides is often considered

indicative of a site where abiotic degradation is likely. In these experiments, neither magnetite
added to some of the columns, nor iron sulfide formed in one of the columns had a significant

effect on either TCE of CT degradation rates.

Ferrous iron is also widely considered to be an important component for abiotic reduction. In
these columns initially there was significant dissolved ferrous iron coming from the silica sand
used in the columns. Over the course of the experiments the ferrous iron in solution decreased
significantly, and by the conclusions of the experiments there was essentially no [Fe2+] in
solution. However, the degradation rates for both TCE and CT did not decrease significantly
during that time, and in fact generally increased slightly.

One of the goals of this project has been to development a decision tree to explore the factors
controlling degradation under groundwater conditions. However, the results of these experiments
do not lend themselves will to a decision tree approach. For TCE, degradation rates were
consistent across all conditions tested, with the exception of lactate addition. For CT, both lactate
addition and carbonate addition had a significant impact on degradation rate, and for CT a
decision tree was constructed. It was anticipated that the effects of sulfate and magnetite
additions would also impact degradation rates; however, that proved not to be the case, and as a
consequence they did not contribute to the decision tree.

A second goal of the project was to examine the impacts of changes in groundwater flow on
degradation rates. In this case, significant reductions in TCE degradation rate were observed
when flow was stopped. Significantly less reduction was observed for CT in most columns;
however, the NL and NC columns showed nearly a 2-order of magnitude reduction in CT rate
during stopped flow. The reduction in observed rate during stopped flow has potentially-
significant implications for in situ restoration of groundwater following the transition from active
to passive site management. However, differences in the behavior of TCE and CT during the
transition in the columns suggest that behavior is complicated and that more than one mechanism
might be in effect.

Implications for Future Research and Benefits

As mentioned above, the data generated in this project are being used to inform a companion
project (ER20-1357). This has taken place throughout the lifetime of the two projects via joint
team meetings. A focus of the companion project is the examination of the rates of
dechlorination due to specific mineral phases, and the intent is that the combined projects will
provide a clearer picture of the complicated suite of biotic and abiotic processes contributing to
chlorinated solvent degradation in the subsurface.



3. Objectives

The primary objectives of this project was to develop a data set that could be used in a companion
project (ER20-1357) to build a reactive transport model that effectively addressed the
contribution of abiotic reduction of chlorinated solvents. To accomplish this, a matrix of realistic
groundwater scenarios was tested, including the addition of materials that have been reported to
enhance abiotic degradation (e.g., magnetite, sulfate, ferrous iron, lactate). By conducting a
matrix of experiments varying carbon source (lactate), carbonate concentration, magnetite
mineral addition, as well as aqueous ferrous iron and sulfate addition, it was hoped that the
factors controlling degradation could be isolated and quantified.

4. Background

Problem statement

An important strategy for in situ restoration of groundwater contaminated by chlorinated solvents
is the active development of reducing conditions to enhance dechlorination via biotic or abiotic
means. This can be accomplished by emplacement of reducing materials (e.g., ZVI, edible oil) or
active pumping of reductants (e.g., sulfate, nano-materials, labile carbon source)

For the actively pumped restoration activities, there is significant uncertainty regarding how long
the enhanced reduction will persist once the site has been returned to more-passive conditions
(i.e., active-to-passive transition). If, during active treatment, a reservoir of reactive reduced
species is produced (e.g., precipitation of reactive minerals), then the potential exists that those
minerals will continue to reduce contaminants well after active treatment has ended. However, if
the reactive species are short-lived, then the impact on groundwater restoration may be short-
lived as well.

Choice of chlorinated compounds for the study

Both trichloroethene (TCE) and carbon tetrachloride (CT) are important groundwater
contaminants. In addition, their degradation pathways have been extensively studied under a
wide range of biotic and abiotic conditions. We have previously used both compounds in batch
and columns studies (Johnson and Tratnyek, 2020)

TCE is known to degrade by abiotic pathways (e.g., Butler and Hayes (1999), Culpepper et al.
(2018), Hyun and Hayes 2009, Lee and Batchelor (2004). Shao and Butler (2009) reported that
CT degradation occurred primarily by abiotic pathways. A large number of other researchers,
including Amonette et al. (2000), Danielson and Hayes (2004), Devlin and Muller (1999), Elsner
et al. (2004) Kenneke and Weber (2009) have looked at abiotic CT degradation under a variety of
conditions.

The data for both TCE and CT degradation in the presence of a variety of mineral phases (e.g.,
FeS, FeS,, zero-valent iron, magnetite, green rust) have been summarized by He et al. (2015).

These references have been used to develop the simple sequential first order reaction schemes

that are presented below.



5. Materials and Methods

Experimental approach
The range of experimental conditions used in these column experiments (i.e., addition of
magnetite, Fe2+, lactate, sulfate, carbonate) are shown in matrix form in Table 1. Each of the
columns was allowed to run for a period of several months to establish steady-state conditions
(this was achieved for some, but not all parameters). The next step was to continuously inject a
cocktail of chlorinated compounds (TCE, CT and 1,2,3-trichloropropane, TCP) for a period of
approximately two weeks to develop a steady-state concentration profile within the column. At
the end of that period, the concentrations of each of the chlorinated compounds was analyzed in
water collected from a series of sampling points along the length of the column.

Table 1. Matrix of column conditions used the experiments

Added
sulfate
carbonate

magnetite
F eZ+

[P lactate

ltaltaltadle

z

—
Sltltalte
>~

(Note: A seventh column was initially used; however, the conditions tested (no lactate,
Fe2+ addition) resulted in the precipitation of iron at the inlet to the column and it

plugged.)

Modeling of TCE and CT Degradation
The analytical data from the flowing and non-flowing experiments examined here were modeled
using the following first-order rate expressions:

d[TCE]/dt = -kTCE*[TCE] [Eqn 1]
d[Acet]/dt = KTCE*yAcet*| TCE]-kAcet*[ Acet] [Eqn 2]
d[CT]/dt = -kCT*[CT] [Egn 3]
d[CF]/dt = kCT*yCF*[CT]-kCF*[CF] [Eqn 4]
d[CS2]/dt = -kCT*yCS2*[CT]-kCS2*[CS2] [Eqn 5]
where:

[TCE] = trichloroethene concentration
[Acet] = acetylene concentration
[CT] = carbon tetrachloride concentration



[CF] = chloroform concentration

[CS2] = carbon disulfide concentration

kTCE =total TCE degradation rate constant

kAcet =acetylene degradation rate constant

kCT = carbon tetrachloride degradation rate constant
kCF = chloroform degradation rate constant

kCS2 = carbon disulfide degradation rate constant
yAcet = acetylene yield from TCE degradation

yCF = chloroform yield from CT degradation

yCS2 = carbon disulfide yield from CT degradation

Lactate Metabolism

In these experiments, lactate was used as the carbon source. Under anoxic conditions it
undergoes a fermentation reaction defined by Eqn 6. The propionate produced by this reaction
can react to form acetate, with the production of 3 moles of hydrogen. The hydrogen produced
by this reaction can be used by a wide variety of anaerobic organisms. Eqn 7 is energetically
unfavorable and relies on the consumption of hydrogen to facilitate the production of acetate (i.e.,
a community of hydrogen utilizers is needed to facilitate this reaction.)

3 CH;CHOHCOO™ — CH;COO™ + 2CH3;CH,COO™ + CO, + H,O [Eqn 6]
CH;CH,COO™ + 3 H,O <> CH3COO + H" +3 H, + HCO5 [Eqn 7]

Column setup

Figure 1 shows the basic layout of the column systems. Briefly, water containing lactate and/or
carbonate flows by gravity from a carboy through a sparging tower to remove all dissolved
oxygen. The water is then pumped through the column in an up-flow configuration. Effluent
from the column flows to a container mounted on an electronic balance. Output from the balance
goes to a computer which both measures the accumulation of flow in the container and controls
operation of the pump in order to stop flow if problems with the column (e.g., leaks or overflows)
are detected by deviation in the rate of accumulation of water in the container.
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Figure 1. Basic layout of the column experiments.
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Figure 2 shows the modification of the basic flow system used to deliver sulfate to the column. In
this case, a concentrated sulfate solution is pumped from a reservoir at a slow rate (~2% of total

flow).

Constant-head reservoir

|

Lactate
and/or
carbonate
solution

Sparger |

Waste collection and flow measurement

Column

Pump

N2 or He Sulfate solution

Pump

Figure 2. Flow system used for injection of sulfate into the column.



Figure 3 shows modification to the basic flow system for the injection of reactive species,
including ferrous iron and volatile chlorinated compounds. This modification is necessary
because a significant fraction of these compounds are lost in the pump head. For ferrous iron

injection, the [Fe2+] concentration in the reservoir is maintained by regular injection of a ferrous

iron stock solution into the bottle. In addition, a quantity of zero-valent iron was placed in the
reservoir to act as an oxygen scavenger.

For injection of the volatile chlorinated compounds (TCE, CT and TCP), a non-aqueous phase
containing all three chemicals is maintained in the reservoir and the reservoir was continuously
stirred to maintain a uniform concentration throughout the bottle. As shown in the figure, water
flowing into the reservoir is directed to the bottom of the reservoir and withdrawn from the top.
There is no gaseous headspace either the [Fe2+] or chlorinated solvents bottles.

Each of the 10 white rings on the column contains a sampling port.

T Constant-head reservoir
L}

Lactate
and/or
carbonate
solution

Sparger |

Waste collection and flow measurement

[ ]
Ll
Ll
[ 1
1 :
Column E ;f/ B
AR = T

JL Pump

N2 or He
Pump ;
Reservoir for Fe2+

or contaminants

Source water

Figure 3. Flow system used for the injection of ferrous iron and chlorinated compounds.
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The photograph in Figure 4 shows a general overview of all the components of the flow systems.
The carboys are located in the upper portion of the photograph. Water collection containers and
analytical balances for each column and the computer control system are on the lower shelf
behind the columns

Pumps necessary for each configuration (basic flow, sulfate injection, ferrous iron injection,
chlorinated solvent injection) are on the lab bench behind and alongside the columns.

Figure 4. Overview photograph of the columns.
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Figure 5 shows a close-up of the different injection configurations used in the experiments.

Figure 5. Photograph showing detail of the injection system configurations

The bottle in the lower right of Figure 5 contains ferrous iron and zero-valent iron. The bottle in
the center on the stir plate contains the non-aqueous phase liquid mixture of TCE, CT, and TCP.
The bottle on the far right is the sulfate stock solution and the bottles to the left of that are the
sulfate injection source and the feed water for the chlorinated solvent injection pump.
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Figure 6 shows a close-up photograph of the sparging
tower used to remove oxygen from the feed water. Both
nitrogen and helium were used as the sparge gas.

Figure 6. Close-up photograph of the sparging tower.
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Column operation

For all columns a nominal pumping rate of 0.5 mL per minute was maintained using the main
ceramic piston pump for each column. Other injection pumps (for sulfate, ferrous iron and
chlorinated solvents) were maintained at approximately 0.01 mL/min.

The dimensions of the columns were ~100 ¢cm in length and 10 ¢cm in diameter. This results in a
total volume of approximately 8000 cm®. The porosity of the columns was approximately 0.4, for a
total pore volume of ~3200 cm®. The daily flow was approximately 720 mL, which gives a
residence time of approximately 4.5 days.

Table 2. Nominal influent concentrations.

Influent species Concentration
Lactate 0.5 mM
Bicarbonate 1 mM
pH 7.2
Sulfate 0.2 mM
Ferrous iron 0.15 mM
TCE 1.35 M
CT 0.75 uM
TCP 4.60 uM
PIPES Buffer 10 mM

Measurement of flow through each column was accomplished by measuring the increase in mass of
water collected from each column. Effluent from each column flowed into a 4-L container resting
on an analytical balance. The analytical balance regularly sent the total mass of water to an
attached computer controlled by Labview™ software. The rate of change of water mass gives a
direct measure of flow rate. If a decrease in the rate of water accumulation was detected in any of
the columns, the computer has the ability to turn off individual pumps associated with each column.

Contaminant Degradation Experiments

Near the middle of the project period, and again near the end of the project, experiments were
conducted in which chlorinated compounds were continuously injected along with the groundwater
into each column. Typically, this would occur for a period of a few weeks, during which samples
were collected and analyzed, as discussed below.

When a quasi-steady state concentration distribution had been achieved, column flow was stopped
and a regular sampling regimen was initiated. Samples collected immediately after flow stoppage
were used as the “time zero” concentrations for each port. Sampling under stopped-flow conditions
persisted for a period of approximately 1500 hours (~60 days).
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Column Sampling and Analysis

Each column has 10 sampling ports spaced equidistant down the column. Each sampling post
consists of a 16-gage stainless steel hypodermic needle sealed into the wall of the column. The
inlet to the needle is screened and positioned near the center of the column. The needle is sealed at
the outside of the column with a ferrule and nut (Upchurch Scientific). The hub of the needle is
sealed with a Luer plug, which is temporarily removed during sampling.

During sampling, approximately 0.5 mL is allowed to flow out of the needle before a syringe is
placed on the needle to extract the sample. A range of water chemistry measurements are routinely
made on water samples collected from the column. These include ferrous iron, sulfate, sulfide, and
pH.

Ferrous iron

A one- or two-milliliter sample was collected for ferrous iron analysis (depending on expected
concentration). Each sample was analyzed spectrophotometrically using the Hach™ ferrous iron
method (Method 8146). In all cases, samples were filtered through a 0.45 pm filter prior to
analysis.

Sulfate

A 10-milliliter sample was collected for sulfate analysis. Each sample was analyzed
spectrophotometrically using the Hach™ sulfate method (Method 8051). In all cases, samples
were filtered prior to analysis.

Sulfide

A two- or five-milliliter sample was collected for sulfide analysis (depending on expected
concentration). Each sample was analyzed spectrophotometrically using the Hach™ sulfide
method (Method 8131). In all cases, samples were filtered prior to analysis.

pH

Approximately seven milliliters were collected for pH analysis. Each sample was analyzed with a
Vernier combination pH electrode connected to an Orion 720A meter. The electrode was
calibrated daily with two standards of pH 7.0 and 10.0.

Lactate

Liquid samples (1 mL) were passed through 0.2 um filters and organic acids (lactate, acetate,
propionate, and butyrate) were analyzed by ion chromatography (Dionex ICS-2100), consisting of
an AS-11 column (250 x 4 mm) with an AG11 guard column.

