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SITE LOGIC ReRort

QuantArray®-Chlor Study

Contact: Bernard Bockisch Phone:  (505) 234-1105
Address: EA Engineering
320 Gold Ave SW Email: bbockisch@eaest.com
Suite 1300
Albuquerque, NM 87102

MI Identifier: 072P] Report Date: 12/06/2018

Project: KAFB-Bulk Fuels Fac Vadose Zone, 62735DM02

Comments: Please note the total bacterial biomass on samples
BMS9-181018-477, BM-55-231018-491, BM-S5-231018-
506, BM-54-051118-494, BM-S2-161118-499, BM-S3-
201118-489, and BM-S3-211118-494 was low, and the
samples may have PCR inhibition.

NOTICE: This report is intended only for the addressee shown above and may contain confidential or privileged
information. If the recipient of this material is not the intended recipient or if you have received this in error, please
notify Microbial Insights, Inc. immediately. The data and other information in this report represent only the sample(s)
analyzed and are rendered upon condition that it is not to be reproduced without approval from Microbial Insights,
Inc. Thank you for your cooperation.
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The QuantArray®-Chlor Approach

Quantification of Dehalococcoides, the only known bacterial group capable of complete reductive dechlorination of PCE and
TCE to ethene, has become an indispensable component of assessment, remedy selection, and performance monitoring at sites
impacted by chlorinated solvents. While undeniably a key group of halorespiring bacteria, Dehalococcoides are not the only
bacteria of interest in the subsurface because reductive dechlorination is not the only potential biodegradation pathway operative
at contaminated sites, and chlorinated ethenes are not always the primary contaminants of concern. The QuantArray®Chlor
not only includes a variety of halorespiring bacteria (Dehalococcoides, Dehalobacter, Dehalogenimonas, etc.) to assess the potential
for reductive dechlorination of chloroethenes, chloroethanes, chlorobenzenes, chlorophenols, and chloroform, but also provides
quantification of functional genes involved in aerobic (co)metabolic pathways for biodegradation of chlorinated solvents and
even competing biological processes. Thus, the QuantArray®-Chlor will give site managers the ability to simultaneously yet
economically evaluate the potential for biodegradation of a spectrum of common chlorinated contaminants through a multitude
of anaerobic and aerobic (co) metabolic pathways to give a much more clear and comprehensive view of contaminant biodegradation.

The QuantArray®-Chlor is used to quantify specific microorganisms and functional genes to evaluate the following:

Quantification of important halorespiring bacteria (e.g. Dehalococcoides,
Dehalobacter, Dehalogenimonas, Desulfitobacterium spp.) and key functional
genes (e.g. vinyl chloride reductases, TCE reductase, chloroform reduc-
tase) responsible for reductive dechlorination of a broad spectrum of
chlorinated solvents.

Anaerobic
Reductive Dechlorination

Several different types of bacteria including methanotrophs and some
toluene/phenol utilizing bacteria can co-oxidize TCE, DCE, and vinyl
Aerobic Cometabolism chloride. The QuantArray®-Chlor quantifies functional genes like soluble

. methane monooxygenase encoding enzymes capable of co-oxidation of
chlorinated ethenes.

Ethene oxidizing bacteria are capable of cometabolism of vinyl chloride.
Aerobic (Co)metabolism In some cases, ethenotrophs can also utilize vinyl chloride as a growth

of Vinyl Chloride supporting substrate. The QuantArray®-Chlor targets key functional
genes in ethene metabolism.

How do QuantArrays® work?

The QuantArray®-Chlor in many respects is a hybrid technology  combining the highly parallel detection of mi-
croarrays with the accurate and precise quantification provided by gPCR into a single platform. The key to
highly parallel qPCR reactions is the nanoliter fluidics platform for low volume, solution phase qPCR reactions.
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How are QuantArray® results reported?
One of the primary advantages of the QuantArray®-Chlor is the simultaneous quantification of a broad spectrum of different

microorganisms and key functional genes involved in a variety of pathways for chlorinated hydrocarbon biodegradation. However,
highly parallel quantification combined with the various metabolic and cometabolic capabilities of different target organisms can
complicate data presentation. Therefore, in addition to Summary Tables, QuantArray® results will be presented as Microbial
Population Summary and Comparison Figures to aid in data interpretation and subsequent evaluation of site management activities.

Types of Tables and Figures:

Figure presenting the concentrations of QuantArray®-Chlor target pop-
ulations (e.g. Dehalococcoides) and functional genes (e.g. vinyl chloride
reductase) relative to typically observed values.

Microbial Population
Summary

Tables of target population concentrations grouped by biodegradation
pathway and contaminant type.

Summary Tables

Depending on the project, sample results can be presented to compare
Comparison Figures changes over time or examine differences in microbial populations along
a transect of the dissolved plume.
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Results

Table 1: Summary of the QuantArray®-Chlor results obtained for samples BM-59-171018-475, BM-S9-181018-477, BM-
S5-231018-491 , BM-55-231018-506 , and BM-59-301018-496.

Sample Name BM-S9- BM-S9- BM-S5- BM-S5- BM-S9-
171018-475 181018-477 231018-491 231018-506 301018-496

Sample Date 10/17/2018 10/18/2018 10/23/2018 10/23/2018 10/30/2018

Reductive Dechlorination cells/g cells/g cells/g cells/g cells/g
Dehalococcoides (DHC) <1.00E+03  <2.00E+03  <1.00E+03 <1.00E+03  <1.00E+03
tceA Reductase (TCE) <1.00E+03  <2.00E+03  <1.00E+03 <1.00E+03 <1.00E+04
BAV1 Vinyl Chloride Reductase (BVC) <1.00E+03  <2.00E+03  <1.00E+03 <1.00E+03  <1.00E+04
Vinyl Chloride Reductase (VCR) <1.00E+03  <2.00E+03  <1.00E+03 <1.00E+03  <1.00E+04
Dehalobacter spp. (DHBt) 2.12E+06 <2.00E+04 <1.00E+04 <1.00E+04 3.83E+05
Dehalobacter DCM (DCM) <1.00E+04  <2.00E+04 <1.00E+04 <1.00E+04  <1.00E+04
Dehalogenimonas spp. (DHG) <1.00E+04 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
cerA Reductase (CER) <1.00E+04  <2.00E+04 <1.00E+04 <1.00E+04  <1.00E+04
trans-1,2-DCE Reductase (TDR) <1.00E+04  <2.00E+04 <1.00E+04 <1.00E+04  <1.00E+04
Desulfitobacterium spp. (DSB) 8.01E+03 (J) <2.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Dehalobium chlorocoercia (DECO) 3.02E+05 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Desulfuromonas spp. (DSM) <1.00E+04  <2.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
PCE Reductase (PCE-1) <1.00E+04  <2.00E+04 <1.00E+04 <1.00E+04  <1.00E+04
PCE Reductase (PCE-2) <1.00E+04  <2.00E+04 <1.00E+04 <1.00E+04  <1.00E+04
Chloroform Reductase (CFR) <1.00E+04 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
1,1 DCA Reductase (DCA) <1.00E+04  <2.00E+04 <1.00E+04 <1.00E+04  <1.00E+04
1,2 DCA Reductase (DCAR) <1.00E+04  <2.00E+04 <1.00E+04 <1.00E+04  <1.00E+04
Aerobic (Co)Metabolic
Soluble Methane Monooxygenase (SMMO) <1.00E+04  <2.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Toluene Dioxygenase (TOD) <1.00E+04 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Phenol Hydroxylase (PHE) 1.06E+06 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Trichlorobenzene Dioxygenase (TCBO) <1.00E+04  <2.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
Toluene Monooxygenase 2 (RDEG) 5.30E+05 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase (RMO) 6.73E+05 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Ethene Monooxygenase (EtnC) <1.00E+04 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Epoxyalkane Transferase (EmE) <1.00E+04 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dichloromethane Dehalogenase (DCMA) <1.00E+04 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Other
Total Eubacteria (EBAC) 2.69E+07  3.22E+04 (I) 2.86E+05 (I)  3.39E+04 (I) 1.02E+06
Sulfate Reducing Bacteria (APS) 1.08E+07 <2.00E+04  <1.00E+04 <1.00E+04 <1.00E+04
Methanogens (MGN) <1.00E+04  <2.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
CENSUS Targets
Benzoyl Coenzyme A Reductase (BCR) 3.80E+04 1.94E+03 (J)
Benzene Carboxylase (abcA) <1.00E+04 9.67E+02 (J)
Legend:
NA = Not Analyzed NS = Not Sampled ] = Estimated Gene Copies Below PQL but Above LQL
I = Inhibited < = Result Not Detected
3 10515 Research Drive
Knoxville, TN 37932

Phone: 865.573.8188
Fax: 865.573.8133
Web: www.microbe.com

Appendix G-3 Page 4 of 183



microbialinsights

Table 2: Summary of the QuantArray®-Chlor results obtained for samples BM-54-041118-480, BM-54-051118-494, BM-
52-161118-474, and BM-52-161118-499.