DNA concentrations

Water samples for DNA analysis were collected and immediately frozen at -80C. For analysis the
samples thawed and filtered to collect DNA. DNA was extracted from liquid column samples (2
mL) using a modified protocol involving the Qiagen PowerWater Sterivex kit. Sequencing of 16S
rRNA gene amplicons from column DNA extract was performed externally at MR DNA
(Shallowwater, TX).
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Chlorinated compounds and degradation products

Contaminants (TCE and CT) and possible relevant degradation products are listed below in Table
3.

Table 3. List of target analytes for the GC/MSD/FID analyses

MSD FID
Carbon disulfide Carbon Monoxide
Vinyl chloride Carbon Dioxide
cis-1,2-DCE Methane
trans-1,2-DCE Ethane
1,1,2-Trichloroethene Ethene
Carbon tetrachloride Acetylene
Chloroform
Dichloromethane

As part of the analysis of each sampling event, an external standard composed of all of the
compounds listed in Table 3 was prepared from an aqueous stock solution and two gas mixtures.
The external standard included 1,2,3-trichloropropane, the internal standard included in each of the
column experiments.

Each batch of headspace samples included a blank and the external standard and, typically, five
samples from one column. The samples were analyzed on a custom-designed automated headspace
analyzer composed of an Agilent 6890 GC, and Agilent 6971A MSD, and a PAL robotic auto-
sampler. The flow diagram for the analysis system is shown in Figure 7.

Injection Mode

Headspace DB-5 Column Carbon Column

Camer TR Injector ((‘iiii’))) ((‘iiii’))) Methanizer FID
C Carrier In
/.\._ Vent
MSD Carrier In
6-Port Auto-
Analysis Mode Sampler Valve
DB-5 Column Carbon Column
Carrier In H?;:ifg:e ((““"))) Methanizer FID
Carrier In
% Vet
Carrier In

6-Port Auto-
Sampler Valve

Figure 7. Schematic flow diagram for the GC/MSD/FID system.

16



6. Results

All of the analytical data collected in this project are located in the appendices at the end of the
report and graphical summaries of those data are presented in this section. The results reported

here include ferrous iron, sulfate/sulfide, pH, lactate and its degradation products, and chlorinated
compounds and their degradation products.

Ferrous Iron Concentrations
Timeseries results for ferrous iron concentrations in each of the six columns is shown in Figures 8-
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Figure 8. Measured ferrous iron concentrations in columns NM and NMFe.
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Figure 9. Measured ferrous iron concentrations in columns M2 and S2.

In all cases except the NL column, initial ferrous concentrations throughout much of the columns
were initially in the 100-300 uM range. Influent concentrations were generally low, except in the
case where ferrous iron was added to the column (NMFe, Figure 8)

Ferrous iron concentrations in the NL column were generally below detection limits. This is likely
because there was no biological activity in the column and, as a consequence, conditions were not
reducing enough

In all cases except NL, when flow was stopped (times between pairs of dashed vertical lines), the
ferrous iron concentration rose over time and then dropped again when flow resumed.
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As discussed briefly below, at day 275 the pH of the influent water for column NC was buffered

and the column pH went from ~3 to ~7. As a result, the ferrous iron concentrations in this column
dropped below detection limits and stayed low for the remainder of the experiment.
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Figure 10. Measured ferrous iron concentrations in columns NL and NC
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Sulfate and Sulfide Concentrations

As shown in Figure 11, in general terms, sulfate entering the S2 column was consumed during the
~5 days of transport across the column. There was some variation in the rate, depending on the
specific timeframe (i.e., at later times the rate of sulfate reduction increased in the column)

Correspondingly, there was detectable sulfide in aqueous samples that corresponds to about 20% of
the total sulfate added to the column (i.e., ~80% appears to have precipitated and been retained on
the column.) This was supported by the growth of visible black precipitate down the column over

time.
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Figure 11. Measured concentrations of sulfate and sulfide in column S2.
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pH Data

All of the pH data for the experiments is found in Appendix E. For the NM, NMFe, M2 and S2
columns, the pH time-series data are relatively consistent. For those columns, Port 1 was slightly
higher pH than the other ports. This is likely due to different reactions occurring at the entrance to
the column (e.g., any oxygen in the influent would have been quickly consumed in this region,
where as the rest of the length of the column was strictly anaerobic.) In general, the pH dropped
slightly over the duration of the experiments. This could have resulted from changes in
experimental procedure, although the reason for the drop is not clear.
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Figure 12. Measured pH in columns NM and NMFe.
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The data from four of the columns (NM, NMFe, M2, and S2) indicate that carbonate provided
adequate buffering capacity for the system. For the no lactate column (NL, Figure 14), the pH is

higher than was expected, and the reason for this is unclear..

The column without carbonate (NC, Figure 14) had a very low pH during the first half of the

experimental period. At day 275 the system was buffered with PIPES buffer for the remainder of
the experiments.
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Figure 13 . Measured pH in columns M2 and S2.
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Lactate and other Volatile Fatty Acid Concentrations
All of the volatile fatty acid data are found in Appendix F. Following the first round of stopped-

flow sampling (~day 250), the columns (except NMFe) were sampled for lactate and other volatile
fatty acid concentrations and the data are shown in Figures 15-17.

Degradation rates are fairly consistent along the lengths of columns NM, M2 and S2, with the
majority of the lactate being degraded during the ~5 days of transport across the column.

The NL column data (Figure 17) show no VFAs, as expected, because no lactate was added. The
NC column shows no degradation of lactate, nor accumulation of reaction products. Presumably
this is due to the initial low pH of the column. (pH ~ 3 at the time when sampling was conducted).
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Figure 15. Volatile fatty acid concentrations in the NM column.
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Figure 16. Measured volatile fatty acid concentrations in columns M2 and S2.
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Chlorinated compound degradation under flowing conditions

As described in the experimental section, during two intervals for each column contaminants were
continuously injected for approximately an approximate two-week period to establish steady
concentrations at each sampled port along the column. At the conclusion of that period flow
through the column was stopped and samples from each port were analyzed and used to determine
the overall degradation rate constant for TCE and CT during flowing conditions.

The analytical data for TCE and CT for each column are located in Appendices G and H.

Examples of the data are shown as points in Figure 18 (Port 1 data from the M2 and S2 columns).
Dashed lines in these figures are modeling results, which are discussed in Section 4, below.
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Figure 18. Measured chlorinated compound and degradation product concentrations in columns
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Chlorinated compound degradation under stopped-flow conditions

Once the concentration profiles in a column had stabilized under flowing conditions, flow in that
column was stopped and the column was periodically samples over the next ~60 days (~1500
hours). Example data, again from Port 1 on columns M2 and S2, are shown in Figure 19. All of
the analytical data for the stopped-flow experiments are listed in Appendices E and F.

Once again, the dashed lines in the figures represent modeling results, and first-order rate data for
the stopped-flow experiments are found in Section 4, below.

In all cases except one, no TCE degradation products were observed. The exception was the no
carbonate case when the pH was very low (~3). Our interpretation of this result is that the TCE
reduction pathway is entirely through acetylene and, in most cases, the acetylene degradation rate
was greater than the rate for acetylene formation and, as a consequence, there was no net acetylene
accumulation.

CT shows a typical degradation pattern with production of CF, and CS2, depending on the
conditions. There is also some data indicating CO production. However, the rate of CO
disappearance, and the detection limit for CO make it difficult to estimate rates from these data.
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Measured DNA in water samples

At the same time that samples were collected for volatile fatty acid analysis, samples were
collected for total DNA analysis. The data in Figure 20 show DNA concentrations for 5 of the
columns (NMFe was not available at the time of sampling).

Most noticeable is that neither the NC or NL columns have any measureable DNA concentrations.
The NL column result is not surprising in that there was no carbon source in the column to
facilitate cell growth. The data from the NC column are consistent with the measured VFA data,
which showed no lactate degradation or product formation. Presumably, this was due to the
relatively low pH of the column water (due to lack of buffering at that point in time.)
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7. Modeling of Chlorinated Compound Degradation

The measured concentration data in Appendices E and F were fit using Equations 1-5, above, and
an explicit finite difference scheme. Examples of the models for ports from two of the columns
(M2 and S2) under flowing conditions are shown as dashed lines in Figure 18, above. Similarly,
model results under stopped conditions are shown in Figure 19.

Modeling of Chlorinated Compound Degradation under Flowing Conditions
The observed first-order degradation rate constants (hr™') for each column for each injection round
is shown in Table 4.

Table 4. Observed first-order rate constants for TCE and CT in all columns for the two sampling rounds.

Column | Round 1 Round 2

kTCE* kCT kTCE kCT
NM 0.004 0.018 0.001 0.012

NMFe 0.002 0.06 0.002 0.02
M2 0.002 0.02 0.001 0.03

S2 0.002 0.03 0.001 0.02

NL 0.002 0.003 | BDL*** | BDL
NC 0.005** | 0.002** | 0.002 0.002

* Rate in units of hr!
** pH~3.5 during Round 1, pH~7.2 during Round 2
*** BDL = below detection limit (column residence time only 4.5 days)

For all columns to which lactate was added, the degradation rate for TCE was relatively consistent
(0.002 — 0.005 hr'"). For those same columns the degradation rate for CT was again relatively
consistent (0.02-0.06 hr-1) with the exception of the no carbonate (NC) column, in which the
degradation rate was an order of magnitude lower.

The most dramatic difference among all of the columns was that the no lactate (NL) column
showed no measureable degradation rate for either TCE of CT during the second round of
sampling. There are a number of possible reasons why this could be the case, including the lack of
biological activity in the column and the disappearance of some reactive material, present at the
beginning of the experiment (e.g., Fe2+). However, the data collected in this project are not able to
resolve this issue.

Modeling of Chlorinated Compound Degradation under Stopped-Flow Conditions
Rate constant data under stopped flow conditions for CT and TCE are shown in Table 5.

TCE rates for both sampling rounds are in the range of 0.0003-0.00035 hr™' except for the case
where there is no lactate. These are roughly an order of magnitude lower than for the flowing case.

Unlike the TCE cases, CT rates for column NM, NMFe, M2 and S2 are all similar to the rates
under flowing conditions. For the NL column, non-zero rates were observed; however, they were
10-50 times smaller than for the other columns.
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During round 2, the CT degradation rates for the NL column were consistently 3 to 6 times higher
than for round 1, but they were still less than NM NMFe, M2, and S2.

For the NC column the observed rate for CT was far below the other lactate-containing columns.
This is likely due to the lower pH. However, this effect is significantly different than was observed
for TCE in the same column. The volatile fatty acid data suggest that there was no measurable
lactate degradation (i.e., no biological reaction) at the low pH (~3.5) of the NC column.
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Table 5. Modeled first-order rate constant data (hr™') for all ports on all columns under stopped-flow
conditions.

Column-Port Round 1 Round 2
kTCE kAcet kCT kTCE kAcet kCT
NM-P1 0.00015 ND* 0.015 0.00003 ND 0.025
NM-P3 0.00018 ND 0.04 0.00013 ND 0.05
NM-P5 0.00013 ND ND 0.00005 ND 0.05
NM-P7 0.00025 ND ND 0.00007 ND 0.01
NM-P9 0.00035 ND ND 0.0007 ND ND
NMFe-P1 0.00013 ND 0.05 0.00017 ND 0.014
NMFe-P3 0.00013 ND ND 0.00013 ND 0.0085
NMFe-P5 0.00013 ND ND 0.0002 ND 0.03
NMFe-P7 0.0002 ND ND 0.0003 ND 0.03
NMFe-P9 0.00025 ND ND 0.0005 ND ND
M2-P1 0.00013 ND 0.04 0.00025 ND 0.02
M2-P3 0.00013 ND ND 0.00013 ND ND
M2-P5 0.00013 ND ND 0.00025 ND ND
M2-P7 0.00013 ND ND 0.0002 ND ND
M2-P9 0.0002 ND ND 0.0005 ND ND
S2-P1 0.00013 ND 0.05 0.00018 ND 0.02
S2-P3 0.00013 ND 0.05 0.00013 ND 0.03
S2-P5 0.00013 ND ND 0.00018 ND 0.05
S2-P7 0.00013 ND ND 0.00022 ND ND
S2-P9 0.00025 ND ND 0.0009 ND ND
NL-P1 BDL** ND 0.0024 0.00015 ND 0.0009
NL-P3 BDL ND 0.0012 0.00013 ND 0.0007
NL-P5 BDL ND 0.0009 0.00013 ND 0.0008
NL-P7 0.0001 ND 0.0008 0.00013 ND 0.0009
NL-P9 0.00013 ND 0.0007 0.00028 ND 0.0009
NC-P1 0.0001 0.0008 0.00005 0.0003 ND 0.0015
NC-P3 0.00013 0.0015 0.00005 | 0.00013 ND 0.0012
NC-P5 0.00013 0.0016 0.00005 | 0.00018 ND 0.0012
NC-P7 0.00015 0.0008 0.00005 | 0.00013 ND 0.0013
NC-P9 0.00013 0.004 0.00005 0.0003 ND 0.0015

*ND = No acetylene/carbon tetrachloride detected, therefore no rate could be determined.

**BDL — Below detection limit



Modeling Mass Balance

The modeled rate constants for CT were used in Equations 1-5 to estimate mass balances for CT
and degradation products under stopped-flow conditions. Examples of those simulations are
showing in Figure 21. The data suggest that the yield of CF in the two columns shown in the figure
are comparable, as is the rate of CF degradation. The S2 column shows a significant yield of CS2,
as would be anticipated based on the observed sulfide concentrations in the column.
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Figure 21. Modelled mass balance of CT, CF and CS2 during stopped flow in columns M2 and S2.
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8. Discussion
An objective of this project has been to identify the conditions under which chlorinated compounds
are degraded via abiotic pathways. Given the relatively ubiquitous nature of the TCE degradation,
this has been less successful than anticipated. However, there are a number of observations that
can be made with regard to both flowing and stopped-flow conditions and specific column
conditions.

Effects of different column conditions

Magnetite addition. The two columns to which magnetite was not added (NM and NMFe) had
degradation rates for CT and TCE that were similar to the columns to which magnetite was added.
This suggests that, in these experiments, the presence of magnetite did not contribute significantly
to abiotic degradation. It is important to note that this does not preclude a potential role for high-
surface-area magnetite formed in situ playing a significant role. However, there is no evidence in
the columns tested here that magnetite was formed or contributed to abiotic degradation

Sulfate addition. Sulfate addition in these experiments had little effect on the overall rate of TCE
or CT reduction. However, it did have a significant effect on products from CT degradation (i.c.,
carbon disulfide was a significant product in the S2 column. The S2 column also showed visual
signs of black mineral precipitation (presumably mackinawite, pyrite, or other iron sulfide
minerals).

Lactate addition. The lactate data are difficult to interpret. This is largely the case because TCE
degradation rates were relatively consistent across all column conditions. The one exception to this
is stopped-flow data for the column without lactate. There appears to be relatively little TCE
degradation during the first round of sampling; however, the degradation rate in the second round
increased and approached the rate for the columns in which lactate was being consumed.

For CT in the absence of lactate, the degradation rate dropped by more than an order of magnitude
when compared to the columns with lactate. This was the case for both flowing and non-flowing
conditions. The CT results are consistent with biotic metabolism being the driver for the system
(either biotic or biologically-mediated abiotic mechanisms).

Based on the pattern of volatile fatty acid degradation products, fermentation is the primary
pathway for lactate (i.e., the sum of propionate and acetate production equals the loss of lactate.)
There are a variety of pathways reported in the literature that could directly couple biological
reactions (e.g., extracellular processes, co-metabolism) to chlorinated compound reduction.
However, it is also likely/possible that there are indirect effects of lactate-driven biological
reactions (e.g., respiration activities eliminating traces of oxygen, mineral reduction/precipitation)

Carbonate buffer addition. In the absence of carbonate (NC column) the pH dropped to ~3.5.
This resulted in a very low CT degradation rate. At the same time, the TCE degradation rate was
relatively unchanged (slightly increased). Of particular note is that this was the only case in which
any TCE degradation product was observed. In this case, acetylene production was observed both
in the flowing column experiments and in the stopped-flow experiments.

PIPES buffer. For the NC column, after the first sampling event the decision was made to add
PIPES buffer to control the pH near 7.2. The effect of this can be seen in Figure 14. On effect of
this is that the ferrous iron concentration dropped below detection limits for the remainder of the
experiment (Figure 10). The increase in pH also resulted in a 20-30 fold increase in CT
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degradation rate. However, the CT rate still remained about an order of magnitude below the
columns in which lactate was being metabolized.

Chlorinated Compound Degradation Products

Lack of TCE degradation products. One of the surprising results of these experiments has been
that, in all cases except one, TCE degradation products were not observed. (As discussed above,
the exception was the NC case when the pH was very low). Our interpretation is that the pathway
for TCE degradation is all through acetylene and that the acetylene is rapidly degraded, except in
the very low pH case.

CT degradation patterns. CT shows a typical degradation pattern with production of CO, CF,
and CS2, depending on the conditions. In these experiments, CO only tended to accumulate during
flowing conditions, and even then was somewhat intermittent. (We have consistently observed CO
production in other similar experiments). As expected, CS2 was only produced in significant
quantities in the column to which sulfate was continuously added.

Effect of extended operation

Time-series ferrous iron data. In all cases except the NL column (where no ferrous iron was ever
present) there is a decrease in ferrous iron concentrations in the pore water over time. This is
believed to be the case because the reservoir of labile iron, originally in the sand at the beginning of
the experiments, was depleted over time. However, as the TCE and CT rate data in Table 4
indicate, those decreases in ferrous iron did not have a significant impact on either TCE or CT
degradation rates.

The data in Figure 9 indicate that aqueous ferrous iron concentrations increased during non-flowing
conditions, even when concentrations dropped below the detection limit during adjacent flowing
conditions. This suggests that there was likely some ongoing production of [Fe2+]; however, the
data collected does not allow estimation of a rate. For the S2 column, significant darkening of the
sand grains was observed over time, which was likely due to the formation of iron sulfides (at least
initially FeS). This process appeared to continue throughout the duration of the experiments and
again suggests that [Fe2+] production was ongoing.

Time-series sulfate and sulfide data. As the data in Figure 11 indicate, sulfate was consistently
metabolized in the first half of the column. When lactate concentration was reduced (~day 250),
metabolism was disrupted, but eventually returned and ultimately increased in rate near the end of
the experiments (i.e., by day 550 nearly all of the sulfate had disappeared by port 3.)

The dissolved sulfide concentrations (Figure 11) increased during the latter portions of the
experiment, suggesting a reduction in iron sulfide precipitation, which is consistent with decreases
in observed [Fe2+]. As mentioned above, the sulfide data suggest that ~80% of the sulfur
introduced into the column as sulfate was removed from the water during transport through the
column. It has been suggested that fresh precipitation of iron sulfides is an important contributor to
abiotic chlorinated compound degradation. However, data from the column experiments conducted
here suggest that it was not a dominant factor.

Time-series pH data.

With the exception of the low-pH case, there was relatively little of note with regard to the time-
series pH data. The low pH in the NC column definitely had an impact on column behavior;
however, even when the pH of that column was buffered, there was no apparent increase in
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biological activity over time. This suggests that the extended low pH conditions likely had a
detrimental effect on the microbial activity of that column.

Changes in TCE and CT degradation rates over time.

Under flowing conditions, the TCE degradation rates were generally a factor of 2-3 lower under
flowing conditions that directly preceded the second round of stopped-flow sampling compared to
the first (i.e., samples collected immediately after shutdown of the column for the second time).
However, it is generally not possible to say with confidence what the factors were that contributed
to this change (e.g., decreased [Fe2+], effects of first stopped flow period). An exception to this
was the NC column, which showed a 3X increase during the later sampling. This is likely due to
the change in pH between the two sampling events (i.e., due to buffering prior to the second
stopped-flow period.)

For CT, the degradation rates were generally similar for the two sampling rounds under flowing
conditions. An interesting exception for both TCE and CT was that there was no measurable
reactivity for either compound during the second flowing experiment for the NL column. The
reason for this is not known, but it is possible that variations in injection concentrations leading up
to the sampling event could have inadvertently contributed to this result.

Under non-flowing conditions, the TCE degradation rate dropped about an order of magnitude
from the flowing case, but was surprisingly similar across all columns and both sampling events.
The one exception to this is the NL column during the first sampling round. Ports 1,3 and 5 do not
show any TCE degradation over ~1500 hours. Ports 7 and 9 show reactivity similar to that
observed in the other columns. Interestingly, in the second round of sampling, all of the ports for
the NL column showed rates similar to the other columns.

As mentioned previously, acetylene was observed in only one column (NC) and only during the
first sampling event (when pH was low). Our working hypothesis is that the acetylene degradation
rate was slower under these conditions, so there was an opportunity for it to accumulate.

For CT, unlike TCE, the observed rates under non-flowing conditions were similar to those during
flowing conditions. The exceptions to these were the NL and NC columns, where the rates were
significantly slower. A common element for these two columns is that there was no lactate
metabolism in either case (NL because there was no lactate present, NC because it was not
degraded.) It is also true that for both these cases there was no measured microbial biomass in
water samples collected from the columns.

The observed CT degradation rates in the second round of non-flowing experiments were similar,
but a bit slower, than the rates from the first round. The exception here is the NC column, which
had significantly higher rates during the second, higher pH case.

Implications for Active to Passive Transitions

An important goal for this project was to complete a systematic evaluation of column conditions
that would allow a decision tree framework to be developed that would be useful for assessing
active to passive transitions in groundwater remediation. While the systematic evaluation was
completed successfully, the set of experimental conditions tested did not yield an experimental data
set that would allow a working decision tree to be developed. For TCE, in particular,
disappearance rates were surprisingly consistent across all experimental conditions.
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For CT, the decision tree approach is a bit more useful (Figure 22). In this case, the metabolism of
lactate had a strong impact on CT degradation (i.e., the NL column and the NC column under low
pH conditions). The presence of added magnetite did not have any significant impact on rate, nor
did the addition or concentration of ferrous iron. (It should be noted that an early column without
lactate, but with added ferrous iron, failed because the conditions in the column were not
sufficiently reducing to prevent precipitation of the iron and plugging the column.)

The addition of sulfate to the S2 column produced a different reaction products for CT (i.e., CS2),
but did not significantly increase the overall CT degradation rate.

For the NC column, the very low pH made a significant difference in rate of CT degradation.
(However, the conditions tested are not likely to occur in nature because of the ubiquitous presence
of carbonate in natural systems.)

Microbial activity was important for CT degradation in most, if not all, cases. This could be the
case either because there was direct or co-metabolic biodegradation of the CT or because it helped
to ensure anoxic conditions, and likely led to the production of reactive species.

Not Oxygen
Tested Present

Labile Slow CT Reaction

Carbon kCT=0.0007-0.0012

Carbonate N[} s|ow CT Reaction
Buffer kCT=0.00005-0.0015

Magnetite

Fast CT Reaction
kCT=0.01-0.05

Figure 22. Decision tree for CT degradation under various conditions.
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9. Conclusions and Implications
TCE degradation appeared to be quite rapid under flowing groundwater conditions with the
addition of a labile carbon source. Given that few TCE degradation products were observed (i.e..,
only acetylene and only under the low pH condition), it is difficult to discuss the specific
degradation pathway. However, the lack of chlorinated degradation products is generally
interpreted as indicating an abiotic pathway. And, modeling of the available acetylene data suggest
that its rate of degradation is sufficiently fast to prevent accumulation (except in the low-pH case).

When groundwater flow was stopped, the rate of TCE degradation slowed by an order of
magnitude. The most likely explanation for this is that the labile carbon source (lactate) was
consumed within a few days and, as a consequence, microbial activity slowed. This is supported
by the lactate degradation data, where a half-life in all of the carbonate buffered columns was on
the order of 2-5 days under flowing conditions.)

In contrast to TCE, CT reduction rates generally did not decrease under no-flow conditions. This
suggest a pathway for CT reduction that was less dependent on short-lived reactants actively
produced in conjunction with lactate metabolism. In contrast, this result may suggest that
somewhat longer-lived reactive species (e.g., mineral phases) could have played a significant role
for CT

Microbiology likely had several important roles in the columns containing lactate. These include:
1) removal of residual oxygen from the influent groundwater; 2) reduction of mineral surfaces

present in the column; and 3) production of reactive species.

The experiments described here are relevant for examining active to passive transition. In these
experiments, flowing conditions represent the sustained delivery of materials to a treatment zone

such as might be the case during active remediation. In the flowing groundwater case, the different
ports on the column can be used to follow a parcel of amended groundwater as it moves through a
treatment zone. When the flow in the column is stopped, the flux of additives into the treatment
zone, obviously, stops. In this context it is useful to think about sequential sampling of stopped-
flow conditions in the column as representing time-series analysis of a specific parcel of water
within the treatment zone under conditions of natural (i.e., not further amended or pumped)
groundwater flow.

Fermentation was the dominant biological process in the columns. This is likely to be the case
whenever a significant carbon source is added to the subsurface. As discussed above, the reaction
of propionate to acetate yields molecular hydrogen, which can be used by a wide variety of
microorganisms, including dehalogenators, to reduce chlorinated compounds. These reactions may
also produce extracellular biomolecules or other reactive species which can directly, or indirectly,
result in chlorinated compound degradation.

An important conclusion from these experiments is that the addition of magnetite (or ferrous iron)
and sulfate did not significantly impact reaction rates. Given the abundance of literature on the
potential roles of magnetite and FeS on abiotic reduction, this is somewhat surprising. However, it
may also be the case that the relatively organic-rich conditions in the columns overwhelmed the
effects of the mineral phases

An important, if not surprising. conclusion is that addition of a carbon source was the main factor
impacting contaminant degradation. The microbial metabolism facilitated by the carbon made the
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columns more reducing (e.g., by removing all oxygen) and likely provided species that facilitated
abiotic reactions (i.e., biologically-mediated abiotic degradation — BMAD).

10. Recommendations

Follow-On Experiments

These experiments were designed to provide preliminary data to be used in the follow-on project
(ER20-1357). The conclusions from these experiments can be extended by completing some
additional, complimentary experiments. These include:

1. Conduct a more-detailed characterization of the microbial population. This could include a
more-quantitative assessment of the different categories of microorganisms.

2. Conduct batch experiments using materials from one or more of the columns. This could
include manipulation of geochemical conditions to examine their effects on reactivity.

3. Use of “Min-Trap” columns on the effluent of one or more columns and use the materials
from those columns in batch reactivity experiments.

4. Temporary removal of lactate from the influent of one or more columns to observe the
effects on degradation rates.

Closing note on Reduction Potential

Reduction potential data were not collected during these column studies. This is, in part, due to
challenges in making accurate measurements of reduction potential without access to solid-phase
materials (which were not convenient to collect from the columns). As a separate set of
experiments in our laboratory, platinum and glassy carbon electrodes were emplaced into a column
such that they were in close physical proximity to the solid phase materials. These electrodes were
monitored over periods of months and a relatively consistent pattern emerged. Generally speaking,
the reduction potential measured with the platinum electrode was initially lower than that of the
glassy carbon electrode. However, over periods of a week or two, the reduction potentials of both
electrodes tended to drop significantly, and ended up below -700mV relative to the silver-silver
chloride reverence electrode used for both working electrodes. Our interpretation of these data are
that, initially, the platinum electrode was influenced by the presence of molecular hydrogen,
leading to its lower value. However, over time, as both electrodes dropped in value, it is believed
that microbial growth (or possibly precipitation) directly on the electrodes let do readings that
more-accurately reflect the conditions experienced in biologically-active systems. As a test of this
hypothesis, the electrodes were occasionally either removed and cleaned, or rotated in place to
remove materials accumulated on the surface of the electrode. This resulted in initially less-
negative potentials, which again returned to the lower values over time. One interpretation of these
results is that biologically-associated micro-environments may have significantly lower reduction
potentials in biologically active systems than are reflected in bulk water samples coming from
monitoring wells.
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12. Appendices
Appendix A - Acronyms

BDL - below detection limit (changes in concentrations were too small to allow a rate determination)
BMAD - biologically-mediated abiotic degradation
CF — chloroform

CO — carbon monoxide

CT — Carbon tetrachloride

DCE - dichloroethene

DCM - dichloromethane

DNA - Deoxyribonucleic acid

FID — Flame lonization Detector

GCMS — Gas chromatograph, mass spectroscopy
MSD - Mass Spectrometric Detector

ND — no acetylene/carbon tetrachloride detected
TCE - trichloroethene

TCP — 1,2,3-trichloropropene

VC — vinyl chloride

VFA — Volatile Fatty Acids

Column Names:

NM — No Magnetite

NMFe — No Magnetite, Iron Added
M2 — Magnetite 2

S2 — Sulfate 2

NL — No Lactate

NLFe — No Lactate, Iron Added
NC — No Carbonate



Appendix B. Ferrous Iron Data (uM)

Date NM NMFe

1 3 5 7 9 1 3 5 7 9
7/6/2020 0.91 | 10.91 | 64.55 | 19545 | 236.36 | 70.00 | 110.00 | 211.82 | 216.36 | 202.73