Sample Name BM-S4-041118- BM-S4-051118- BM-S2-161118- BM-S2-161118-

480 494 474 499
Sample Date 11/04/2018 11/05/2018 11/16/2018 11/16/2018

Reductive Dechlorination cells/g cells/g cells/g cells/g
Dehalococcoides (DHC) <1.00E+03 <1.00E+03 <1.00E+03 <1.00E+03
tceA Reductase (TCE) <1.00E+04 <1.00E+04 <1.00E+03 <1.00E+03
BAV1 Vinyl Chloride Reductase (BVC) <1.00E+04 <1.00E+04 <1.00E+03 <1.00E+03
Vinyl Chloride Reductase (VCR) <1.00E+04 <1.00E+04 <1.00E+03 <1.00E+03
Dehalobacter spp. (DHBt) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dehalobacter DCM (DCM) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas spp. (DHG) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
cerA Reductase (CER) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
trans-1,2-DCE Reductase (TDR) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Desulfitobacterium spp. (DSB) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dehalobium chlorocoercia (DECO) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Desulfuromonas spp. (DSM) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-1) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-2) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Chloroform Reductase (CFR) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
1,1 DCA Reductase (DCA) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
1,2 DCA Reductase (DCAR) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Aerobic (Co)Metabolic
Soluble Methane Monooxygenase (SMMO) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Toluene Dioxygenase (TOD) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Phenol Hydroxylase (PHE) 2.42E+03 (J) <1.00E+04 1.17E+06 <1.00E+04
Trichlorobenzene Dioxygenase (TCBO) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase 2 (RDEG) 1.53E+05 <1.00E+04 1.32E+06 <1.00E+04
Toluene Monooxygenase (RMO) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Ethene Monooxygenase (EtnC) <1.00E+04 <1.00E+04 - <1.00E+04 <1.00E+04
Epoxyalkane Transferase (EnE) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dichloromethane Dehalogenase (DCMA) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Other
Total Eubacteria (EBAC) 1.16E+06 5.57E+05 (1) 2.43E+06 3.59E+05 (I)
Sulfate Reducing Bacteria (APS) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Methanogens (MGN) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
CENSUS Targets
Benzoyl Coenzyme A Reductase (BCR) 5.26E+04 1.57E+03 (J)
Benzene Carboxylase (abcA) <1.00E+04 <1.00E+04
Legend:
NA = Not Analyzed NS = Not Sampled ] = Estimated Gene Copies Below PQL but Above LQL
I = Inhibited < = Result Not Detected
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Table 3: Summary of the QuantArray®-Chlor results obtained for samples BM-53-201118-477, BM-53-201118-489, and
BM-53-211118-494.

Sample Name BM-S3-201118-477 BM-S3-201118-489 BM-S3-211118-494
Sample Date 11/20/2018 11/20/2018 11/21/2018
Reductive Dechlorination cells/g cells/g cells/g
Dehalococcoides (DHC) ' <1.00E+03 <1.00E+03 <1.00E+03
tceA Reductase (TCE) <1.00E+03 <1.00E+03 <1.00E+03
BAV1 Vinyl Chloride Reductase (BVC) <1.00E+03 <1.00E+03 <1.00E+03
Vinyl Chloride Reductase (VCR) <1.00E+03 <1.00E+03 <1.00E+03
Dehalobacter spp. (DHB) <1.00E+04 <1.00E+04 <1.00E+04
Dehalobacter DCM (DCM) <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas spp. (DHG) <1.00E+04 <1.00E+04 <1.00E+04
cerA Reductase (CER) <1.00E+04 <1.00E+04 <1.00E+04
trans-1,2-DCE Reductase (TDR) <1.00E+04 <1.00E+04 <1.00E+04
Desulfitobacterium spp. (DSB) <1.00E+04 <1.00E+04 <1.00E+04
Dehalobium chlorocoercia (DECO) <1.00E+04 <1.00E+04 <1.00E+04
Desulfuromonas spp. (DSM) <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-1) <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-2) <1.00E+04 <1.00E+04 <1.00E+04
Chloroform Reductase (CFR) <1.00E+04 <1.00E+04 <1.00E+04
1,1 DCA Reductase (DCA) <1.00E+04 <1.00E+04 <1.00E+04
1,2 DCA Reductase (DCAR) <1.00E+04 <1.00E+04 <1.00E+04
Aerobic (Co)Metabolic
Soluble Methane Monooxygenase (SMMO) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Dioxygenase (TOD) <1.00E+04 <1.00E+04 <1.00E+04
Phenol Hydroxylase (PHE) <1.00E+04 <1.00E+04 <1.00E+04
Trichlorobenzene Dioxygenase (TCBO) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase 2 (RDEG) 9.93E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase (RMO) <1.00E+04 <1.00E+04 <1.00E+04
Ethene Monooxygenase (EtnC) <1.00E+04 <1.00E+04 <1.00E+04
Epoxyalkane Transferase (EtnE) <1.00E+04 <1.00E+04 <1.00E+04
Dichloromethane Dehalogenase (DCMA) <1.00E+04 <1.00E+04 <1.00E+04
Other
Total Eubacteria (EBAC) 5.73E+05 9.78E+03 (I) 6.99E+03 (I)
Sulfate Reducing Bacteria (APS) <1.00E+04 <1.00E+04 <1.00E+04
Methanogens (MGN) <1.00E+04 <1.00E+04 <1.00E+04
CENSUS Targets
Benzoyl Coenzyme A Reductase (BCR) 1.42E+04
Benzene Carboxylase (abcA) <1.00E+04
Legend:
NA = Not Analyzed NS = Not Sampled J = Estimated Gene Copies Below PQL but Above LQL
I = Inhibited < =Result Not Detected
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High

Mid

Low

Microbial Populations BM-59-171018-475

b bi bi i Aerobic Aerobic Aerobic
Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated C i (Ce i Chilori
Ethenes Ethenes thenes Ethanes Methanes Benzenes Phenols Propanes Chiorinated Vinyl Benzenes
(PCE,TCE) (PCE,TCE,DCEVC) (TCA,DCA) (Chloroform) Ethenes Chloride

(trans-1,2-
DCEVC)

Figure 1: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-

taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination

Chlorinated Ethenes (PCE, TCE)
Chlorinated Ethenes (PCE, TCE, DCE,
VvQ)

Chlorinated Ethenes (trans-1,2-DCE,
VQC)

Chlorinated Ethanes (TCA and 1,2-
DCA)

Chlorinated Methanes (Chloroform)
Chlorinated Benzenes

Chlorinated Phenols

Chlorinated Propanes

Aerobic - (Co)metabolism

DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE
TDR, CER Chlorinated Benzenes TOD, TCBO, PHE

DHC, DHBt, DHG, DSB!, DCA,

DCAR

DHBt, DCM, CFR
DHC, DHB, DECO
DHC, DSB

DHC, DHG, DSB!

1 Desulfitobacterium dichloroeliminans DCAL. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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High

Mid

Low

Microbial Populations BM-59-181018-477

b b Aerobic Aerobic Aerobic
Chlorinated Chlori Chlorinated cl Chioril Ch Chlorinated Chlorinated C i (Co) i [s
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCE,TCE) (PCE,TCE,DCEVC) (trans«l,)2~ (TCA,DCA) (Chloroform) Ethenes Chloride

DCEVC]

Figure 2: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-

taminants.

Chlorinated Ethenes (PCE, TCE)
Chlorinated Ethenes (PCE, TCE, DCE,
VQC)

Chlorinated Ethenes (trans-1,2-DCE,
VQC)

Chlorinated Ethanes (TCA and 1,2-
DCA)

Chlorinated Methanes (Chloroform)
Chlorinated Benzenes

Chlorinated Phenols

Chlorinated Propanes

Anaerobic - Reductive Dechlorination or Dichloroelimination

Co)metabolism
Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
(Co)metabolic Vinyl Chloride & etnC, etnE

DHC, DHBt, DSB, DSM, PCE-1, PCE-2
DHC, BVC, VCR

TDR, CER Chlorinated Benzenes TOD, TCBO, PHE

DHC, DHBt, DHG, DSB!, DCA,

DCAR
DHBt, DCM, CFR
DHC, DHBt?, DECO
DHC, DSB

DHC, DHG, DSB!

Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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Microbial Populations BM-55-231018-491

High

Mid

Low

i i bi i bi Aerobic Aerobic Aerobic
Chlorinated Chlori Chloril Chilori Chlorinated Chlori Chlori Chlorif C i (C i Chlori
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCETCE) (PCE,TCE.DCEVC) (trans-1,2- (TCA,DCA) (Chloroform) Ethenes Chloride
DCEVC)

Figure 3: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism

Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

VQ)

Chlorinated Ethenes (trans-1,2-DCE, = TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VQ)

Chlorinated Ethanes (TCA and 1,2- DHC, DHBt, DHG, DSB!, DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHB#?, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB!

1 Desulfitobacterium dichloroeliminans DCAL. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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Microbial Populations BM-55-231018-506

High

Low

i bi bi b Anaerobic Anaerobic Anaerobic Aerobic Aerobic Aerobic
Chlorinated Chlorinated Chlorinated Chlorinated Chiorinated Chlorinated Chlorinated Chlorinated Cometabolic (Co)metabolic Chlorinated
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCE,TCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chioroform) Ethenes Chloride

DCEVC)

Figure 4: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism
Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

VC)

Chlorinated Ethenes (trans-1,2-DCE, TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VO)

Chlorinated Ethanes (TCA and 1,2- DHC, DHBt, DHG, DSB', DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHBt, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB!

! Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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Microbial Populations BM-59-301018-496

High

Mid

Low

’ bi bi i Aerobic Aerobic Aerobic
Chlorinated Chlori Chlorinated Chlori Chlori Chlori Chlori Chlorinated C l (Co)metaboli Chlori
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCETCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chloroform) Ethenes Chloride

DCEVC)

Figure 5: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants. .

Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism
Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

\%@)

Chlorinated Ethenes (trans-1,2-DCE,  TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
\% @)

Chlorinated Ethanes (TCA and 1,2- DHC, DHBt, DHG, DSB', DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHBt, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB'

! Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.

10 10515 Research Drive
Knoxville, TN 37932

Phone: 865.573.8188

Fax: 865.573.8133

Web: www.microbe.com
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Microbial Populations BM-5S4-041118-480

High

Mid

Low

Anaerobic Anaerobic / i Aerobic Aerobic Aerobic
Chlori Chiori ct Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Cometabolic (Co)metabolic Chlorinated
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCE,TCE) (PCE,TCE,DCEVC) (trans-l.)z- (TCADCA) (Chloroform) Ethenes Chioride
DCEVC)

Figure 6: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic -

Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

V) '

Chlorinated Ethenes (trans-1,2-DCE, TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VQ)

Chlorinated Ethanes (TCA and 12- DHC, DHBt, DHG, DSB!, DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHBt?, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB!

! Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.

11 10515 Research Drive
Knoxville, TN 37932

Phone: 865.573.8188

Fax: 865.573.8133

Web: www.microbe.com
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Microbial Populations BM-54-051118-494

High

Mid

Low

b i i i ic Aerobic Aerobic Aerobic
Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated C boli (Co) i Cl
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCETCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chloroform) Ethenes Chioride
DCEVC)

Figure 7: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination

Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

VC) '

Chlorinated Ethenes (trans-1,2-DCE, TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VQ)

Chlorinated Ethanes (TCA and 12- DHC, DHBt, DHG, DSB!, DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHBt?, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB!

! Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.

12 10515 Research Drive
Knoxville, TN 37932

Phone: 865.573.8188

Fax: 865.573.8133

Web: www.microbe.com
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Microbial Populations BM-52-161118-474

High

Mid

Low

i i Aerobic Aerobic Aerobic
Chlorinated Chi Chlorit Chiori Chilori Chlorii Chlorinated Chlorinated C (Co) boli Chlori
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCE,TCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chioroform) Ethenes Chloride
. DCEVC)

Figure 8: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism
Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

VQ) )

Chlorinated Ethenes (trans-1,2-DCE, TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VQ)

Chlorinated Ethanes (TCA and 12- DHC, DHBt, DHG, DSB', DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHBt?, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB!

!Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.

13 10515 Research Drive
Knoxville, TN 37932

Phone: 865.573.8188

Fax: 865.573.8133

Web: www.microbe.com
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Microbial Populations BM-52-161118-499

High

Mid

Low

i i bi i i bif Aerobic Aerobic Aerobic
Chlori Chlori Chlorit Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated C i (Co) i Chiori
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCE,TCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chloroform) Ethenes Chloride
DCEVC)

Figure 9: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism

Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, = DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

VQC)

Chlorinated Ethenes (trans-1,2-DCE,  TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VQC)

Chlorinated Ethanes (TCA and 12- DHC, DHBt, DHG, DSB!, DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHB#, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB'

1 Desulfitobacterium dichloroeliminans DCAL. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.

14 10515 Research Drive
Knoxville, TN 37932

Phone: 865.573.8188

Fax: 865.573.8133
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Microbial Populations BM-$3-201118-477

High

Mid

[=}
-
i i bi bi Aerobic Aerobic Aerobic
Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chiorinated Chlorinated Chlorinated C i (Ce i Chlori
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCE,TCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chloroform) Ethenes Chloride
’ DCEVC)

Figure 10: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism
Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

)]

Chlorinated Ethenes (trans-1,2-DCE, TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VQ)

Chlorinated Ethanes (TCA and 12- DHC, DHBt, DHG, DSB!, DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHB#, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB!

! Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.

15 10515 Research Drive
Knoxville, TN 37932

Phone: 865.573.8188

Fax: 865.573.8133
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High

Mid

Microbial Populations BM-53-201118-489

[=]
|
Anaerobic Anaerobic bi i i b Aerobic Aerobic Aerobic
Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Ch C boli (Co) i Cl
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCE,TCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chloroform) Ethenes Chloride
DCEVC)

Figure 11: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-

taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination

Chlorinated Ethenes (PCE, TCE)
Chlorinated Ethenes (PCE, TCE, DCE,
vQ)

Chlorinated Ethenes (trans-1,2-DCE,
vQ)

Chlorinated Ethanes (TCA and 1,2-
DCA)

Chlorinated Methanes (Chloroform)
Chlorinated Benzenes

Chlorinated Phenols

Chlorinated Propanes

Aerobic - (Co)metabolism
Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
(Co)metabolic Vinyl Chloride etnC, etnE

DHC, DHBt, DSB, DSM, PCE-1, PCE-2
DHC, BVC, VCR

TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
DHC, DHBt, DHG, DSB!, DCA,

DCAR

DHBt, DCM, CFR

DHC, DHB#, DECO

DHC, DSB

DHC, DHG, DSB!

! Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.

16
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Microbial Populations BM-53-211118-494

High

Mi

Low

i i b i Anaerobic Anaerobic Anaerobic Aerobic Aerobic Aerobic
Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlori C i (Co) i Chlorinated
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCE,TCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chloroform) Ethenes Chloride
DCEVC)

Figure 12: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism
Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE
VQ)
Chlorinated Ethenes (trans-1,2-DCE, TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VQ)
Chlorinated Ethanes (TCA and 12- DHC, DHBt DHG, DSB!, DCA,
DCA) DCAR
Chlorinated Methanes (Chloroform) DHBt, DCM, CFR
Chlorinated Benzenes DHC, DHBt?, DECO
Chlorinated Phenols DHC, DSB
Chlorinated Propanes DHC, DHG, DSB!
! Desulfitobacterium dichloroelimi DCAL. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
17 10515 Research Drive
Knoxville, TN 37932
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Table 4: Summary of the QuantArray®-Chlor results for microorganisms responsible for reductive dechlorination for
samples BM-59-171018-475, BM-59-181018-477, BM-S5-231018-491 , BM-S5-231018-506 , and BM-59-301018-496.

Sample Name BM-S9- BM-S9- BM-S5- BM-S5- BM-S9-
171018-475 181018-477 231018-491 231018-506 301018-496

Sample Date 10/17/2018 10/18/2018 10/23/2018 10/23/2018 10/30/2018

Reductive Dechlorination cells/g cells/g cells/g cells/g cells/g
Dehalococcoides (DHC) <1.00E+03 ~ <2.00E+03  <1.00E+03  <1.00E+03  <1.00E+03
tceA Reductase (TCE) <1.00E+03  <2.00E+03  <1.00E+03  <1.00E+03  <1.00E+04
BAV1 Vinyl Chloride Reductase (BVC) <1.00E+03  <2.00E+03  <1.00E+03  <1.00E+03  <1.00E+04
Vinyl Chloride Reductase (VCR) <1.00E+03  <2.00E+03  <1.00E+03  <1.00E+03  <1.00E+04
Dehalobacter spp. (DHBt) 2.12E+06 <2.00E+04  <1.00E+04  <1.00E+04 3.83E+05
Dehalobacter DCM (DCM) <1.00E+04  <2.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Dehalogenimonas spp. (DHG) <1.00E+04  <2.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Desulfitobacterium spp. (DSB) 8.01E+03 (J) <2.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
Dehalobium chlorocoercia (DECO) 3.02E+05 <2.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Desulfuromonas spp. (DSM) <1.00E+04  <2.00E+04  <1.00E+04  <1.00E+04  <1.00E+04

Microbial Populations - Reductive Dechlorination

DHC TCE BVC VCR DHBt DCM DHG DSB DECO DSM

1.00E07 A
1.00E06 4
1.00E05

1.00E04 4

cells/g

1.00E03 1
1.00E02 4

1.00E01 1

1.00E00

[H BM-S9-171018-475 [l BM-S9-181018-477 [[] BM-S5-231018-491 [Jl] BM-S5-231018-506

Figure 13: Comparison - microbial populations involved in reductive dechlorination.
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Table 5: Summary of the QuantArray®-Chlor results for microorganisms responsible for reductive dechlorination for
samples BM-59-171018-475, BM-59-181018-477, BM-S5-231018-491 , BM-S5-231018-506 , and BM-S9-301018-496.

Sample Name BM-S9- BM-S9- BM-S5- BM-S5- BM-S9-
171018-475 181018-477 231018-491 231018-506 301018-496

Sample Date 10/17/2018 10/18/2018 10/23/2018 10/23/2018 10/30/2018

Reductive Dechlorination cells/g cells/g cells/g cells/g cells/g

Chloroform Reductase (CFR) <1.00E+04  <2.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
1,1 DCA Reductase (DCA) <1.00E+04  <2.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
1,2 DCA Reductase (DCAR) <1.00E+04  <2.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
PCE Reductase (PCE-1) <1.00E+04  <2.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
PCE Reductase (PCE-2) <1.00E+04  <2.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Dehalogenimonas trans-1,2-DCE Reductase (TDR) <1.00E+04  <2.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Dehalogenimonas cerA Reductase (CER) <1.00E+04 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Reductive Dechlorination
1.00E01 1

cells/g

1.00E00

CFR DCA DCAR PCE-1 PCE-2 TDR CER

[ BM-59-171018-475 [l BM-S9-181018-477 [[] BM-S5-231018-491 [l BM-S5-231018-506 [ BM-S9-

Figure 14: Comparison - microbial populations involved in reductive dechlorination.
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Table 6: Summary of the QuantArray®-Chlor results for microorganisms responsible for reductive dechlorination for
samples BM-54-041118-480, BM-54-051118-494, BM-52-161118-474, and BM-S2-161118-499.

Sample Name BM-54-041118- BM-S4-051118- BM-S2-161118- BM-S2-161118-

480 494 474 499

Sample Date 11/04/2018 11/05/2018 11/16/2018 11/16/2018
Reductive Dechlorination cells/g cells/g cells/g cells/g
Dehalococcoides (DHC) <1.00E+03 <1.00E+03 <1.00E+03 <1.00E+03
tceA Reductase (TCE) <1.00E+04 <1.00E+04 <1.00E+03 <1.00E+03
BAV1 Vinyl Chloride Reductase (BVC) <1.00E+04 <1.00E+04 <1.00E+03 <1.00E+03
Vinyl Chloride Reductase (VCR) <1.00E+04 <1.00E+04 <1.00E+03 <1.00E+03
Dehalobacter spp. (DHB) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dehalobacter DCM (DCM) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas spp. (DHG) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Desulfitobacterium spp. (DSB). <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dehalobium chlorocoercia (DECO) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Desulfuromonas spp. (DSM) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Reductive Dechlorination
1.00E01 -

cells/g

1.00E00 T T T T r T T T T T
DHC TCE BvVC VCR 'DHBt DCM DHG DSB DECO DSM

[ BM-S4-041118-480 [l BM-S4-051118-494 [T BM-S2-161118-474 [ll] BM-S2-161118-499

Figure 15: Comparison - microbial populations involved in reductive dechlorination.

20 10515 Research Drive
Knoxville, TN 37932

Phone: 865.573.8188

Fax: 865.573.8133

Web: www.microbe.com

Appendix G-3 Page 21 of 183



microbialinsights

Table 7: Summary of the QuantArray®-Chlor results for microorganisms responsible for reductive dechlorination for
samples BM-54-041118-480, BM-54-051118-494, BM-52-161118-474, and BM-S2-161118-499.

Sample Name BM-54-041118- BM-S4-051118- BM-S2-161118- BM-S2-161118-

480 494 474 499
Sample Date 11/04/2018 11/05/2018 11/16/2018 11/16/2018

Reductive Dechlorination cells/g cells/g cells/g cells/g

Chloroform Reductase (CFR) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
1,1 DCA Reductase (DCA) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
1,2 DCA Reductase (DCAR) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-1) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-2) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas trans-1,2-DCE Reductase (TDR) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas cerA Reductase (CER) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Reductive Dechlorination
1.00E01 -

cells/g

1.00E00

CFR DCA DCAR PCE-1 PCE-2 TDR CER

[ BM-54-041118-480 [l] BM-S4-051118-494 [[] BM-S2-161118-474 [lll BM-S2-161118-499

Figure 16: Comparison - microbial populations involved in reductive dechlorination.
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Table 8: Summary of the QuantArray®-Chlor results for microorganisms responsible for reductive dechlorination for
samples BM-53-201118-477, BM-53-201118-489, and BM-53-211118-494.

Sample Name BM-S3-201118-477
Sample Date 11/20/2018

BM-S3-201118-489
11/20/2018

BM-S3-211118-494
11/21/2018

Reductive Dechlorination cells/g cells/g cells/g
Dehalococcoides (DHC) <1.00E+03 <1.00E+03 <1.00E+03
tceA Reductase (TCE) <1.00E+03 <1.00E+03 <1.00E+03
BAV1 Vinyl Chloride Reductase (BVC) <1.00E+03 <1.00E+03 <1.00E+03
Vinyl Chloride Reductase (VCR) <1.00E+03 <1.00E+03 <1.00E+03
Dehalobacter spp. (DHBt) <1.00E+04 <1.00E+04 <1.00E+04
Dehalobacter DCM (DCM) <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas spp. (DHG) <1.00E+04 <1.00E+04 <1.00E+04
Desulfitobacterium spp. (DSB) <1.00E+04 <1.00E+04 <1.00E+04
Dehalobium chlorocoercia (DECO) <1.00E+04 <1.00E+04 <1.00E+04
Desulfuromonas spp. (DSM) <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Reductive Dechlorination
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1.00E00
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Figure 17: Comparison - microbial populations involved in reductive dechlorination.
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Table 9: Summary of the QuantArray®-Chlor results for microorganisms responsible for reductive dechlorination for
samples BM-53-201118-477, BM-S3-201118-489, and BM-53-211118-494.

Sample Name BM-S3-201118-477
Sample Date 11/20/2018

BM-S3-201118-489
11/20/2018

BM-S3-211118-494
11/21/2018

Reductive Dechlorination cells/g cells/g cells/g
Chloroform Reductase (CFR) <1.00E+04 <1.00E+04 <1.00E+04
1,1 DCA Reductase (DCA) <1.00E+04 <1.00E+04 <1.00E+04
1,2 DCA Reductase (DCAR) <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-1) <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-2) <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas trans-1,2-DCE Reductase (TDR) <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas cerA Reductase (CER) <1.00E+04 <1.00E+04 <1.00E+04
Microbial Populations - Reductive Dechlorination
1.00E01 1

=

L

o

(&)

1.00E00 T T T T T T T
CFR DCA DCAR PCE-1 PCE-2 TDR CER
[1BM-S3-201118-477 [l BM-S3-201118-489 [[] BM-S3-211118-494
Figure 18: Comparison - microbial populations involved in reductive dechlorination.
23 10515 Research Drive
Knoxville, TN 37932

Phone: 865.573.8188
Fax: 865.573.8133
Web: www.microbe.com

Appendix G-3 Page 24 of 183



microbialinsights

Table 10: Summary of the QuantArray®-Chlor results for microorganisms responsible for aerobic (co)metabolism for
samples BM-59-171018-475, BM-59-181018-477, BM-S5-231018-491 , BM-S5-231018-506 , and BM-59-301018-496.

Sample Name BM-S9- BM-S9- BM-S5- BM-S5- BM-S9-
171018-475 181018-477 231018-491 231018-506 301018-496

Sample Date 10/17/2018 10/18/2018 10/23/2018 10/23/2018 10/30/2018

Aerobic (Co)Metabolic cells/g cells/g cells/g cells/g cells/g

Soluble Methane Monooxygenase (SMMO) <1.00E+04  <2.00E+04  <1.00E+04  <I1.00E+04  <1.00E+04
Toluene Dioxygenase (TOD) <1.00E+04  <2.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
Phenol Hydroxylase (PHE) 1.06E+06 <2.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Trichlorobenzene Dioxygenase (TCBO) <1.00E+04 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase 2 (RDEG) 5.30E+05 <2.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
Toluene Monooxygenase (RMO) 6.73E+05 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Ethene Monooxygenase (EtnC) <1.00E+04 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Epoxyalkane Transferase (EtnE) <1.00E+04 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dichloromethane Dehalogenase (DCMA) <1.00E+04 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Aerobic (Co)metabolism
1.00E07 -

1.00EO06 1
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Figure 19: Comparison - microbial populations involved in aerobic (co)metabolism.
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Table 11: Summary of the QuantArray®-Chlor results for microorganisms responsible for aerobic (co)metabolism for
samples BM-54-041118-480, BM-54-051118-494, BM-S2-161118-474, and BM-52-161118-499.

Sample Name BM-54-041118- BM-S4-051118- BM-S2-161118- BM-S2-161118-

480 494 474 499
Sample Date 11/04/2018 11/05/2018 11/16/2018 11/16/2018

Aerobic (Co)Metabolic cells/g cells/g cells/g cells/g

Soluble Methane Monooxygenase (SMMO) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Toluene Dioxygenase (TOD) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Phenol Hydroxylase (PHE) 2.42E+03 (]) <1.00E+04 1.17E+06 <1.00E+04
Trichlorobenzene Dioxygenase (TCBO) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase 2 (RDEG) 1.53E+05 <1.00E+04 1.32E+06 <1.00E+04
Toluene Monooxygenase (RMO) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Ethene Monooxygenase (EtnC) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Epoxyalkane Transferase (EtnE) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dichloromethane Dehalogenase (DCMA) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Aerobic (Co)metabolism
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Figure 20: Comparison - microbial populations involved in aerobic (co)metabolism.
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Table 12: Summary of the QuantArray®-Chlor results for microorganisms responsible for aerobic (co)metabolism for
samples BM-53-201118-477, BM-S3-201118-489, and BM-53-211118-494.

Sample Name BM-S3-201118-477
Sample Date 11/20/2018

BM-S3-201118-489
11/20/2018

BM-S3-211118-494
11/21/2018

Aerobic (Co)Metabolic cells/g cells/g cells/g

Soluble Methane Monooxygenase (SMMO) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Dioxygenase (TOD) <1.00E+04 <1.00E+04 <1.00E+04
Phenol Hydroxylase (PHE) <1.00E+04 <1.00E+04 <1.00E+04
Trichlorobenzene Dioxygenase (TCBO) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase 2 (RDEG) 9.93E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase (RMO) <1.00E+04 <1.00E+04 <1.00E+04
Ethene Monooxygenase (EtnC) <1.00E+04 <1.00E+04 <1.00E+04
Epoxyalkane Transferase (EtnE) <1.00E+04 <1.00E+04 <1.00E+04
Dichloromethane Dehalogenase (DCMA) <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Aerobic (Co)metabolism
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Figure 21: Comparison - microbial populations involved in aerobic (co)metabolism.
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Table 13: Summary of the QuantArray® results for total bacteria and other populations for samples BM-59-171018-475,
BM-59-181018-477, BM-S5-231018-491 , BM-S5-231018-506 , and BM-S9-301018-496.

Sample Name BM-S9- BM-S9- BM-S5- BM-S5- BM-S9-
171018-475 181018-477 231018-491 231018-506 301018-496

Sample Date 10/17/2018 10/18/2018 10/23/2018 10/23/2018 10/30/2018

Other cells/g cells/g cells/g cells/g cells/g
Total Eubacteria (EBAC) 2.69E+07 3.22E+04 (I)  2.86E+05(I)  3.39E+04 (I) 1.02E+06
Sulfate Reducing Bacteria (APS) 1.08E+07 <2.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Methanogens (MGN) <1.00E+04  <2.00E+04  <1.00E+04 <1.00E+04  <1.00E+04

Microbial Populations - Total Bacteria and Other Populations
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Figure 22: Comparison - microbial populations.
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Table 14: Summary of the QuantArray® results for total bacteria and other populations for samples BM-54-041118-480,
BM-54-051118-494, BM-52-161118-474, and BM-52-161118-499.

Sample Name BM-S4-041118- BM-S4-051118- BM-S2-161118- BM-S2-161118-

480 494 474 499
Sample Date 11/04/2018 11/05/2018 11/16/2018 11/16/2018

Other cells/g cells/g cells/g cells/g
Total Eubacteria (EBAC) 1.16E+06 5.57E+05 (I) 2.43E+06 3.59E+05
Sulfate Reducing Bacteria (APS) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Methanogens (MGN) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Total Bacteria and Other Populations
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Figure 23: Comparison - microbial populations.
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Table 15: Summary of the QuantArray® results for total bacteria and other populations for samples BM-S3-201118-477,
BM-53-201118-489, and BM-53-211118-494.