7/15/2020 0.00 | 0.00 0.00 0.00 0.00 63.64 0.00 0.00 0.00 0.00
7/20/2020 091 | 11.82 | 64.55 | 158.18 | 210.00 | 72.73 | 97.27 | 130.00 | 198.18 | 225.45
8/3/2020 1.82 | 15.45 | 56.36 | 102.73 | 171.82 | 4091 | 68.18 | 103.64 | 143.64 | 182.73
8/17/2020 0.91 | 21.82 | 56.36 | 79.09 | 110.00 | 43.64 | 66.36 | 88.18 | 111.82 | 140.00
8/31/2020 1.82 | 19.09 | 50.00 | 71.82 | 86.36 | 58.18 | 60.00 | 80.91 | 93.64 | 113.64
9/14/2020 273 | 1091 | 3545 | 64.55 | 86.36 | 5091 | 73.64 | 87.27 | 100.00 | 110.00
10/13/2020 | 0.91 | 4.55 | 16.36 | 3636 | 63.64 | 34.55 | 54.55 | 6091 | 74.55 | 85.45
10/26/2020 | 0.00 | 1.82 | 1091 | 2091 | 48.18 | 29.09 | 42.73 | 4545 | 51.82 | 68.18
11/9/2020 0.00 | 1.82 | 10.00 | 20.00 | 34.55 | 32.73 | 39.09 | 40.00 | 46.36 | 61.82
11/23/2020 | 0.00 | 0.00 3.64 12.73 | 30.00 | 39.09 | 46.36 | 48.18 | 50.00 | 58.18
12/7/2020 6.36 | 28.18 | 55.45 | 142.73 | 172.73 | 5.45 23.64 | 37.27 | 4091 | 52.73
12/21/2020 | 16.36 | 58.18 | 102.73 | 210.91 | 236.36 | 38.18 | 53.64 | 68.18 | 86.36 | 100.91
1/4/2021 35.45 | 89.09 | 143.64 | 259.09 | 259.09 | 90.91 | 120.91 | 130.00 | 167.27 | 176.36
1/18/2021 3.64 | 7.27 | 18.18 | 30.00 | 43.64 | 130.91 | 167.27 | 160.00 | 207.27 | 196.36
2/3/2021 091 | 3.64 | 11.82 | 2091 | 29.09 | 187.27 | 212.73 | 180.91 | 221.82 | 190.91
2/16/2021 0.00 | 0.00 0.00 0.00 0.00 | 178.18 | 213.64 | 200.91 | 240.00 | 178.18
3/3/2021 273 | 545 9.09 14.55 | 18.18 | 27.27 | 4545 | 60.00 | 59.09 | 63.64

3/15/2021 1.82 | 17.27 | 1545 | 18.18 | 23.64 | 61.82 | 5545 | 52.73 | 61.82 | 68.18
3/29/2021 091 | 7.27 7.27 10.91 | 19.09 2.73 29.09 | 38.18 | 40.00 | 40.00
4/12/2021 0.00 | 0.00 0.00 0.00 0.00 17.27 | 28.18 | 32.73 | 39.09 | 42.73
4/26/2021 0.91 | 091 1.82 8.18 16.36 0.91 20.00 | 18.18 | 25.45 | 29.09
5/10/2021 1.82 | 1.82 0.91 3.64 9.09 2.73 9.09 9.09 9.09 16.36
5/29/2021 0.91 | 2.73 1.82 5.45 2.73 0.00 6.36 6.36 4.55 9.09
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6/8/2021 091 | 3.64 | 2.73 2.73 6.36 5.45 10.00 | 10.00 | 10.91 | 11.82
6/24/2021 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7/9/2021 091 | 7.27 | 7.27 8.18 13.64 | 13.64 | 20.00 | 24.55 | 22.73 | 23.64
7/20/2021 091 | 727 | 545 1091 | 1091 | 2545 | 32.73 | 37.27 | 31.82 | 34.55
8/3/2021 1.82 | 818 | 10.00 | 19.09 | 20.00 | 42.73 | 37.27 | 42.73 | 38.18 | 40.91
8/17/2021 0.91 | 10.00 | 12.73 | 18.18 | 9.09 | 52.73 | 39.09 | 44.55 | 41.82 | 41.82
9/1/2021 1.82 | 11.82 | 16.36 | 20.91 1.82 | 64.55 | 50.91 | 50.91 | 50.00 | 50.00
9/20/2021 091 | 1455 | 18.18 | 23.64 | 0.00 | 8091 | 50.00 | 5545 | 57.27 | 47.27
10/12/2021 | 0.00 | 2.73 | 2.73 4.55 5.45 19.09 | 1091 | 13.64 | 13.64 | 14.55
10/26/2021 | 0.00 | 0.91 3.64 5.45 5.45 19.09 | 1545 | 1545 | 1545 | 17.27
11/3/2021 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
11/11/2021 | 091 | 091 | 2.73 2.73 3.64 17.27 | 18.18 | 19.09 | 18.18 | 19.09
11/23/2021 | 091 | 1.82 1.82 1.82 1.82 7.27 12.73 | 11.82 | 1091 | 10.91
12/8/2021 091 | 1.82 | 2.73 2.73 3.64 8.18 1091 | 12.73 | 13.64 | 12.73
12/23/2021 | 091 | 2.73 1.82 1.82 2.73 6.36 9.09 1091 | 10.00 | 11.82
1/10/2022 | 0.00 | 0.00 | 0.00 0.91 0.91 3.64 9.09 7.27 7.27 8.18
1/18/2022 | 0.00 | 1.82 1.82 0.91 2.73 3.64 6.36 9.09 8.18 8.18
2/2/2022 091 | 1.82 | 091 1.82 1.82 2.73 6.36 8.18 9.09 10.91
2/15/2022 | 0.00 | 1.82 1.82 2.73 4.55 0.91 2.73 6.36 7.27 7.27
3/3/2022 091 | 1.82 | 091 0.91 2.73 0.00 0.91 4.55 5.45 6.36
3/15/2022 | 0.91 | 0.91 1.82 1.82 1.82 1.82 2.73 545 7.27 8.18
3/30/2022 1.82 | 1.82 1.82 3.64 3.64 0.00 0.00 0.00 0.00 0.00
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Date M2 S2
1 3 5 7 9 1 3 5 7 9
7/6/2020 3.64 10.00 | 19.09 | 13.64 | 1091 | 7.27 | 61.82 | 116.36 | 235.45 | 284.55
7/15/2020 0.00 0.00 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00
7/20/2020 4.55 13.64 | 3545 | 59.09 | 103.64 | 3.64 | 13.64 | 38.18 | 93.64 | 160.00
8/3/2020 1.82 16.36 | 55.45 | 98.18 | 14455 | 2.73 | 12.73 | 26.36 | 64.55 | 101.82
8/17/2020 2.73 1545 | 57.27 | 87.27 | 123.64 | 4.55 | 10.00 | 23.64 | 5091 | 91.82
8/31/2020 0.00 1091 | 44.55 | 81.82 | 109.09 | 2.73 | 20.00 | 21.82 6.36 47.27
9/14/2020 1.82 5.45 27.27 | 62.73 | 101.82 | 0.00 | 0.00 0.00 0.00 0.00
10/13/2020 | 20.00 | 132.73 | 236.36 | 219.09 | 173.64 | 81.82 | 50.91 | 92.73 | 175.45 | 132.73
10/26/2020 | 59.09 | 248.18 | 257.00 | 251.82 | 173.64 | 98.18 | 47.27 | 106.36 | 194.55 | 137.27
11/9/2020 | 102.73 | 309.09 | 283.64 | 259.09 | 161.82 | 4.55 | 37.27 | 39.09 | 5545 | 72.73
11/23/2020 | 139.09 | 283.64 | 287.27 | 277.27 | 146.36 | 9.09 | 23.64 | 12.73 | 2091 | 37.27
12/7/2020 3.64 1091 | 34.55 | 62.73 | 96.36 | 6.36 | 27.27 | 39.09 | 52.73 | 68.18
12/21/2020 0.91 8.18 26.36 | 46.36 | 79.09 | 4.55 | 19.09 | 30.00 | 70.00 | 90.91
1/4/2021 0.91 7.27 22.73 | 3545 | 58.18 | 10.00 | 31.82 | 58.18 | 94.55 | 108.18
1/18/2021 0.00 6.36 2091 | 32.73 | 51.82 | 7.27 |24.55| 31.82 | 102.73 | 116.36
2/3/2021 0.91 6.36 18.18 | 32.73 | 51.82 | 9.09 |22.73 | 26.36 | 80.91 | 100.91
2/16/2021 0.91 5.45 2091 | 36.36 | 5091 | 9.09 |22.73 | 21.82 | 71.82 | 90.91
3/3/2021 0.91 10.00 | 22.73 | 44.55 | 5455 | 7.27 | 13.64 | 21.82 | 76.36 | 94.55
3/15/2021 2.73 33.64 | 57.27 | 79.09 | 73.64 | 10.00 | 31.82 | 46.36 | 88.18 | 104.55
3/29/2021 0.91 26.36 | 37.27 | 64.55 | 68.18 | 7.27 | 2091 | 26.36 | 73.64 | 95.45
4/12/2021 2.73 20.00 | 28.18 | 40.91 | 50.00 | 10.91 | 19.09 | 20.00 | 16.36 | 10.00
4/26/2021 0.91 17.27 | 2545 | 28.18 | 26.36 | 6.36 | 5.45 5.45 7.27 3.64
5/10/2021 0.91 10.00 | 2091 | 26.36 | 28.18 | 3.64 | 2.73 2.73 0.91 0.91
5/29/2021 0.91 7.27 17.27 | 22.73 | 21.82 | 091 | 2.73 0.91 1.82 1.82
6/8/2021 0.91 7.27 14.55 | 2091 | 2091 | 091 | 1.82 1.82 1.82 1.82
6/24/2021 0.00 4.55 1091 | 1091 | 12.73 | 2.73 | 1.82 2.73 1.82 0.91
7/9/2021 0.91 4.55 8.18 9.09 8.18 0.91 | 0.00 0.00 0.91 0.00
7/20/2021 0.91 9.09 13.64 | 14.55 | 13.64 | 455 | 2.73 1.82 0.91 0.91
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8/3/2021 0.00 2.73 5.45 6.36 455 | 818 | 273 | 0091 11.82 | 31.82
8/17/2021 0.91 1091 | 17.27 | 13.64 | 11.82 | 1091 | 1091 | 7.27 1091 | 29.09
9/1/2021 1.82 | 22.73 | 3091 | 23.64 | 19.09 | 14.55| 5.45 | 0.91 11.82 | 49.09
9/20/2021 9.09 | 39.09 | 46.36 | 29.09 | 28.18 | 2091 | 9.09 | 5.45 9.09 | 49.09
10/12/2021 0.00 0.00 0.00 0.00 0.00 | 3.64 | 1.82 | 0.00 1.82 0.00
10/26/2021 | 19.09 | 44.55 | 60.00 | 19.09 | 46.36 | 1.82 | 1.82 | 091 0.91 0.00
11/3/2021 1.82 1091 | 2091 | 24.55 | 20.91 | 0.00 | 0.00 | 0.00 0.00 0.00
11/11/2021 0.91 7.27 11.82 | 1636 | 17.27 | 2.73 | 091 0.91 0.91 0.91
11/23/2021 0.91 8.18 1273 | 17.27 | 1545 | 2.73 | 1.82 1.82 3.64 1.82
12/8/2021 0.91 7.27 11.82 | 1545 | 12.73 | 091 | 091 0.91 0.91 0.91
12/23/2021 1.82 7.27 10.00 | 12.73 | 1091 | 091 | 2.73 | 0.91 1.82 0.91
1/10/2022 0.00 4.55 7.27 10.91 9.09 | 091 | 091 0.91 0.00 0.00
1/18/2022 1.82 5.45 8.18 1091 | 11.82 | 1.82 | 091 0.91 0.91 0.91
2/2/2022 1.82 7.27 6.36 8.18 10.00 | 1.82 | 2.73 1.82 1.82 1.82
2/15/2022 1.82 3.64 5.45 8.18 7.27 | 091 | 091 0.91 1.82 0.91
3/3/2022 0.91 5.45 8.18 9.09 9.09 1.82 | 1.82 | 091 1.82 1.82
3/15/2022 0.91 5.45 6.36 8.18 8.18 1.82 | 2.73 1.82 0.91 0.91
3/30/2022 | 27.27 | 7.27 1091 | 11.82 | 11.82 | 1.82 | 091 0.91 0.91 1.82
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Date NL nv
1 3 5 7 9 1 3 5 7 9
7/6/2020 10.00 | 6.36 | 9.09 1545 | 17.27 | 10.00 | 56.36 | 112.73 | 98.18 | 96.36
7/15/2020 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7/20/2020 6.36 | 091 | 11.82 | 091 0.91 5.45 26.36 | 72.73 | 124.55 | 101.82
8/3/2020 091 [ 091 | 091 0.00 0.91 8.18 23.64 | 4091 | 74.55 | 109.09
8/17/2020 091 | 091 | 0.00 1.82 0.00 5.45 16.36 | 28.18 | 45.45 | 62.73
8/31/2020 091 | 0.00| 091 0.00 1.82 6.36 16.36 | 29.09 | 39.09 | 50.00
9/14/2020 0.00 | 0.00 | 0.00 0.00 0.00 7.27 20.00 | 22.73 | 35.45 | 39.09
10/13/2020 | 0.00 | 0.00 | 0.00 0.91 0.91 4.55 10.91 18.18 | 20.00 | 23.64
10/26/2020 | 0.00 | 0.00 | 0.00 0.00 0.00 5.45 10.00 | 15.45 | 23.64 | 29.09
11/9/2020 0.00 | 0.00 | 0.00 0.00 0.00 | 27.27 | 30.00 | 36.36 | 43.64 | 52.73
11/23/2020 | 0.00 | 0.00 | 0.00 0.00 0.00 65.45 | 60.00 | 67.27 | 80.00 | 91.82
12/7/2020 091 | 091 | 091 0.00 0.00 89.09 | 8091 | 89.09 | 10545 | 118.18
12/21/2020 | 0.00 | 0.00 | 0.00 0.00 0.00 | 108.18 | 100.00 | 106.36 | 122.73 | 131.82
1/4/2021 0.00 | 0.00 | 0.00 0.00 0.00 | 127.27 | 123.64 | 116.36 | 135.45 | 142.73
1/18/2021 0.00 | 0.00 | 0.00 0.00 0.00 4.55 8.18 11.82 | 15.45 | 20.00
2/3/2021 0.00 | 0.00 | 0.00 0.00 0.00 4.55 8.18 11.82 | 16.36 | 19.09
2/16/2021 1.82 [ 091 | 091 4.55 0.91 3.64 8.18 10.91 15.45 | 20.00
3/3/2021 091 [ 091 ] 091 1.82 1.82 4.55 10.00 | 22.73 | 20.00 | 24.55
3/15/2021 0.00 | 0.00 | 0.00 0.00 0.00 6.36 1545 | 19.09 | 21.82 | 26.36
3/29/2021 0.00 | 0.00 | 0.00 0.00 0.00 4.55 7.27 10.91 | 1545 | 19.09
4/12/2021 0.00 | 0.00 | 0.00 0.00 0.00 1.82 0.00 0.00 1.82 0.91
4/26/2021 091 | 1.82| 091 0.91 1.82 1.82 1.82 1.82 0.91 0.91
5/10/2021 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.91 0.00 0.00
5/29/2021 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.91 0.91 0.00
6/8/2021 0.00 | 0.00 | 0.00 0.00 0.00 0.91 0.91 0.91 0.00 0.91
6/24/2021 0.00 | 0.00 | 0.00 0.00 0.00 0.91 0.91 0.91 0.91 0.91
7/9/2021 091 | 0.00 | 0.00 1.82 0.91 0.00 0.91 0.91 1.82 0.91
7/20/2021 0.00 | 0.00 | 0.00 0.00 0.00 0.91 0.00 0.00 0.00 0.00
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8/3/2021 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8/17/2021 0.00 | 0.00 | 0.00 0.00 0.00 0.91 0.91 0.91 0.91 1.82
9/1/2021 0.00 | 0.00 | 0.00 0.91 0.00 0.91 0.00 0.00 0.00 0.91
9/20/2021 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10/12/2021 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10/26/2021 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
11/3/2021 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
11/11/2021 | 091 | 091 | 0.00 0.00 0.00 0.00 0.00 0.91 0.00 0.00
11/23/2021 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12/8/2021 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12/23/2021 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1/10/2022 1.82 | 1.82| 1.82 0.91 0.91 0.91 0.00 0.00 0.91 1.82
1/18/2022 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2/2/2022 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2/15/2022 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3/3/2022 091 | 182 | 1.82 0.91 0.91 0.91 3.64 1.82 3.64 0.91
3/15/2022 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3/30/2022 1.82 | 091 | 1.82 1.82 1.82 0.00 0.00 0.00 0.00 0.00
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Appendix C. Sulfate Data (uM)

Date S2
1 3 5 7 9
7/9/2020 312.5 | 13542 | 31.25 | 20.833 | 52.0833
7/23/2020 | 458.33 | 31.25 | 10.417 | 10.417 | 10.4167
8/5/2020 437.5 | 10.417 | 10.417 | 20.833 | 41.6667
8/19/2020 531.25 | 10.417 | 20.833 | 10.417 | 31.25
8/28/2020 | 458.33 | 447.92 | 333.33 | 31.25 | 10.4167
11/11/2020 | 468.75 | 333.33 | 375 | 427.08 | 781.25
11/25/2020 | 416.67 | 270.83 | 10.417 0 0
12/9/2020 375 312.5 | 10.417 | 10.417 | 20.8333
12/23/2020 4375 | 260.42 0 10.417 | 20.8333
1/6/2021 385.42 | 218.75 0 10.417 | 20.8333
1/20/2021 458.33 | 312.5 | 10.417 | 20.833 | 10.4167
2/4/2021 385.42 | 32292 | 31.25 | 20.833 | 10.4167
2/19/2021 291.67 | 239.58 0 10.417 | 10.4167
3/4/2021 385421322921 10.417 | 10.417 | 10.4167
3/19/2021 385.42 | 343.75 | 10.417 | 10.417 0
3/31/2021 395.83 | 281.25 | 10.417 | 20.833 | 10.4167
4/14/2021 34375 | 312.5 | 302.08 | 291.67 | 229.167
4/28/2021 260.42 | 187.5 | 114.58 | 83.333 | 83.3333
5/11/2021 26042 | 166.67 | 125 | 83.333 | 41.6667
5/31/2021 281.25 | 135.42 | 52.083 0 10.4167
6/10/2021 32292 | 177.08 | 83.333 | 10.417 0
6/28/2021 270.83 | 197.92 | 135.42 | 93.75 62.5
7/13/2021 354.17 | 343.75 | 281.25 | 239.58 | 229.167
9/30/2021 364.58 | 375 | 322.92|447.92 | 1093.75
10/27/2021 | 427.08 | 239.58 | 208.33 | 187.5 93.75
11/12/2021 | 354.17 | 197.92 | 166.67 | 83.333 | 20.8333
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11/24/2021 | 354.17 | 197.92 | 104.17 | 31.25 | 20.8333
12/9/2021 416.67 | 93.75 | 20.833 | 10.417 | 10.4167
12/24/2021 | 343.75 | 83.333 | 10.417 | 10.417 | 10.4167
1/12/2022 | 322.92 | 31.25 | 10.417 0 0
1/20/2022 | 343.75 | 20.833 0 10.417 | 10.4167
2/3/2022 312.5 0 20.833 0 0
2/16/2022 | 33333 | 62.5 | 10.417 | 10.417 | 10.4167
3/4/2022 395.83 | 93.75 0 10.417 0
3/16/2022 | 322.92 | 20.833 | 10.417 0 10.4167
3/31/2022 3125 | 31.25 0 20.833 0
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Appendix D. Sulfide Data

Date S2 (uM)
1 3 5 7 9

7/24/2020 2.28 88.59 18.44 0.22 0.00
8/18/2020 4.38 70.31 26.25 0.88 0.00
11/12/2020 0.20 12.81 12.13 5.47 0.09
12/10/2020 0.31 25.00 29.31 6.75 0.06

1/7/2021 1.16 26.75 21.88 7.50 2.66
2/5/2021 2.50 18.88 30.63 9.13 3.06
3/4/2021 5.19 23.75 36.00 10.75 5.28
3/31/2021 3.75 23.56 22.25 9.72 5.28
4/28/2021 27.00 39.56 20.00 17.59 15.56
6/1/2021 33.88 54.69 48.13 58.28 51.09
6/29/2021 27.19 63.59 62.81 93.13 83.75
7/13/2021 0.84 10.13 42.03 53.13 48.59
9/30/2021 2.19 12.81 14.84 11.41 1.72
10/28/2021 13.69 82.19 62.19 76.88 82.81
11/24/2021 18.75 78.13 76.56 93.75 87.50
12/24/2021 13.13 80.47 87.50 88.28 95.94
1/21/2022 17.00 81.88 72.19 75.31 86.88
2/17/2022 17.97 77.34 64.53 67.50 61.88
3/17/2022 16.38 75.78 78.28 75.78 72.34
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Appendix E. pH Data

Date NM NMFe
1 3 5 7 9 1 3 5 7 9
7/13/20 6.90 7.00
12/2/20 7.80 7.15 7.05 7.00 6.90
1/6/21 7.00 6.95 6.95 6.90 6.90
1/13/21 8.25 7.50 7.10 7.10 7.05
1/27/21 8.20 7.55 7.25 7.10 7.40 6.95
2/10/21 7.90 7.35 7.00 7.00 7.00 6.90 6.95 6.95 6.95 7.10
2/25/21 8.10 7.35 7.05 7.00 7.05 7.50 6.95 6.95 6.90 6.90
3/10/21 8.10 7.35 6.95 6.85 6.90 7.05 6.80 6.75 6.75 6.80
3/25/21 8.10 7.40 7.05 7.00 7.05 7.35 6.95 6.90 6.80 6.90
4/7/21 6.70 6.75 6.70 6.70 6.85
4/21/21 7.10 6.70 6.80 6.80 6.85 6.85 6.65 6.65 6.70 6.80
5/6/21 6.80 6.75 6.75 6.75 6.85 6.75 6.65 6.65 6.60 6.45
5/18/21 6.90 6.70 6.70 6.70 6.75 6.80 6.75 6.70 6.65 6.75
6/3/21 7.35 6.90 6.90 6.85 6.90 6.80 6.65 6.60 6.50 6.60
6/17/21 6.85 6.60 6.50 6.55 6.75
6/30/21 7.00 6.90 6.80 6.75 6.65
9/23/21 6.95 7.00 6.90 6.75 6.60 6.70 6.75 6.80 6.80
10/22/21 6.90 6.40 6.70 6.30 6.30 6.35 6.40 6.25 6.05 6.30
11/3/21 7.70 7.15 7.10 7.00 7.00 7.00 6.80 6.85 6.80 6.50
11/18/21 7.80 7.15 7.10 7.10 7.10 7.15 6.90 6.90 6.95 7.00
12/1/21 7.55 6.75 6.70 6.65 6.65 7.05 6.60 6.70 6.75 6.75
12/15/21 7.55 6.60 6.75 6.70 6.70 7.05 6.85 6.80 6.85 6.75
1/26/22 7.45 6.75 6.60 6.60 6.60 6.90 6.75 6.75 6.75 6.75
2/8/22 7.05 6.60 6.60 6.55 6.70 6.90 6.60 6.70 6.65 6.60
2/23/22 7.25 6.95 6.90 6.90 6.85 6.55 6.80 6.70 6.65 6.65
3/23/22 7.20 6.80 6.70 6.60 6.50 6.95 6.75 6.65 6.40 6.05
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Date M2 S2
1 3 5 7 9 1 3 5 7 9
7/13/20 7.30 7.30
11/2/20 6.90 7.00 7.10 7.10
11/23/20 6.90 6.80 6.90 6.95 7.10
12/2/20 8.15 7.25 7.00 6.90 7.00 8.20 6.95 6.95 7.05 7.35
12/16/20 8.30 7.00 6.80 6.70 6.90 8.20 6.90 6.85 6.85 7.00
1/4/21 8.15 7.15 6.85 6.75 6.90 8.05 7.05 6.95 6.90 7.00
1/13/21 8.40 7.20 6.90 6.80 6.90 8.10 7.10 6.95 6.90 7.10
1/27/21 7.80 7.05 6.95 6.85 6.90 7.80 7.15 7.10 7.05 6.95
2/10/21 8.20 7.10 6.75 6.65 7.70 7.70 7.05 7.00 6.90 6.90
2/25/21 8.10 7.35 6.85 6.70 6.70 7.70 7.10 7.00 6.90 6.85
3/10/21 7.85 7.00 6.75 6.65 6.70 7.60 6.85 6.85 6.75 6.70
3/25/21 8.00 7.05 6.85 6.70 6.65 7.25 6.90 7.00 6.85 6.90
4/7/21 6.90 6.65 6.55 6.50 6.65 7.15 6.90 6.90 6.85 6.75
4/21/21 6.70 6.65 6.65 6.65 6.70 7.15 7.05 7.15 7.15 7.15
5/6/21 6.90 6.65 6.55 6.60 6.65 7.10 7.15 7.20 7.10 7.30
5/18/21 6.90 6.70 6.55 6.60 6.60 7.15 7.25 7.35 7.55 7.60
6/3/21 7.25 6.65 6.55 6.60 6.90 7.20 7.30 7.60 7.65 7.50
6/17/21 7.50 6.70 6.60 6.65 6.70 6.95 7.25 7.45 7.55 7.45
6/30/21 7.50 7.00 7.00 7.00 6.95 7.15 7.35 7.55 7.55 7.55
7/15/21 7.55 7.30 7.40 7.40 7.45
7/28/21 7.65 7.05 6.95 6.75 6.95
9/23/21 6.95 7.05 7.05 7.05 7.05
10/22/21 6.35 6.40 6.40 6.45 6.45
11/3/21 7.65 7.00 7.00 7.10 7.05 7.35 7.65 7.95 8.00 8.00
11/18/21 7.60 6.75 6.75 6.60 6.55 7.45 7.70 7.70 8.05 8.00
12/1/21 7.30 6.65 6.40 6.35 6.60 7.20 7.70 7.95 8.00 8.00
12/15/21 7.30 6.60 6.60 6.60 6.70 7.30 7.75 7.95 8.05 7.85
1/26/22 7.30 6.70 6.65 6.75 6.75 7.10 7.80 7.85 7.90 7.75
2/8/22 7.60 6.75 6.80 6.65 6.85 7.35 7.65 7.80 7.80 7.65
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23/22 7.25 6.50 6.70 6.75 6.75 7.25 7.70 7.65 7.65 7.45
3/23/22 7.25 6.60 6.55 6.65 6.70 7.10 7.30 7.45 7.50 7.40
Date NL NC
1 3 5 7 9 1 3 5 7 9

7/13/20 8.50 6.30
10/19/20 8.70 8.70

12/2/20 8.90 8.90 8.85 8.95 8.90
12/16/20 9.20 9.20 9.30 9.10 9.05

1/4/21 9.25 9.25 9.30 9.30 9.35

1/6/21 3.55 3.40 345 3.50 3.55
1/13/21 9.25 9.25 9.25 9.25 9.00 2.90 2.95 2.95 3.00 3.05
1/27/21 9.15 9.15 9.00 9.10 9.35 3.20 3.15 3.30 3.25 3.35
2/10/21 9.05 9.05 9.00 9.00 8.90 3.05 3.00 3.20 3.20 3.30
2/25/21 8.95 9.00 8.95 8.90 8.90 3.15 3.25 3.30 3.30 345
3/10/21 9.15 9.15 9.10 9.00 8.85 2.75 2.80 2.90 2.85 2.90
3/25/21 8.95 9.00 8.90 8.90 8.85 3.10 3.15 3.20 3.20 3.25
4/7/21 8.75 8.85 8.95 8.60 8.05 7.00 6.95 6.85 7.00 6.95
4/21/21 8.45 8.70 8.60 8.50 8.10 7.05 7.00 7.00 7.10 7.10
5/6/21 8.35 8.65 8.45 8.20 8.00 6.90 6.95 7.10 7.10 6.95
5/18/21 8.65 8.75 8.60 8.40 8.15 7.35 6.80 7.20 7.15 7.05
6/3/21 8.25 8.50 8.35 7.90 7.50 7.05 7.00 6.95 6.95 7.00
6/17/21 8.70 8.80 8.80 8.70 8.50 6.95 6.90 6.85 6.85 6.95
6/30/21 8.70 8.80 8.70 8.35 7.25 7.05 7.00 6.85 6.90 6.95
7/15/21 8.35 8.75 8.70 8.45 8.25 7.00 7.00 7.00 7.00 7.05
7/28/21 7.10 7.05 7.10 7.10 7.15
9/23/21 8.30 8.35 8.20 7.90 7.50 6.50 6.60 6.60 6.60

11/3/21 8.70 8.75 8.65 8.10 7.80
11/18/21 8.80 8.85 8.80 8.65 8.40 7.15 7.15 7.15 7.00 6.90
12/1/21 8.45 8.70 8.65 8.50 7.80 7.05 6.95 6.85 6.85 6.95
12/15/21 8.55 8.65 8.50 8.45 7.75 6.95 6.90 6.90 7.00 7.05