BM-S3-211118-494

BM-S3-201118-477 BM-S3-201118-489

Sample Name

Sample Date 11/20/2018 11/20/2018 11/21/2018
Other cells/g cells/g cells/g

Total Eubacteria (EBAC) 5.73E+05 9.78E+03 (I) 6.99E+03 (I)
Sulfate Reducing Bacteria (APS) <1.00E+04 <1.00E+04 <1.00E+04
Methanogens (MGN) <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Total Bacteria and Other Populations
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Figure 24: Comparison - microbial populations.
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Interpretation

The overall purpose of the QuantArray®-Chlor is to give site managers the ability to simultaneously yet economically evaluate
the potential for biodegradation of a spectrum of common chlorinated contaminants through a multitude of anaerobic and aerobic
(co)metabolic pathways in order to provide a clearer and more comprehensive view of contaminant biodegradation. The following
discussion describes the interpretation of results in general terms and is meant to serve as a guide.

Reductive Dechlorination - Chlorinated Ethenes: While a number of bacterial cultures including Dehalococcoides, Dehalobacter, Desul-

fitobacterium, and Desulfuromonas spp. capable of utilizing PCE and TCE as growth-supporting electron acceptors have been isolated
[1-5], Dehalococcoides may be the most important because they are the only bacterial group that has been isolated to date which is
capable of complete reductive dechlorination of PCE to ethene [6]. In fact, the presence of Dehalococcoides has been associated with
complete reductive dechlorination to ethene at sites across North America and Europe [7], and Lu et al. [8] have proposed using a
Dehalococcoides concentration of 1 x 10* cells/mL as a screening criterion to identify sites where biological reductive dechlorination is
predicted to proceed at “generally useful” rates.

At chlorinated ethene sites, any “stall” leading to the accumulation of daughter products, especially vinyl chloride, would be a sub-
stantial concern. While Dehalococcoides concentrations greater than 1 x 10* cells/mL correspond to ethene production and useful rates
of dechlorination, the range of chlorinated ethenes degraded varies by strain within the Dehalococcoides genus [6, 9], and the pres-
ence of co-contaminants and competitors can have complex impacts on the halorespiring microbial community [10-15]. Therefore,
QuantArray®-Chlor also provides quantification of a suite of reductive dehalogenase genes (PCE, TCE, BVC, VCR, CER, and TDR)
to more definitively confirm the potential for reductive dechlorination of all chlorinated ethene compounds including vinyl chloride.

Perhaps most importantly, QuantArray®-Chlor quantifies TCE reductase (TCE) and both known vinyl chloride reductase genes (BVC,
VCR) from Dehalococcoides to conclusively evaluate the potential for complete reductive dechlorination of chlorinated ethenes to non-
toxic ethene [16-18]. In addition, the analysis also includes quantification of reductive dehalogenase genes from Dehalogenimonas spp.
capable of reductive dechlorination of chlorinated ethenes. More specifically, these are the trans-1,2-DCE dehalogenase gene (TDR)
from strain WBC-2 [19] and the vinyl chloride reductase gene (CER) from GP, the only known organisms other than Dehalococcoides
capable of vinyl chloride reduction [20]. Finally, PCE reductase genes responsible for sequential reductive dechlorination of PCE
to cis-DCE by Sulfurospirillum and Geobacter spp. are also quantified. In mixed cultures, evidence increasingly suggests that partial
dechlorinators like Sulfurospirillum and Geobacter may be responsible for the majority of reductive dechlorination of PCE to TCE and
cis-DCE while Dehalococcoides functions more as cis-DCE and vinyl chloride reducing specialists [10, 21].

Reductive Dechlorination - Chlorinated Ethanes: Under anaerobic conditions, chlorinated ethanes are susceptible to reductive
dechlorination by several groups of halorespiring bacteria including Dehalobacter, Dehalogenimonas, and Dehalococcoides. While the
reported range of chlorinated ethanes utilized varies by genus, species, and sometimes at the strain level, several general observa-
tions can be made regarding biodegradation pathways and daughter product formation. Dehalobacter spp. have been isolated that
are capable of sequential reductive dechlorination of 1,1,1-TCA through 1,1-DCA to chloroethane [13]. Biodegradation of 1,1,2-TCA
by several halorespiring bacteria including Dehalobacter and Dehalogenimonas spp. proceeds via dichloroelimination producing vinyl
chloride [22-24]. Similarly, 1,2-DCA biodegradation by Dehalobacter, Dehalogenimonas, and Dehalococcoides occurs via dichloroelimina-
tion producing ethene. While not utilized by many Desulfitobacterium isolates, at least one strain, Desulfitobacterium dichloroeliminans
strain DCA1, is also capable of dichloroelimination of 1,2-DCA [25]. The 1,2-dichloroethane reductive dehalogenase gene (DCAR)
from members of Desulfitobacterium and Dehalobacter is known to dechlorinate 1,2-DCA to ethene, while the 1,1-dichloroethane re-
ductive dehalogenase (DCA) targets the gene responsible for 1,1-DCA dechlorination in some strains of Dehalobacter. In addition to
chloroform,chloroform reductase (CFR) has also been shown to be responsible for reductivedechlorination of 1,1,1-TCA [26].

Reductive Dechlorination - Chlorinated Methanes: Chloroform is a common co-contaminant at chlorinated solvent sites and can
inhibit reductive dechlorination of chlorinated ethenes. Grostern et al. demonstrated that a Dehalobacter population was capable of
reductive dechlorination of chloroform to produce dichloromethane [27]. The ¢frA gene encodes the reductase which catalyzes this
initial step in chloroform biodegradation [26]. Justicia-Leon et al. have since shown that dichloromethane can support growth of a
distinct group of Dehalobacter strains via fermentation [28]. The Dehalobacter DCM assay targets the 165 rRNA gene of these strains.

Reductive Dechlorination - Chlorinated Benzenes: Chlorinated benzenes are an important class of industrial solvents and chem-
ical intermediates in the production of drugs, dyes, herbicides, and insecticides. The physical-chemical properties of chlorinated
benzenes as well as susceptibility to biodegradation are functions of their degree of chlorination and the positions of chlorine sub-
stituents. Under anaerobic conditions, reductive dechlorination of higher chlorinated benzenes including hexachlorobenzene (HCB),
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pentachlorobenzene (PeCB), tetrachlorobenzene (TeCB) isomers, and trichlorobenzene (TCB) isomers has been well documented [29],
although biodegradation of individual compounds and isomers varies between isolates. For example, Dehalococcoides strain CBDB1
reductively dechlorinats HCB, PeCB, all three TeCB isomers, 1,2,3-TCB, and 1,2,4-TCB [9, 30]. Dehalobium chlorocoercia DF-1 has been
shown to be capable of reductive dechlorination of HCB, PeCB, and 1,2,3,5-TeCB [31]. The dichlorobenzene (DCB) isomers and
chlorobenzene (CB) were considered relatively recalcitrant under anaerobic conditions. However, new evidence has demonstrated
reductive dechlorination of DCBs to CB and CB to benzene [32] with corresponding increases in concentrations of Dehalobacter spp.
[33].

Reductive Dechlorination - Chlorinated Phenols: Pentachlorophenol (PCP) was one of the most widely used biocides in the
US. and despite residential use restrictions, is still extensively used industrially as a wood preservative. Along with PCP, the
tetrachlorophenol and trichlorophenol isomers were also used as fungicides in wood preserving formulations. 2,4-Dichlorophenol
and 2,4,5-TCP were used as chemical intermediates in herbicide production (e.g. 2,4-D) and chlorophenols are known byproducts
of chlorine bleaching in the pulp and paper industry. While the range of compounds utilized varies by strain, some Dehalococ-
coides isolates are capable of reductive dechlorination of PCP and other chlorinated phenols. For example, Dehalococcoides strain
CBDB1 is capable of utilizing PCF, all three tetrachlorophenol (TeCP) congeners, all six trichlorophenol (TCP) congeners, and
2,3-dichlorophenol (2,3-DCP). PCP dechlorination by strain CBDB1 produces a mixture of 3,5-DCP, 3,4-DCF, 2,4-DCP, 3-CP, and 4-CP
[34]. In the same study, however, Dehalococcoides strain 195 dechlorinated a more narrow spectrum of chlorophenols which included
2,3-DCP, 2,3,4-TCP, and 2,3,6-TCP, but no other TCPs or PCP. Similar to Dehalococcoides, some species and strains of Desulfitobacterium
are capable of utilizing PCP and other chlorinated phenols. Desulfitobacterium hafniense PCP-1 is capable of reductive dechlorination
of PCP to 3-CP [35]. However, the ability to biodegrade PCP is not universal among Desulfitobacterium isolates. Desulfitobacterium
sp. strain PCE1 and D. chlororespirans strain Co23, for example, can utilize some TCP and DCP isomers, but not PCP for growth [2, 36].

Reductive Dechlorination - Chlorinated Propanes: Dehalogenimonas is a recently described bacterial genus of the phylum Chlo-
roflexi which also includes the well-known chloroethene-respiring Dehalococcoides [23]. The Dehalogenimonas isolates characterized to
date are also halorespiring bacteria, but utilize a rather unique range of chlorinated compounds as electron acceptors including chlo-
rinated propanes (1,2,3-TCP and 1,2-DCP) and a variety of other vicinally chlorinated alkanes including 1,1,2,2-tetrachloroethane,
1,1,2-trichloroethane, and 1,2-dichloroethane [23].