54



1/26/22 8.50 8.50 8.75 8.60 8.00 7.15 7.15 7.05 7.10 7.15
2/23/22 8.60 8.80 8.80 8.70 8.40 6.85 7.10 7.05 7.10 7.10
3/23/22 8.40 8.65 8.65 8.50 8.40 7.15 7.15 7.15 7.15 7.15
Appendix F. Volatile Fatty Acid Data (mM).
Lactate Acetate Propionate Butyrate Total
Sample (mM) (mM) (mM) (mM) (mM)
NL-P1 0.00 0.00 0.00 0.00 0.00
NL-P3 0.00 0.00 0.00 0.00 0.00
NL-P5 0.00 0.00 0.00 0.00 0.00
NL-P7 0.00 0.00 0.00 0.00 0.00
NL-P9 0.00 0.00 0.00 0.00 0.00
S2-P1 8.36 1.17 1.49 0.00 11.01
S2-P3 6.07 2.49 3.11 0.00 11.68
S2-P5 3.62 3.56 3.56 0.00 10.74
S2-P7 1.40 5.27 4.46 0.00 11.12
S2-P9 0.00 5.57 4.46 0.00 10.03
NC-P1 6.48 0.00 0.00 0.00 6.48
NC-P3 6.53 0.00 0.00 0.00 6.53
NC-P5 6.51 0.00 0.00 0.00 6.51
NC-P7 6.63 0.00 0.00 0.00 6.63
NC-P9 6.66 0.00 0.00 0.00 6.66
M2-P1 8.68 0.00 1.06 0.00 9.75
M2-P3 6.64 1.91 2.80 0.00 11.35
M2-P5 4.77 2.83 4.27 0.00 11.87
M2-P7 1.81 3.96 6.02 0.00 11.78
M2-P9 0.00 4.43 6.64 0.00 11.07
NM-P1 8.36 1.04 1.15 0.00 10.55
NM-P3 7.48 1.34 1.92 0.00 10.74
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NM-P5 6.33 1.99 2.99 0.00 11.32
NM-P7 542 2.42 3.42 0.00 11.26
NM-P9 4.40 291 4.26 0.00 11.57
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Appendix G. Chlorinated Compounds and Degradation Products Data — Round 1 (uM)

NM-P1
Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 9.71 0.00 0.00 0.29 3.19 20.14
49 3.97 0.00 0.00 1.13 0.58 18.58
117 0.00 0.00 0.00 1.38 0.00 18.07
285 0.00 0.00 0.00 1.38 0.00 17.07
502 0.00 0.00 0.00 1.36 0.00 16.36
790 0.00 0.00 0.00 1.01 0.00 15.57
1030 0.00 0.00 0.00 0.95 0.00 15.32
NM-P3
Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 5.90 0.00 0.00 0.42 1.67 16.32
49 4.57 0.00 0.00 1.19 0.00 15.03
117 1.73 0.00 0.00 1.12 0.00 14.61
285 0.00 0.00 0.00 1.08 0.00 14.17
502 0.00 0.00 0.00 0.92 0.00 13.46
790 0.00 0.00 0.00 0.78 0.00 12.68
1030 0.00 0.00 0.00 0.69 0.00 12.51
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NM-P5

Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 0.00 0.00 0.00 0.98 0.11 13.00
49 0.00 0.00 0.00 1.15 0.00 13.47
117 0.00 0.00 0.00 1.09 0.00 12.77
285 0.00 0.00 0.00 0.96 0.00 12.79
502 0.00 0.00 0.00 0.82 0.00 12.51
790 0.00 0.00 0.00 0.64 0.00 11.48
1030 0.00 0.00 0.00 0.53 0.00 10.91

NM-P7

Time (hrs) CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 0.00 0.00 0.00 1.17 0.00 13.13
49 0.00 0.00 0.00 1.14 0.00 12.51
117 0.00 0.00 0.00 1.09 0.00 12.61
285 0.00 0.00 0.00 0.91 0.00 11.80
502 0.00 0.00 0.00 0.81 0.00 11.26
790 0.00 0.00 0.00 0.56 0.00 10.83
1030 0.00 0.00 0.00 0.42 0.00 10.06
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NM-P9

Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)

0 0.00 0.00 0.00 1.10 0.00 12.60
49 0.00 0.00 0.00 1.08 0.00 11.88
117 0.00 0.00 0.00 0.99 0.00 11.86
285 0.00 0.00 0.00 0.89 0.00 10.96
502 0.00 0.00 0.00 0.68 0.00 10.79
790 0.00 0.00 0.00 0.43 0.00 9.44
1030 0.00 0.00 0.00 0.32 0.00 8.48
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NMFe-P1

TCE
Time (hrs) CO (uM) Acet (M) CS2 (M) CF (uM) CT (uM) (uM)

0 6.55 0.00 0.00 0.26 0.41 9.42

47 0.00 0.00 0.00 0.50 0.00 9.21

142 0.00 0.00 0.00 0.46 0.00 8.88

264 0.00 0.00 0.00 0.43 0.00 8.94

503 0.00 0.00 0.00 0.40 0.00 8.42

742 0.00 0.00 0.00 0.26 0.00 8.42

982 1.17 0.00 0.00 0.01 0.00 7.70

1246 1.57 0.00 0.00 0.01 0.00 8.01

1510 0.00 0.00 0.00 0.00 0.00 7.92

NMFe-P3

TCE
Time (hrs) CO (uUM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (uM)
0 1.43 0.00 0.00 0.61 0.00 11.23
47 0.00 0.00 0.00 0.62 0.00 10.76
142 0.00 0.00 0.00 0.55 0.00 10.46
264 0.00 0.00 0.00 0.53 0.00 10.82
503 0.00 0.00 0.00 0.46 0.00 10.13
742 0.00 0.00 0.00 0.36 0.00 10.13
982 0.00 0.00 0.00 0.24 0.00 9.40
1246 0.00 0.00 0.00 0.19 0.00 9.64
1510 0.00 0.00 0.00 0.15 0.00 9.81
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NMFe-P5

TCE
Time (hrs) CO (uM) Acet (M) CS2 (M) CF (uM) CT (uM) (uM)
0 1.02 0.00 0.00 0.62 0.00 11.01
47 0.00 0.00 0.00 0.62 0.00 11.32
142 0.00 0.00 0.00 0.58 0.00 11.15
264 0.00 0.00 0.00 0.53 0.00 10.97
503 0.00 0.00 0.00 0.37 0.00 10.87
742 0.00 0.00 0.00 0.27 0.00 10.02
982 0.00 0.00 0.00 0.16 0.00 9.31
1246 1.27 0.00 0.00 0.16 0.00 9.32
1510 0.00 0.00 0.00 0.09 0.00 8.89
NMFe-P7
TCE
Time (hrs) CO (uM) Acet (M) CS2 (M) CF (uM) CT (uM) (uM)
0 0.87 0.00 0.00 0.70 0.00 12.01
47 0.00 0.00 0.00 0.69 0.00 12.26
142 0.00 0.00 0.00 0.61 0.00 11.80
264 0.00 0.00 0.00 0.54 0.00 11.55
503 0.00 0.00 0.00 0.22 0.00 10.84
742 0.00 0.00 0.00 0.01 0.00 10.15
982 0.00 0.00 0.00 0.11 0.00 9.44
1246 0.00 0.00 0.00 0.01 0.00 9.10
1510 0.00 0.00 0.00 0.00 0.00 8.76
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NMFe-P9

TCE

Time (hrs) CO (uM) Acet (M) CS2 (M) CF (uM) CT (uM) (uM)
0 0.00 0.00 0.00 0.63 0.00 10.22
47 0.00 0.00 0.00 0.62 0.00 10.56
142 0.00 0.00 0.00 0.60 0.00 10.35
264 0.00 0.00 0.00 0.51 0.00 10.08
503 0.00 0.00 0.00 0.17 0.00 9.21
742 0.00 0.00 0.00 0.00 0.00 8.62
982 0.00 0.00 0.00 0.07 0.00 7.55
1246 0.00 0.00 0.00 0.00 0.00 6.89
1510 0.00 0.00 0.00 0.00 0.00 6.69
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M2-P1

Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 9.40 0.00 0.00 0.19 4.15 21.38
24 6.33 0.00 0.00 0.37 2.71 20.80
88 4.13 0.00 0.14 1.18 0.58 22.25
288 0.00 0.00 0.00 1.66 0.00 20.40
550 16.50 0.00 0.00 1.49 0.00 19.03
812 0.00 0.00 0.06 1.41 0.00 18.39
1052 0.00 0.00 0.18 1.30 0.00 18.25
1316 0.00 0.00 0.33 1.19 0.00 17.84
1556 0.00 0.00 0.39 1.08 0.00 17.68
M2-P3

Time (hrs) CO (uM) Acet (LM) CS2 (uM) CF (uM) CT (uM) TCE (uM)

0 5.13 0.00 0.00 0.70 2.60 20.72

24 1.61 0.00 0.00 1.80 0.48 21.08

88 0.00 0.00 0.00 2.16 0.00 21.46

288 0.00 0.00 0.00 2.01 0.00 20.33

550 22.06 0.00 0.00 1.94 0.00 19.80

812 0.00 0.00 0.00 1.88 0.00 18.91

1052 0.00 0.00 0.00 1.78 0.00 18.74

1316 0.00 0.00 0.00 1.52 0.00 18.14

1556 0.00 0.00 0.00 1.45 0.00 18.13
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M2-P5

Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 0.00 0.00 0.00 1.86 0.44 20.77
24 0.00 0.00 0.00 2.26 0.00 21.08
88 1.36 0.00 0.00 2.14 0.00 20.00
288 0.00 0.00 0.00 1.99 0.00 18.65
550 18.67 0.00 0.00 1.94 0.00 18.70
812 0.00 0.00 0.00 1.99 0.00 18.82
1052 0.00 0.00 0.00 1.89 0.00 18.08
1316 0.00 0.00 0.00 1.70 0.00 17.86
1556 0.00 0.00 0.00 1.55 0.00 17.43
M2-P7
Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 1.28 0.00 0.00 2.68 0.00 22.55
24 0.00 0.00 0.00 2.64 0.00 21.25
88 2.48 0.00 0.00 2.36 0.00 19.95
288 0.00 0.00 0.00 2.37 0.00 20.67
550 21.26 0.00 0.00 2.21 0.00 19.89
812 0.00 0.00 0.00 2.12 0.00 19.15
1052 0.00 0.00 0.00 2.03 0.00 18.43
1316 0.00 0.00 0.00 1.85 0.00 18.23
1556 0.00 0.00 0.00 1.72 0.00 17.39
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M2-P9

Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 0.00 0.00 0.00 2.37 0.00 19.11
24 0.00 0.00 0.00 2.34 0.00 18.52
88 10.81 0.00 0.00 2.22 0.00 18.04
288 0.00 0.00 0.00 2.19 0.00 17.90
550 14.09 0.00 0.00 1.99 0.00 16.23
812 0.00 0.00 0.00 1.96 0.00 15.95
1052 0.00 0.00 0.00 1.89 0.00 15.46
1316 0.00 0.00 0.00 1.58 0.00 12.83
1556 0.00 0.00 0.00 1.45 0.00 13.07
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S2-P1

Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 7.16 0.00 0.00 0.29 6.87 29.28
23 3.38 0.00 0.54 1.56 3.79 29.03
100 0.00 0.00 1.85 2.11 0.12 28.88
263 0.00 0.00 1.79 1.56 0.00 28.38
479 0.00 0.00 1.67 1.45 0.00 26.97
749 245 0.00 1.62 1.32 0.00 26.42
986 0.00 0.00 1.66 1.18 0.00 25.47
1270 0.00 0.00 1.63 1.07 0.00 25.40
1510 0.00 0.00 1.69 0.99 0.00 24.80
S2-P3
Time (hrs) CO (uM) Acet (LM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 3.32 0.00 2.29 1.06 1.58 27.97
23 1.38 0.00 2.95 1.14 0.10 26.99
100 0.00 0.00 3.02 1.09 0.00 27.62
263 0.00 0.00 2.54 1.00 0.00 2591
479 0.00 0.00 2.10 0.95 0.00 25.88
749 2.39 0.00 1.65 0.86 0.00 24.27
986 0.00 0.00 1.53 0.89 0.00 23.35
1270 0.00 0.00 1.26 0.90 0.00 23.75
1510 0.00 0.00 1.11 0.80 0.00 23.22
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S2-P5

Time (hrs) CO (uM) Acet (uM) CS2 (M) CF (uM) CT (uM) TCE (uM)
0 0.00 0.00 2.77 1.09 0.18 26.56
23 0.58 0.00 2.77 1.08 0.00 25.45
100 0.00 0.00 271 1.02 0.00 26.94
263 0.00 0.00 2.14 0.99 0.00 25.47
479 0.00 0.00 1.75 0.94 0.00 25.18
749 2.53 0.00 1.43 0.91 0.00 24.36
986 0.00 0.00 1.21 0.87 0.00 23.15
1270 0.00 0.00 0.93 0.83 0.00 23.80
1510 0.00 0.00 0.77 0.75 0.00 22.96
S2-P7
Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 0.00 0.00 2.73 1.00 0.00 24.35
23 1.17 0.00 2.40 1.00 0.00 24.23
100 0.00 0.00 1.90 0.97 0.00 24.20
263 0.00 0.00 1.44 0.96 0.00 22.20
479 0.00 0.00 1.14 0.90 0.00 22.78
749 3.06 0.00 0.93 0.79 0.00 22.68
986 0.00 0.00 0.73 0.81 0.00 20.90
1270 0.00 0.00 0.48 0.75 0.00 20.98
1510 0.00 0.00 0.34 0.66 0.00 20.55
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S2-P9

Time (hrs) CO (uUM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 0.00 0.00 2.11 0.88 0.00 20.28
23 0.00 0.00 2.00 0.86 0.00 20.42
100 0.00 0.00 1.66 0.77 0.00 19.77
263 0.00 0.00 1.20 0.74 0.00 19.00
479 0.00 0.00 0.81 0.69 0.00 18.23
749 3.45 0.00 0.52 0.57 0.00 15.55
986 0.00 0.00 0.32 0.57 0.00 14.33
1270 0.00 0.00 0.19 0.51 0.00 15.46
1510 0.00 0.00 0.03 0.49 0.00 13.54
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NL-P1

Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 6.49 0.00 0.00 0.21 11.84 35.38
96 4.62 0.00 0.00 0.52 9.34 34.46
360 0.00 0.00 0.00 0.00 3.90 40.21
672 0.00 0.00 0.00 0.00 2.00 37.52
936 0.00 0.00 0.00 0.00 0.74 37.31
NL-P3
Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 5.50 0.00 0.00 0.19 10.18 31.34
96 4.52 0.00 0.00 0.29 9.44 30.92
360 3.51 0.00 0.24 1.10 7.46 37.06
672 0.00 0.00 0.00 0.00 3.22 37.28
936 0.00 0.00 0.00 0.00 1.62 35.37
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NL-P5

Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 4.42 0.00 0.00 0.24 10.79 32.16
96 2.95 0.00 0.00 0.26 9.84 31.27
360 4.18 0.00 0.16 0.52 7.09 30.51
672 10.19 0.00 0.20 1.05 5.66 37.53
936 8.27 0.00 0.23 1.16 3.64 35.67
NL-P7
Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 3.44 0.00 0.00 0.18 10.09 29.54
96 2.59 0.00 0.00 0.26 8.66 27.76
360 2.74 0.00 0.09 0.38 6.74 26.67
672 2.52 0.00 0.12 0.63 4.73 26.06
936 3.08 0.00 0.15 0.71 3.35 25.00
1229 7.95 0.00 0.32 1.18 4.45 24.63
1468 2.37 0.00 0.18 0.78 1.83 24.90
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NL-P9

Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 3.18 0.00 0.00 0.19 7.76 26.02
96 2.88 0.00 0.00 0.26 7.91 26.69
360 2.63 0.00 0.08 0.33 6.35 25.97
672 2.39 0.00 0.09 0.44 4.77 24.51
936 3.07 0.00 0.12 0.52 3.88 24.47
1229 4.57 0.00 0.20 0.51 2.78 23.25
1468 2.75 0.00 0.12 0.61 2.21 23.05
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NC-P1

Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 143.31 242 0.00 0.00 4.20 22.25
22 54.06 1.00 0.00 0.03 4.43 20.34
46 32.88 1.08 0.00 0.07 4.49 19.76
116 18.90 0.89 0.00 0.10 4.58 20.02
189 10.68 0.60 0.00 0.16 3.90 17.30
286 11.05 0.76 0.00 0.16 4.18 17.55
502 10.11 0.42 0.00 0.15 4.09 16.10
718 9.66 0.38 0.00 0.16 3.95 15.86
790 7.78 0.59 0.00 0.13 4.10 15.84
1054 7.28 0.29 0.04 0.12 3.95 15.59
1318 6.42 0.32 0.07 0.14 3.94 15.11
1510 6.80 0.46 0.10 0.13 3.91 15.05
NC-P3
Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 17.46 2.58 0.00 0.00 3.48 17.83
22 16.79 1.08 0.00 0.04 3.63 16.96
46 13.65 0.61 0.00 0.07 3.54 16.68
116 9.86 0.75 0.00 0.10 3.35 15.43
189 9.26 0.57 0.00 0.12 3.38 15.33
286 8.68 0.57 0.00 0.10 3.48 15.43
502 7.36 0.78 0.00 0.08 3.28 14.48
718 6.50 0.62 0.00 0.11 3.26 13.89
790 6.98 0.43 0.00 0.07 3.35 13.48
1054 4.99 0.35 0.01 0.08 3.29 13.78
1318 4.98 0.00 0.03 0.11 3.27 13.15
1510 5.10 0.56 0.01 0.09 3.26 13.12
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NC-P5

Time (hrs) CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) TCE (uM)

0 14.52 1.55 0.00 0.03 3.37 16.71

22 10.61 0.98 0.00 0.07 3.25 16.39

46 10.58 0.74 0.00 0.10 3.32 15.87

116 8.75 0.81 0.00 0.10 3.18 15.07

189 8.40 0.87 0.00 0.09 3.26 14.95

286 6.45 0.58 0.00 0.09 3.18 14.89

502 6.53 0.47 0.00 0.08 3.29 13.54

718 6.56 0.62 0.00 0.11 3.28 14.01

790 7.04 0.43 0.00 0.07 3.37 13.59

1054 5.26 0.29 0.00 0.09 3.23 13.31

1318 4.34 0.00 0.04 0.10 3.06 12.98

1510 5.25 0.57 0.01 0.08 3.22 12.71

NC-P7

Time (hrs) CO (uUM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)

0 11.75 1.34 0.00 0.08 3.19 15.81

22 9.84 0.88 0.00 0.07 3.12 14.92

46 6.70 0.64 0.00 0.08 3.00 14.92

116 6.63 0.82 0.00 0.06 2.91 13.87

189 6.11 0.62 0.00 0.08 2.92 13.28

286 5.00 0.50 0.00 0.08 2.88 13.14

502 4.95 0.76 0.00 0.09 2.94 12.95

718 5.23 0.65 0.05 0.10 2.73 12.15

790 4.39 0.44 0.00 0.11 2.85 11.72

1054 3.72 0.00 0.00 0.11 2.70 11.50

1318 3.48 0.00 0.03 0.11 2.61 11.24

1510 4.00 0.00 0.08 0.12 2.69 11.14
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NC-P9

0 0
Time (hrs) CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 8.04 0.90 0.00 0.08 245 13.01
22 7.18 0.52 0.00 0.07 2.40 12.87
46 5.20 0.78 0.00 0.07 2.55 12.66
116 5.99 0.61 0.00 0.08 2.36 11.98
189 4.38 0.67 0.00 0.08 2.33 11.19
286 3.84 0.46 0.00 0.09 2.37 11.43
502 4.81 0.77 0.00 0.06 2.39 10.59
718 4.44 0.42 0.02 0.05 2.21 10.27
790 2.89 0.31 0.00 0.07 2.23 10.27
1054 4.04 0.29 0.05 0.06 2.10 9.59
1318 3.40 0.00 0.15 0.05 2.00 8.93
1510 2.78 0.00 0.17 0.06 2.00 8.35
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Appendix H. Chlorinated Compounds and Degradation Products Data — Round 2 (uM)

NM-PI
TCE
Time CO (UM) Acet (UM) CS2 (uM) CF (uM) CT (uM) (uM)
0 1.67 0.00 0.00 0.00 1.00 1.99
24 1.39 0.00 0.00 0.04 0.47 2.06
48 1.47 0.00 0.00 0.06 0.18 1.84
96 1.37 0.00 0.00 0.16 0.00 2.08
144 1.85 0.00 0.00 0.17 0.00 2.18
336 1.90 0.00 0.00 0.21 0.00 2.15
504 0.00 0.00 0.00 0.17 0.00 2.19
744 0.00 0.00 0.00 0.16 0.00 2.03
1008 0.00 0.00 0.00 0.11 0.00 2.10
1248 0.00 0.00 0.00 0.13 0.00 1.95
1488 0.00 0.00 0.00 0.07 0.00 1.89
NM-P3
TCE
Time CO (UM) Acet (UM) CS2 (uM) CF (uM) CT (uM) (uM)
0 2.57 0.00 0.00 0.22 0.84 3.08
24 1.49 0.00 0.00 0.51 0.13 2.66
48 1.05 0.00 0.00 0.49 0.00 2.54
96 1.62 0.00 0.00 0.54 0.00 2.65
144 1.59 0.00 0.00 0.49 0.00 2.74
336 1.54 0.00 0.00 0.41 0.00 2.66
504 0.00 0.00 0.00 0.35 0.00 2.49
744 0.00 0.00 0.00 0.30 0.00 2.37
1008 0.00 0.00 0.00 0.21 0.00 2.46
1248 0.00 0.00 0.00 0.16 0.00 2.26
1488 0.00 0.00 0.00 0.12 0.00 2.11
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NM-P5

Time CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) TCE (uM)
0 1.56 0.00 0.00 0.22 0.53 2.31
24 0.71 0.00 0.00 0.47 0.05 2.38
48 1.48 0.00 0.00 0.52 0.00 2.33
96 1.38 0.00 0.00 0.47 0.00 2.31
144 1.60 0.00 0.00 0.43 0.00 2.37
336 1.98 0.00 0.00 0.38 0.00 2.53
504 0.00 0.00 0.00 0.33 0.00 2.33
744 0.00 0.00 0.00 0.29 0.00 2.31
1008 0.00 0.00 0.00 0.19 0.00 2.32
1248 0.00 0.00 0.00 0.13 0.00 2.11
1488 0.00 0.00 0.00 0.08 0.00 2.11
NM-P7
TCE
Time CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) (uM)
0 0.00 0.00 0.00 0.54 0.00 2.35
24 1.00 0.00 0.00 0.62 0.00 2.59
48 0.94 0.00 0.00 0.54 0.00 2.54
96 2.00 0.00 0.00 0.51 0.00 2.64
144 1.88 0.00 0.00 0.49 0.00 2.74
336 0.00 0.00 0.00 0.44 0.00 2.74
504 0.00 0.00 0.00 0.37 0.00 2.68
744 0.00 0.00 0.00 0.34 0.00 2.68
1008 0.00 0.00 0.00 0.30 0.00 2.60
1248 0.00 0.00 0.00 0.18 0.00 2.60
1488 0.00 0.00 0.00 0.17 0.00 2.14
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NM-P9

Time CO (UM) Acet (UM) CS2 (uM) CF (uM) CT (uM) (Tpclx%
0 2.42 0.00 0.00 1.36 0.00 5.17
24 0.00 0.00 0.00 0.74 0.00 3.11
48 2.27 0.00 0.12 0.63 0.00 3.05
96 2.11 0.00 0.00 0.70 0.00 3.09
144 1.07 0.00 0.00 0.65 0.00 3.39
336 0.00 0.00 0.00 0.57 0.00 3.19
504 0.00 0.00 0.00 0.51 0.00 2.65
744 0.00 0.00 0.00 0.40 0.00 2.29
1008 0.00 0.00 0.00 0.32 0.00 1.80
1248 0.00 0.00 0.00 0.23 0.00 1.53
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NMFe--P1

Time CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (Tfhf)
0 6.45 0.00 0.00 0.57 27.16 42.63
24 9.28 0.00 0.24 1.99 18.85 43.73
48 9.78 0.00 0.47 3.39 12.55 43.74
89 10.36 0.00 0.60 4.83 6.54 41.06
192 7.74 0.00 0.67 7.20 1.23 41.43
336 0.00 0.00 0.57 7.50 0.00 38.51
504 0.00 0.00 0.56 7.89 0.00 39.01
744 0.00 0.00 0.32 7.96 0.00 36.42
984 0.00 0.00 0.37 8.03 0.00 35.27
1248 0.00 0.00 0.26 8.06 0.00 34.42
1488 0.00 0.00 0.18 7.75 0.00 32.36
NMFe-P3
TCE
Time CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (uM)
0 7.77 0.00 0.20 3.01 13.17 38.72
24 6.06 0.00 0.35 6.26 9.33 37.68
48 4.85 0.00 0.51 8.60 5.64 37.09
89 3.80 0.00 0.45 10.34 2.77 36.95
192 2.96 0.00 0.51 11.73 0.23 36.54
336 0.00 0.00 0.30 11.05 0.00 34.44
504 0.00 0.00 0.24 10.90 0.00 34.35
744 0.00 0.00 0.07 10.02 0.00 32.32
984 0.00 0.00 0.00 9.62 0.00 32.05
1248 0.00 0.00 0.00 8.06 0.00 29.73
1488 0.00 0.00 0.00 8.4 0.00 32.89
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NMFe-P5

Time CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) (ﬂ%
0 2.87 0.00 0.32 6.72 4.56 35.07
24 2.64 0.00 0.41 11.40 1.84 34.81
48 4.33 0.00 0.45 12.37 0.44 34.29
89 2.21 0.00 0.45 13.07 0.05 34.87
192 0.00 0.00 0.27 12.57 0.00 33.28
336 0.00 0.00 0.50 11.28 0.00 30.97
504 0.00 0.00 0.00 10.61 0.00 32.04
744 0.00 0.00 0.00 9.20 0.00 29.42
984 0.00 0.00 0.00 7.64 0.00 29.28
1248 0.00 0.00 0.00 6.29 0.00 27.10
1488 0.00 0.00 0.00 5.33 0.00 25.77
NMFe-P7

TCE

Time CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (uM)
0 1.91 0.00 0.38 8.25 5.58 34.38
24 1.89 0.00 0.48 13.25 1.51 35.25
48 2.38 0.00 0.43 14.27 0.12 32.22
89 1.25 0.00 0.31 14.50 0.00 34.06
192 0.00 0.00 0.19 13.43 0.00 32.64
336 0.00 0.00 0.64 11.45 0.00 29.51
504 0.00 0.00 0.00 10.74 0.00 29.88
744 0.00 0.00 0.00 8.90 0.00 25.90
984 0.00 0.00 0.00 7.20 0.00 25.24
1248 0.00 0.00 0.00 5.67 0.00 21.77
1488 0.00 0.00 0.00 4.97 0.00 21.58
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NMFe-P9

0 1.87 0.00 0.46 10.90 0.87 30.80
24 1.23 0.00 0.43 11.98 0.00 31.72
48 1.91 0.00 0.35 11.95 0.00 30.49
89 1.22 0.00 0.26 12.02 0.00 30.95

192 1.92 0.00 0.09 11.66 0.00 29.10
336 0.00 0.00 0.11 10.73 0.00 27.30
504 0.00 0.00 0.00 9.71 0.00 25.28
744 0.00 0.00 0.00 8.68 0.00 21.61
984 0.00 0.00 0.00 743 0.00 19.57
1248 0.00 0.00 0.00 6.34 0.00 17.55
1488 0.00 0.00 0.00 5.32 0.00 15.40
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M2-P1

Time CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (Tfhf)
0 4.65 0.00 0.00 0.00 3.35 10.19
24 3.02 0.00 0.00 0.27 1.47 8.13
48 1.65 0.00 0.00 0.53 0.86 8.32
96 0.00 0.00 0.00 0.88 0.19 7.91
170 0.00 0.00 0.13 1.26 0.00 7.1
336 6.04 0.00 0.00 1.21 0.00 7.67
504 0.00 0.00 0.00 0.96 0.00 6.15
816 0.00 0.00 0.00 0.85 0.00 6.46
1032 0.00 0.00 0.00 0.76 0.00 5.95
1296 0.00 0.00 0.00 0.61 0.00 5.89
1488 0.00 0.00 0.00 0.48 0.00 5.58
M2-P3
TCE
Time CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) (uM)
24 1.27 0.00 0.01 1.52 0.00 6.86
48 0.00 0.00 0.01 1.51 0.00 6.93
96 0.00 0.00 0.00 1.49 0.00 6.65
170 0.00 0.00 0.01 1.42 0.00 6.29
336 4.16 0.00 0.00 1.28 0.00 6.14
504 0.00 0.00 0.00 1.24 0.00 6.42
816 0.00 0.00 0.00 0.91 0.00 5.57
1032 0.00 0.00 0.00 1.09 0.00 8.12
1296 0.00 0.00 0.00 0.78 0.00 6.70
1488 0.00 0.00 0.00 0.58 0.00 6.56
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M2-P5

Time CO (UM) Acet (UM) CS2 (uM) CF (uM) CT (uM) ;FuCI\E)
0 0.00 0.00 0.00 1.98 0.39 9.34
24 0.00 0.00 0.00 2.00 0.00 9.04
48 0.00 0.00 0.00 1.66 0.00 7.76
96 0.00 0.00 0.00 2.01 0.00 8.66
170 0.00 0.00 0.00 1.71 0.00 7.97
336 6.89 0.00 0.00 1.45 0.00 7.51
504 0.00 0.00 0.00 1.26 0.00 7.42
816 0.00 0.00 0.00 0.86 0.00 6.63
1032 0.00 0.00 0.00 0.69 0.00 6.51
1296 0.00 0.00 0.00 0.52 0.00 6.20
1488 0.00 0.00 0.00 0.40 0.00 5.77
M2-P7
TCE
Time CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) (uM)
0 0.00 0.00 0.00 1.73 0.00 7.87
24 0.00 0.00 0.00 1.68 0.00 7.78
48 0.00 0.00 0.00 1.69 0.00 7.96
96 0.00 0.00 0.00 1.57 0.00 7.06
170 0.00 0.00 0.00 1.26 0.00 6.48
336 3.90 0.00 0.00 1.19 0.00 6.58
504 0.00 0.00 0.00 1.05 0.00 6.02
816 0.00 0.00 0.00 0.74 0.00 5.90
1032 0.00 0.00 0.00 0.57 0.00 5.42
1296 0.00 0.00 0.00 0.42 0.00 5.4
1488 0.00 0.00 0.00 0.31 0.00 7.96
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M2-P9

Time CO (M) Acet (UM) CS2 (uM) CF (uM) CT (uM) (Tfh%
0 0.00 0.00 0.00 1.38 0.00 6.41
24 0.00 0.00 0.00 1.31 0.00 6.05
48 0.00 0.00 0.00 1.31 0.00 6.15
96 0.00 0.00 0.00 1.19 0.00 5.83
170 0.00 0.00 0.00 1.18 0.00 5.71
336 0.00 0.00 0.00 0.89 0.00 5.45
504 0.00 0.00 0.00 0.80 0.00 4.76
816 0.00 0.00 0.00 0.59 0.00 4.51
1032 0.00 0.00 0.00 0.42 0.00 4.13
1296 0.00 0.00 0.00 0.35 0.00 3.22
1488 0.00 0.00 0.00 0.24 0.00 3.16
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S2-P1

Time CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (Tfhf)
3 1.99 0.00 1.14 0.34 26.02 32.09
22 0.97 0.00 5.87 1.58 15.35 31.92
43 0.00 0.00 10.39 2.57 8.53 32.73
91 0.00 0.00 13.46 3.15 0.96 32.16
163 0.00 0.00 11.65 2.98 0.00 30.86
307 0.00 0.00 10.16 3.04 0.00 30.65
502 0.00 0.00 9.17 3.18 0.00 3113
767 0.00 0.00 6.93 2.59 0.00 27.32
1003 0.00 0.00 6.35 2.54 0.00 26.76
1316 0.00 0.00 5.43 2.35 0.00 25.55
1555 0.00 0.00 6.30 2.68 0.00 32.40
S2-P3
TCE
Time CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) (uM)
3 2.04 0.00 7.99 2.00 13.90 32.86
22 0.00 0.00 11.69 2.53 4.23 32.35
43 0.00 0.00 14.01 2.85 0.88 33.28
91 0.00 0.00 14.54 2.96 0.00 34.04
163 0.00 0.00 13.20 2.79 0.00 32.32
307 0.00 0.00 11.91 2.69 0.00 31.85
502 0.00 0.00 10.36 2.55 0.00 30.24
767 0.00 0.00 8.21 2.34 0.00 28.70
1003 0.00 0.00 7.75 2.26 0.00 29.21
1316 0.00 0.00 6.66 2.11 0.00 26.53
1555 0.00 0.00 5.85 1.91 0.00 24.76
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S2-P5

Time CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (Tfhf)
3 1.86 0.00 11.84 2.56 2.42 29.70
22 0.00 0.00 12.13 2.62 0.00 29.88
43 0.00 0.00 12.09 2.60 0.00 30.12
91 0.00 0.00 11.64 2.53 0.00 30.12
163 0.00 0.00 11.16 2.47 0.00 29.97
307 0.00 0.00 9.51 2.37 0.00 28.88
502 0.00 0.00 8.56 2.37 0.00 28.40
767 0.00 0.00 6.61 2.07 0.00 25.62
1003 0.00 0.00 6.16 2.01 0.00 25.29
1316 0.00 0.00 5.05 1.80 0.00 23.45
1555 0.00 0.00 4.61 1.64 0.00 21.64
S2-P7
TCE
Time CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) (uM)
3 0.00 0.00 13.17 2.73 0.00 27.68
22 0.00 0.00 10.94 2.42 0.00 27.96
43 0.00 0.00 11.00 2.45 0.00 28.48
91 0.00 0.00 10.85 2.47 0.00 29.70
163 0.00 0.00 9.59 2.44 0.00 28.00
307 0.00 0.00 7.55 2.23 0.00 25.88
502 0.00 0.00 6.82 2.21 0.00 25.51
767 0.00 0.00 5.24 1.86 0.00 23.55
1316 0.00 0.00 3.72 1.62 0.00 20.53
1555 0.00 0.00 2.73 1.42 0.00 17.31
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S2-P9

Time CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (TfhE)
3 0.00 0.00 10.54 242 0.00 25.22
22 0.00 0.00 9.23 2.23 0.00 25.27
43 0.00 0.00 9.25 2.24 0.00 24.91
91 0.00 0.00 8.71 2.23 0.00 25.63
163 0.00 0.00 7.70 2.19 0.00 24.00
307 0.00 0.00 5.55 1.98 0.00 19.89
502 0.00 0.00 1.94 1.80 0.00 17.29
767 0.00 0.00 0.69 1.22 0.00 12.46
1316 0.00 0.00 0.00 0.82 0.00 8.05
1555 0.00 0.00 0.00 0.72 0.00 7.80
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NL-P1

Time CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (Tfhf)
0 0.88 0.00 0.00 0.00 6.71 10.52
24 1.00 0.00 0.00 0.01 6.72 10.48
48 0.00 0.00 0.00 0.05 6.11 10.10
96 0.00 0.00 0.00 0.09 6.22 10.58
168 0.00 0.00 0.00 0.13 5.79 10.38
336 0.00 0.00 0.03 0.20 4.60 9.79
504 0.00 0.00 0.08 0.24 4.00 9.58
744 2.65 0.00 0.15 0.33 3.17 9.54
1153 0.00 0.00 0.20 0.39 2.05 8.71
1344 0.00 0.00 0.16 0.36 1.49 8.05
1512 5.94 0.00 0.28 0.45 1.24 7.87
NL-P3
TCE
Time CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) (uM)
0 0.94 0.00 0.00 0.00 7.50 11.49
24 0.92 0.00 0.00 0.02 7.04 10.52
48 0.00 0.00 0.00 0.04 7.30 11.43
96 0.00 0.00 0.00 0.11 9.14 14.91
168 0.00 0.00 0.00 0.11 6.62 11.20
336 0.00 0.00 0.00 0.14 5.95 10.97
504 0.00 0.00 0.05 0.17 5.11 10.55
744 5.02 0.00 0.07 0.27 4.62 10.42
1153 0.00 0.00 0.05 0.30 3.31 9.59
1344 0.00 0.00 0.08 0.29 2.64 8.58
1512 2.00 0.00 0.03 0.25 1.82 6.56
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NL-P5

Time CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (Tfhf)
0 0.00 0.00 0.00 0.00 7.04 10.78
24 0.00 0.00 0.00 0.03 7.10 10.57
48 0.00 0.00 0.00 0.04 6.93 10.60
96 0.00 0.00 0.00 0.08 6.65 10.82
168 0.00 0.00 0.01 0.13 6.61 11.42
336 0.00 0.00 0.00 0.21 5.40 10.29
504 0.00 0.00 0.09 0.29 4.65 10.40
744 0.00 0.00 0.04 0.34 3.84 10.14
1153 0.00 0.00 0.07 0.41 2.63 9.47
1344 0.00 0.00 0.12 0.38 1.93 8.57
1512 3.20 0.00 0.08 0.40 1.81 8.73
NL-P7
TCE
Time CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) (uM)
0 0.00 0.00 0.00 0.00 6.50 9.87
24 1.90 0.00 0.00 0.02 6.36 9.46
48 0.00 0.00 0.00 0.05 6.38 9.87
96 0.00 0.00 0.00 0.06 5.87 9.63
168 0.00 0.00 0.00 0.10 5.84 9.83
336 0.00 0.00 0.04 0.17 4.71 8.86
504 0.00 0.00 0.01 0.25 3.99 9.22
744 0.00 0.00 0.05 0.33 3.23 9.30
1153 0.00 0.00 0.02 0.38 2.10 8.54
1344 0.00 0.00 0.03 0.37 1.51 7.68
1512 0.00 0.00 0.03 0.40 1.29 7.78
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NL-P9

Time CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (TfhE)
0 0.00 0.00 0.00 0.00 5.28 8.16
24 0.00 0.00 0.00 0.03 5.33 8.07
48 0.00 0.00 0.00 0.05 5.60 8.90
96 0.00 0.00 0.00 0.00 4.89 8.12
168 0.00 0.00 0.02 0.09 5.28 9.05
336 0.00 0.00 0.00 0.18 4.33 8.68
504 0.00 0.00 0.01 0.21 3.68 8.43
744 0.00 0.00 0.00 0.23 3.00 7.99
1153 0.00 0.00 0.01 0.25 2.16 7.16
1344 0.00 0.00 0.00 0.22 1.67 6.48
1512 0.00 0.00 0.00 0.24 1.54 6.42
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NC-P1

Time CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (Tfhf)
5 1.13 0.00 0.00 0.00 47.30 57.60
24 0.00 0.00 0.00 0.00 41.88 52.18
46 1.24 0.00 0.37 0.06 42.18 53.02
94 0.00 0.00 0.70 0.17 39.41 52.79
171 1.55 0.00 1.02 0.26 32.74 49.05
338 1.72 0.00 1.52 0.49 24.19 45.95
509 1.56 0.00 2.00 0.69 18.78 43.65
742 1.50 0.00 2.43 1.04 13.00 46.19
1078 0.00 0.00 2.17 1.22 7.10 40.40
1270 1.14 0.00 2.14 1.28 4.85 38.44
1486 0.00 0.00 2.12 1.48 3.26 38.79
NC-P3
TCE
Time CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) (uM)
5 1.25 0.00 0.15 0.02 42.28 54.22
24 1.47 0.00 0.37 0.05 43.95 55.15
46 0.00 0.00 0.63 0.15 40.18 52.89
94 0.00 0.00 0.89 0.24 39.89 52.99
171 1.38 0.00 1.25 0.32 35.65 52.24
338 1.71 0.00 1.93 0.61 28.95 51.20
509 1.16 0.00 2.63 0.85 26.35 54.34
742 1.09 0.00 2.81 1.15 15.98 48.96
1078 0.00 0.00 2.55 1.35 9.58 44.18
1270 0.00 0.00 2.57 131 7.33 42.78
1486 0.00 0.00 2.58 1.51 4.88 43.22
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NC-P5

Time CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (Tfhf)
5 0.00 0.00 0.39 0.07 39.78 53.52
24 0.00 0.00 0.59 0.14 38.63 49.85
46 0.00 0.00 0.78 0.19 39.04 51.18
94 0.00 0.00 1.04 0.25 36.87 49.29
171 0.00 0.00 1.44 0.38 35.24 51.61
338 1.54 0.00 1.96 0.61 27.28 48.48
509 11.12 0.00 2.47 0.79 23.21 48.01
742 1.47 0.00 2.96 1.10 16.01 47.45
1078 0.00 0.00 2.87 131 9.90 43.28
1270 0.00 0.00 2.73 1.33 7.04 40.15
1486 0.00 0.00 2.64 1.36 4.60 37.67
NC-P7
TCE
Time CO (uM) Acet (UM) CS2 (uM) CF (uM) CT (uM) (uM)
5 0.00 0.00 0.57 0.10 37.20 47.46
24 0.00 0.00 0.82 0.13 36.03 46.51
46 0.00 0.00 1.01 0.23 37.08 47.57
94 0.00 0.00 1.35 0.35 35.48 47.23
171 0.88 0.00 1.63 0.45 32.80 47.79
338 1.42 0.00 2.24 0.72 25.90 45.37
509 11.31 0.00 2.80 0.93 21.18 43.57
742 0.84 0.00 3.02 1.32 13.86 41.78
1078 0.00 0.00 3.12 1.63 8.41 40.03
1270 0.00 0.00 2.95 1.65 5.77 37.33
1486 0.00 0.00 2.86 1.86 3.69 37.18
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NC-P9

Time CO (uM) Acet (uM) CS2 (uM) CF (uM) CT (uM) (TfhE)
5 0.00 0.00 0.79 0.17 35.14 45.49
24 0.00 0.00 1.03 0.31 34.00 44.72
46 1.43 0.00 1.29 0.30 33.12 44.55
94 0.00 0.00 1.68 0.43 32.03 43.76
171 0.00 0.00 2.11 0.63 30.97 46.79
338 1.37 0.00 2.42 0.88 22.64 41.75
509 10.09 0.00 2.85 1.05 18.84 39.66
742 0.00 0.00 3.05 1.44 12.68 38.24
1078 0.00 0.00 271 1.53 7.08 32.05
1270 0.00 0.00 2.39 1.34 4.54 26.85
1486 0.00 0.00 2.51 1.65 3.18 27.50
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Appendix I. DNA Analysis Data

Sample

name Concentration (ng/ul.)
NM-P1 0.03
NM-P3 0.06
NM-P5 0
NM-P7 0.0672
NM-P9 0.225
M2-P1 0.11
M2-P3 0.141
M2-P5 0.352
M2-P7 0.234
M2-P9 0.088
S2-P1 0
S2-P3 0.0372
S2-P5 0.148
S2-P7 0.209
S2-P9 0.642
NL-P1 0.03
NL-P3 0
NL-P5 0
NL-P7 0
NL-P9 0
NC-PI 0
NC-P3 0
NC-P5 0
NC-P7 0
NC-P9 0
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Appendix J. Key Words

Chlorinated solvent
Abiotic degradation
Active to passive transition
Reduction potential
Tricholorethene

Carbon tetrachloride
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