Aerobic - Chlorinated Ethene Cometabolism: Under aerobic conditions, several different types of bacteria including methane-
oxidizing bacteria (methanotrophs), and many benzene, toluene, ethylbenzene, xylene, and (BTEX)-utilizing bacteria can
cometabolize or co-oxidize TCE, DCE, and vinyl chloride [37]. In general, cometabolism of chlorinated ethenes is mediated
by monooxygenase enzymes with “relaxed’ specificity that oxidize a primary (growth supporting) substrate (e.g. methane)
and co-oxidize the chlorinated compound (e.g. TCE). QuantArray®-Chlor provides quantification of a suite of genes encoding
oXygenase enzymes capable of co-oxidation of chlorinated ethenes including soluble methane monooxygenase (sSMMO). Soluble
methane monooxygenases co-oxidize a broad range of chlorinated compounds [38-41] including TCE, cis-DCE, and vinyl chloride.
Furthermore, soluble methane monooxygenases are generally believed to support greater rates of aerobic cometabolism [40].
QuantArray®-Chlor also quantifies aromatic oxygenase genes encoding ring hydroxylating toluene monooxygenase genes (RMO,
RDEG), toluene dioxygenase (TOD) and phenol hydroxylases (PHE) capable of TCE co-oxidation [42-46]. TCE or a degradation
product has been shown to induce expression of toluene monooxygenases in some laboratory studies [43, 47] raising the possibility
of TCE cometabolism with an alternative (non-aromatic) growth substrate. Moreover, while a number of additional factors must be
considered, recent research under ESTCP Project 201584 has shown positive correlations between concentrations of monooxygenase
genes (soluble methane monooxygenase, ring hydroxylating monooxygenases, and phenol hydroxylase) and the rate of TCE
degradation [48].

Aerobic - Chlorinated Ethane Cometabolism: While less widely studied than cometabolism of chlorinated ethenes, some chlori-
nated ethanes are also susceptible to co-oxidation. As mentioned previously, soluble methane monooxygenases (sSMMO) exhibit very
relaxed specificity. In laboratory studies, sMMO has been shown to co-oxidize a number of chlorinated ethanes including 1,1,1-TCA
and 1,2-DCA [38, 40].

Aerobic - Vinyl Chloride Cometabolism: Beginning in the early 1990s, numerous microcosm studies demonstrated aerobic ox-
idation of vinyl chloride under MNA conditions without the addition of exogenous primary substrates. Since then, strains of
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Mycobacterium, Nocardioides, Pseudomonas, Ochrobactrum, and Ralstonia species have been isolated which are capable of aerobic
growth on both ethene and vinyl chloride (see Mattes et al. [49] for a review). The initial steps in the pathway are the monooxygenase
(etnABCD) catalyzed conversion of ethene and vinyl chloride to their respective epoxyalkanes (epoxyethane and chlorooxirane),
followed by epoxyalkane:CoM transferase (etnE) mediated conjugation and breaking of the epoxide [50].

Aerobic - Chlorinated Benzenes: In general, chlorobenzenes with four or less chlorine groups are susceptible to aerobic biodegra-
dation and can serve as growth-supporting substrates. Toluene dioxygenase (TOD) has a relatively relaxed substrate specificity
and mediates the incorporation of both atoms of oxygen into the aromatic ring of benzene and substituted benzenes (toluene
and chlorobenzene). Comparison of TOD levels in background and source zone samples from a CB-impacted site suggested that
CBs promoted growth of TOD-containing bacteria [51]. In addition, aerobic biodegradation of some trichlorobenzene and even
tetrachlorobenzene isomers is initiated by a group of related trichlorobenzene dioxygenase genes (TCBO). Finally, phenol hydrox-
ylases catalyze the continued oxidation and in some cases, the initial oxidation of a variety of monoaromatic compounds. In an
independent study, significant increases in numbers of bacteria containing PHE genes corresponded to increases in biodegradation
of DCB isomers [51].

Aerobic - Chlorinated Methanes: Many aerobic methylotrophic bacteria, belonging to diverse genera (Hyphomicrobium, Methylobac-
terium, Methylophilus, Pseudomonas, Paracoccus, and Alibacter) have been isolated which are capable of utilizing dichloromethane
(DCM) as a growth substrate. The DCM metabolic pathway in methylotrophic bacteria is initiated by a dichloromethane dehalo-
genase (DCMA) gene. DCMA is responsible for aerobic biodegradation of dichloromethane by methylotrophs by first producing
formaldehyde which is then further oxidized [52]. As discussed in previous sections, soluble methane monooxygenase (sMMO)
exhibits relaxed specificity and co-oxidizes a broad spectrum of chlorinated hydrocarbons. In addition to chlorinated ethenes, sSMMO
has been shown to co-oxidize chloroform in laboratory studies [38, 41].
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Overview

Although not always fully considered, abiotic degradation can be a substantial or even the primary process for
chlorinated hydrocarbon destruction at sites undergoing or transitioning to monitored natural attenuation (MNA). A
variety of iron-bearing minerals including iron sulfides (mackinawite and pyrite), iron oxides (magnetite), green rust, and
iron-bearing clays are capable of complete or nearly complete degradation of PCE, TCE, and carbon tetrachloride (He et al.
2009). Some iron-bearing minerals also catalyze the degradation of chlorinated ethanes and the lesser chlorinated
ethenes cis-dichloroethene (DCE) and vinyl chloride. While the quantities and types will vary, these reactive iron minerals
are frequently identified in subsurface environments under iron reducing and sulfate reducing conditions.

Brown et al. (2007) recommend four avenues for evaluating the role of abiotic processes in contaminant attenuation. First,
examining contaminant concentrations along the flow path - decreasing parent compound concentrations with no
evidence of accumulation of chlorinated transformation products like cis-DCE and vinyl chloride suggest abiotic
degradation. Performing compound specific isotope analysis (CSIA) or monitoring for products unique to abiotic

reactions such as acetylene can also provide a strong line of evidence. Microcosm studies with native sediment and killed
controls can also be performed. Finally, Brown et al. (2007) suggest performing mineralogical analyses on aquifer
sediment to characterize reactive minerals such as magnetite or iron monosulfides

Magnetic Susceptibility - Magnetite

Magnetite (Fe304) is a mixed valence iron mineral shown to react with PCE, TCE, and carbon tetrachloride. Furthermore,
Ferrey et al. (2004) conclusively linked the observed degradation of cis-DCE at a former ammunition plant to magnetite in
the subsurface. No direct chemical test is available for quantification of magnetite. However, magnetite is the most
abundant mineral in natural sediments that exhibits magnetic behavior. Therefore, magnetic susceptibility provides an
inexpensive and valuable estimate of the quantity of magnetite in environmental samples.

X-ray Diffraction (XRD) - Mackinawite, Pyrite, Magnetite and Green Rust
XRD is one of the primary techniques used to identify unknown crystalline materials. Most minerals are crystalline and
will scatter X-rays in a regular, characteristic manner dependent on their crystal structure.

e Mackinawite is the most reactive of the iron-bearing minerals and a crystalline form (tetragonal FeS) can be
detected by XRD. Mackinawite will transform PCE and TCE primarily by elimination to acetylene. Carbon
tetrachloride is transformed mainly to chloroform but carbon dioxide, formate, and carbon disulfide have also
been detected. Finally, the more heavily chlorinated ethanes including hexachloroethane, pentachloroethane, and
tetrachloroethanes react to form chlorinated ethenes which can be further degraded.

*  Pyrite (FeS2) catalyzes beta elimination transforming PCE, TCE, and cis-DCE to acetylene and ethene. Vinyl
chloride is transformed to ethene and ethane. Pyrite is also capable of degradation of carbon tetrachloride
potentially forming a number of products including chloroform, carbon dioxide, carbon disulfide, and formate
depending on reaction conditions.

*  While not quantitative like the magnetic susceptibility test, XRD can also detect magnetite when present at
between 2% and 5% on a weight basis.

*  Green rusts have been reported to transform a number of common chlorinated contaminants including cis-DCE,
vinyl chloride, trichloroethanes, and tetrachloroethanes. While special sample care to prevent oxidation would
be needed, XRD can be used to detect green rust.

Percent Clay

Clays have large surface areas, balanced by exchangeable cations, which can bind a large number of both organic and

inorganic molecules impacting their availability and reactivity in the subsurface. While less well studied than the other
iron-bearing minerals, various phyllosilicate clays have been shown to be capable of degradation of PCE, TCE, cis-DCE,

vinyl chloride, and carbon tetrachloride
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Sample Location BM-S9-171018-475 BM-S9-181018-477 BM-S5-231018-491

Date Sampled 10/17/2018 10/18/2018 10/23/2018

Magnetic Susceptibility Analysis

Magnetic Susceptibility (m3/kg) 3.2E-6 + 6.4E-8 1.3E-6 + 2.2E-8 1.9E-6 + 4.0E-8

Sample Location BM-S5-231018-506 BM-S9-181018-483 BM-S9-301018-496

Date Sampled 10/23/2018 10/18/2018 10/30/2018

Magnetic Susceptibility Analysis

Magnetic Susceptibility (m3/kg) 24E-6 +1.1E-7 1.7E-6 £ 4 2E-8 ' 2.2E-6 + 8.4E-9

Sample Location BM-S4-041118-480 BM-S4-051118-494 BM-S2-161118-474

Date Sampled 11/04/2018 11/05/2018 11/16/2018

Magnetic Susceptibility Analysis

Magnetic Susceptibility (m3/kg) 1.9E-6 + 8.4E-8 2.0E-6 + 2.6E-8 6.0E-6 + 9.7E-8

Sample Location BM-S2-161118-499 BM-S3-201118-477 BM-S3-201118-489

Date Sampled 11/16/2018 11/20/2018 11/20/2018

Magnetic Susceptibility Analysis

Magnetic Susceptibility (m3/kg) 2.6E-6 + 9.3E-8 3.1E-6 + 3.3E-8 2.0E-6 + 2.4E-7

* Analysis performed in triplicate and results reported as the mean followed by +/- standard deviation.
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Sample Location BM-S3-211118-494

Date Sampled 11/21/2018

Magnetic Susceptibility Analysis

Magnetic Susceptibility (m3/kg) 2.5E-6 + 1.9E-7

* Analysis performed in triplicate and results reported as the mean followed by +/- standard deviation.
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10515 Research Drive
Knoxville, TN 37932
Phone: 865.573.8188

Fax: 865.573.8133

Web: www.microbe.com

microbialinsights

SITE LOGIC Report

Abiotic Potential
Contact: Bernard Bockisch Phone: 505-234-1105
Address: EA Engineering
320 Gold Ave SW Email: bbockisch@eaest.com
Suite 1300
Albuquerque, NM 87102
. 072P] Report Date: January 11,2019
Identifier: P ’ y i

Comments: KAFB-Bulk Fuels Fac Vadose Zone, 62735DM02

NOTICE: This report is intended only for the addressee shown above and may contain confidential or privileged
information. If the recipient of this material is not the intended recipient or if you have received this in error, please
notify Microbial Insights, Inc. immediately. The data and other information in this report represent only the sample(s)
analyzed and are rendered upon condition that it is not to be reproduced without approval from Microbial Insights, Inc.
Thank you for your cooperation.
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Overview

Although not always fully considered, abiotic degradation can be a substantial or even the primary process for chlorinated
hydrocarbon destruction at sites undergoing or transitioning to monitored natural attenuation (MNA). A variety of iron-
bearing minerals including iron sulfides (mackinawite and pyrite), iron oxides (magnetite), green rust, and iron-bearing
clays are capable of complete or nearly complete degradation of PCE, TCE, and carbon tetrachloride (He et al. 2009). Some
iron-bearing minerals also catalyze the degradation of chlorinated ethanes and the lesser chlorinated ethenes cis-
dichloroethene (DCE) and vinyl chloride. While the quantities and types will vary, these reactive iron minerals are
frequently identified in subsurface environments under iron reducing and sulfate reducing conditions.

Brown et al. (2007) recommend four avenues for evaluating the role of abiotic processes in contaminant attenuation. First,
examining contaminant concentrations along the flow path - decreasing parent compound concentrations with no evidence
of accumulation of chlorinated transformation products like cis-DCE and vinyl chloride suggest abiotic degradation.
Performing compound specific isotope analysis (CSIA) or monitoring for products unique to abiotic reactions such as
acetylene can also provide a strong line of evidence. Microcosm studies with native sediment and killed controls can also
be performed. Finally, Brown et al. (2007) suggest performing mineralogical analyses on aquifer sediment to characterize
reactive minerals such as magnetite or iron monosulfides.

Magnetic Susceptibility - Magnetite

Magnetite (Fe3Os) is a mixed valence iron mineral shown to react with PCE, TCE, and carbon tetrachloride. Furthermore,
Ferrey et al. (2004) conclusively linked the observed degradation of cis-DCE at a former ammunition plant to magnetite in
the subsurface. No direct chemical test is available for quantification of magnetite. However, magnetite is the most
abundant mineral in natural sediments that exhibits magnetic behavior. Therefore, magnetic susceptibility provides an
inexpensive and valuable estimate of the quantity of magnetite in environmental samples.

X-ray Diffraction (XRD) - Mackinawite, Pyrite, Magnetite and Green Rust
XRD is one of the primary techniques used to identify unknown crystalline materials. Most minerals are crystalline and
will scatter X-rays in a regular, characteristic manner dependent on their crystal structure.

e Mackinawite is the most reactive of the iron-bearing minerals and a crystalline form (tetragonal FeS) can be detected
by XRD. Mackinawite will transform PCE and TCE primarily by elimination to acetylene. Carbon tetrachloride is
transformed mainly to chloroform but carbon dioxide, formate, and carbon disulfide have also been detected.
Finally, the more heavily chlorinated ethanes including hexachloroethane, pentachloroethane, and
tetrachloroethanes react to form chlorinated ethenes which can be further degraded.

o Pyrite (FeSy) catalyzes beta elimination transforming PCE, TCE, and cis-DCE to acetylene and ethene. Vinyl
chloride is transformed to ethene and ethane. Pyrite is also capable of degradation of carbon tetrachloride
potentially forming a number of products including chloroform, carbon dioxide, carbon disulfide, and formate
depending on reaction conditions.

e While not quantitative like the magnetic susceptibility test, XRD can also detect magnetite when present at between
2% and 5% on a weight basis.

e Green rusts have been reported to transform a number of common chlorinated contaminants including cis-DCE,
vinyl chloride, trichloroethanes, and tetrachloroethanes. While special sample care to prevent oxidation would be
needed, XRD can be used to detect green rust.

2 10515 Research Dr.
Knoxville, TN 37932

Phone: 865.573.8188
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Results

Table 1. Summary of X-Ray Diffraction and X-ray fluorescence results.
BM-S9-171018- BM-S9-181018- BM-S5-231018- BM-S5-231018- BM-S9-181018-

Sample Location

475 477 491 506 483
Sample Type Solid Solid Solid Solid Solid
Sample Date 10/17/2018 10/18/2018 10/23/2018 10/23/2018 10/18/2018
\%181D) 072PJ1 072PJ2 072PJ3 072PJ4 072PJ5
X-Ray Diffraction Results
Mineral Constituent Relative Abundance (%)
Quartz 44 27 28 40 31
Cristobalite ND ND ND ND ND
Plagioclase Feldspar 39 23 39 40 16
Microcline 6 4 8 7 4
Calcite ND 5 1 44
Magnetite 5 6 5 5 3.5
Hematite <0.5 ND ND ND ND
Hornblende <0.5 ND ND ND ND
Clinoptilolite ND 0.5 ND <0.5 ND
Goethite ND ND 1 ND ND
Kaolinite 0.5 1 <0.5 0.5 <0.5
Chlorite . <0.5 0.5 ND 0.5 <0.5
Mlite/ Mica 0.5 1 0.5 1 <0.5
Montmorillonite 5 32 17.5 6 1.5
Total 100 100 100 100 100
X-Ray Fluorescence Results
Compound Results (mass %)
MgO 0.4032 0.7938 0.5018 0.2765 0.2179
AI203 8.4816 10.4114 8.7385 8.3363 5.1776
SiO2 74.8852 67.2286 74.2316 75.9823 50.5207
P205 1.0978 0.9791 0.9459 0.9571 0.7796
SO3 ND 0.1093 ND 0.0392 ND
Cl ND ND 0.0288 ND ND
K20 4.5492 5.1831 5.1344 5.2099 3.6163
CaO 3.7306 6.7662 3.4171 3.1390 34.966
TiO2 0.5864 0.9050 0.5983 0.5586 0.3818
MnO 0.0863 0.1278 0.1063 0.0832 0.0795
Fe203 6.0153 6.8537 5.9017 5.2802 41215
CuO ND ND ND ND ND
ZnO ND 0.0288 ND ND ND
Rb20 0.0183 0.0326 0.0264 0.0243 0.0184
SrO 0.1089 0.1206 0.0974 0.0831 0.0859
Y203 0.0034 0.0002 ND ND ND
ZrO2 0.0339 0.0793 0.0380 0.0303 0.0347
BaO ND 0.3805 0.2338 ND ND
Legend: ] = Estimated result below PQL but above LQL ND = Result not detected < = Below detection limit
3 10515 Research Dr.

Knoxville, TN 37932
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Table 2. Summary of X-Ray Diffraction and X-ray fluorescence results continued.

Sample Location BM-S59-301018-496 BM-54-041118-480 BM-S4-051118-494 BM-S2-161118-474
Sample Type Solid Solid Solid Solid
Sample Date 10/30/2018 11/04/2018 11/05/2018 11/16/2018

MI ID 072PJ6 072P]7 072PJ8 072PJ9
X-Ray Diffraction Results
Mineral Constituent Relative Abundance (%)
Quartz 34 36 44 35
Cristobalite ND ND ND ND
Plagioclase Feldspar 48 21 32 33
Microcline 9 5 8 6
Calcite ND ND ND ND
Magnetite 4 5 4 7
Hematite ND ND ND 1
Hornblende ND ND ND ND
Clinoptilolite ND ND ND ND
Goethite ND ND ND ND
Kaolinite 0.5 1 1 1
Chlorite ND ND ND ND
Illite/ Mica 0.5 1 1 1
Montmorillonite 4 31 10 16
TOTAL 100 100 100 100
X-Ray Fluorescence Results
Compound Results (mass %)
MgO 0.2769 0.6241 0.3689 0.2856
ALO; 8.1006 10.2034 8.8896 8.9350
SiO, 72.7651 72.4060 75.3079 70.905
P20s 1.0564 1.0487 1.0403 0.9873
SO3 ND ND 0.0371 0.0485
Cl ND ND ND 0.0154
KO 5.5193 4.7968 5.6238 4.7379
CaO 6.1292 2.9698 3.2911 3.5409
TiOz 0.6463 0.7515 0.5222 1.3590
MnO ND 0.1901 0.0834 0.1178
Fe;0;3 5.1149 6.8266 4.5973 8.8067
CuO ND ND ND ND
ZnO ND 0.0202 ND 0.0267
RbO 0.0243 0.0273 0.0234 0.0291
SrO 0.1142 0.0701 0.0975 0.1062
Y203 ND ND 0.0564 ND
ZrOs 0.0222 0.0653 0.0612 0.0989
BaO 0.2305 ND ND ND

Legend: ] = Estimated result below PQL but above LQL ND = Result not detected < = Below detection limit

4 10515 Research Dr.
Knoxville, TN 37932
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Table 3. Summary of X-Ray Diffraction and X-ray fluorescence results continued.

Sample Location BM-52-161118-499 BM-S3-201118-477 BM-S3-201118-489 BM-S3-211118-494
Sample Type Solid Solid Solid Solid
Sample Date 11/16/2018 11/20/2018 11/20/2018 11/21/2018

MI ID 072PJ10 072PJ11 072PJ12 072PJ13
X-Ray Diffraction Results
Mineral Constituent Relative Abundance (%)
Quartz 46 34 32 29
Cristobalite ND 2 3 ND
Plagioclase Feldspar 32 33 41 43
Microcline 8 7 11 10
Calcite ND ND ND 1
Magnetite 3.5 4 5 5
Hematite 0.5 1 ND ND
Hornblende ND ND ND ND
Clinoptilolite <0.5 ND ND 0.5
Goethite ND ND ND ND
Kaolinite 0.5 0.5 0.5 0.5
Chlorite ND <0.5 ND ND
lite/ Mica 1 1.5 0.5 1
Montmorillonite 8.5 17 7 10
TOTAL 100 100 100 100
X-Ray Fluorescence Results
Compound Results (mass %)
MgO ND 0.2307 0.3615 0.1955
ALOs 7.941 8.8761 9.4752 9.9017 -
SiO; 77.2565 75.9737 73.5919 72.5321
P20s 1.005 0.9390 0.9608 1.0373
SO3 ND 0.0339 0.0590 ND.
Cl 0.0159 0.0412 0.0108 ND
KO 5.6548 4.9802 5.4124 5.6524
CaO 2.8252 3.1696 3.6045 3.6527
TiO; 0.5312 0.569 0.6124 0.6062
MnO 0.1002 0.066 0.1083 0.1282
FexOs 4.5199 4.952 5.6333 5.8372
CuO ND ND ND 0.0253
ZnO ND ND ND 0.0220
Rb,O 0.0219 0.0205 0.0210 0.0264
SrO 0.0961 0.0900 0.0948 0.0927
Y20; ND ND 0.0027 ND
V4(0)} 0.0323 0.0581 0.0512 0.0315
BaO ND ND ND 0.2587

Legend: ] = Estimated result below PQL but above LQL ND = Result not detected < = Below detection limit

5 10515 Research Dr.
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Abiotic Reactions of Chlorinated Compounds with Iron Bearing Minerals and Zero Valent Iron (ZVI). Summaries for
iron bearing minerals are based on He et al. (2009) and references therein. He et al. available at http://nepis.epa.gov/.
Summary of ZVI based on Liu et al. (2005) and Song et al. (2005).

Contaminant Mineral Degradation Reported Degradation Intermediates and Products!?
PCE FeS Yes Acetylene, TCE, cis-DCE, 1,1-DCE, ethene

Pyrite Yes TCE, acetylene, ethene

Magnetite Yes Unknown?

3GR(SO4) Reports Differ

TCE, 1,1-DCE, vinyl chloride, 1,1,2-TCA, 1,1-DCA, chloroacetylene,

phyllosilicate clays ~ Yes acetylene, ethene, ethane

ZV1 Yes Ethene and ethane
TCE FeS Yes Acetylene, cis-DCE, vinyl chloride, 1,1-DCE
Pyrite Yes Acetylene, ethene, cis-DCE, (organic acids with DO present)
Magnetite Yes Unknown!
GR(SOy), GR(CO3)  No Only observed degradation when Cu(II) added
phyllosilicate clays ~ Yes cDCE, vinyl chloride, acetylene, ethene, ethane
VI Yes Ethar.le., ethene, acetylene with minor amounts of DCE, VC depending on
conditions
cis-DCE FeS No None detected
Pyrite Yes Acetylene, ethene
Magnetite Yes Unknown?
GR(SOy) Yes

phyllosilicate clays ~ Yes
Primarily acetylene and ethene but also much lesser amounts of ethane and

G i VC and traces of methane, propane, propene, butane and butene
Vinyl chloride ~ FeS Unknown
Pyrite Yes l Ethene, ethane
Magnetite Yes Unknown?
GR(SOs) Yes
phyllosilicate clays ~ Yes
ZVI Yes Ethene, ethane, (no evidence of acetylene)
7 10515 Research Dr.
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Contaminant Mineral Degradation =~ Reported Degradation Intermediates and Products!?

1,1-DCA FeS Not Significant None detected

1,1-DCA GR(SO,) Low conversion  Ethene and ethane (w/ Cu or Ag)

1,1-DCA ZVI Yes (low) Ethane

1,2-DCA FeS Not Significant None detected

1,2-DCA FeS (Biogenic) Yes Not monitored

1,2-DCA GR(SOy) No

1,2-DCA ZV1 No

1,1,1-TCA FeS Yes 1,1-DCA, ethene, 2-butyne

1,1,1-TCA GR(SO4) Yes 1,1-DCA, CA, ethene ethane

1,1,1-TCA ZVI1 Yes 1,1-DCA, ethane

1,1,2-TCA FeS fi?gntei;;gatnt Small amounts of 1,1-DCE and vinyl chloride but rate not significant
1,1,2-TCA GR(SO4) Yes Vinyl chloride, 1,1-DCE, ethene, ethane

1,1,2-TCA ZV1 Yes Ethane

1,1,1,2-TeCA FeS Yes 1,1-DCE

1,1,1,2-TeCA GR(SO4) Yes 1,1-DCE and minor (<1%) vinyl chloride, ethene, ethane

11,1,2-TeCA ff?y’g"smcate Yes 1,1-DCE

1,1,1,2-TeCA ZV1 Yes TCE, 1,1-DCE

1,1,2,2-TeCA FeS Yes TCE, cis-DCE, trans-DCE, acetylene

1,1,2,2-TeCA GR(SO4) Yes TCE (major), cis-DCE, trans-DCE

11,22-TeCA fllglsl"s‘hcate Yes TCE

1,1,2,2-TeCA ZV1 Yes TCE, trans-DCE, cis-DCE

%:trrt;?:?\lori de FeS Yes Chloroform, carbon disulfide, possibly methane, ethene, ethane

CT Pyrite Yes Chloroform , CO,, carbon disulfide, formate (highly dependent on conditions)
cT Magnetite Yes Sjiz;i(;rsx;l , carbon monoxide, methane, formate (highly dependent on
CT GR(SO4) Yes Chloroform and hexachloroethane; Chloroform, DCM, methane, ethene
CT glgllslosilicate Yes Chloroform

CT ZV1 Yes Chloroform, dichloromethane, methane (depending on conditions)

Notes: GR(SO,) sulfate green rust. GR(CO3) carbonate green rust. ZVI zero valent iron

ICompilation of reported degradation products. Mass recovery of products typically low - additional undetected and unreported
products are likely. Reported reaction products or proportions of reaction products were often a function of environmental
conditions.

2No published studies that identify the transformation products of PCE, TCE, cis-DCE or vinyl chloride with magnetite. Ferrey etal
(2004) analyzed for products of cis-DCE dechlorination including vinyl chloride, ethene, and ethane and did not find them. If Fe2*
sorbed to magnetite stabilizes carbene ions, the ultimate degradation product of cis-DCE on magnetite would be CO..
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® Knoxville, TN 37932
Phone: 865.573.8188
Fax: 865.573.8133

mlCrOb’allnS/ghts Web: www.microbe.com

SITE LOGIC ReBort

QuantArray®-Chlor Study

Contact: Pamela]. Moss Phone:  (303) 590-9143
. EA Engineering- Greenwood
Addmis: Village, CO
7995 E. Prentice Ave Email:  pmoss@eaest.com
Suite 206E

Greenwood Village, CO 80111

MI Identifier: 053QA Report Date: 02/21/2019

Project: KAFB-Bulk Fuels Fac Vadose Zone, 627350DM02
Comments: Please note the total bacterial biomass on all samples
was low, and the samples may have PCR inhibition.

NOTICE: This report is intended only for the addressee shown above and may contain confidential or privileged
information. If the recipient of this material is not the intended recipient or if you have received this in error, please
notify Microbial Insights, Inc. immediately. The data and other information in this report represent only the sample(s)
analyzed and are rendered upon condition that it is not to be reproduced without approval from Microbial Insights,
Inc. Thank you for your cooperation.
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The QuantArray®-Chlor Approach

Quantification of Dehalococcoides, the only known bacterial group capable of complete reductive dechlorination of PCE and
TCE to ethene, has become an indispensable component of assessment, remedy selection, and performance monitoring at sites
impacted by chlorinated solvents. While undeniably a key group of halorespiring bacteria, Dehalococcoides are not the only
bacteria of interest in the subsurface because reductive dechlorination is not the only potential biodegradation pathway operative
at contaminated sites, and chlorinated ethenes are not always the primary contaminants of concern. The QuantArray®-Chlor
not only includes a variety of halorespiring bacteria (Dehalococcoides, Dehalobacter, Dehalogenimonas, etc.) to assess the potential
for reductive dechlorination of chloroethenes, chloroethanes, chlorobenzenes, chlorophenols, and chloroform, but also provides
quantification of functional genes involved in aerobic (co)metabolic pathways for biodegradation of chlorinated solvents and
even competing biological processes. Thus, the QuantArray®-Chlor will give site managers the ability to simultaneously yet
economically evaluate the potential for biodegradation of a spectrum of common chlorinated contaminants through a multitude
of anaerobic and aerobic (co) metabolic pathways to give a much more clear and comprehensive view of contaminant biodegradation.

The QuantArray®-Chlor is used to quantify specific microorganisms and functional genes to evaluate the following:

Quantification of important halorespiring bacteria (e.g. Dehalococcoides,
Dehalobacter, Dehalogenimonas, Desulfitobacterium spp.) and key functional
genes (e.g. vinyl chloride reductases, TCE reductase, chloroform reduc-
tase) responsible for reductive dechlorination of a broad spectrum of
chlorinated solvents.

Anaerobic
Reductive Dechlorination

Several different types of bacteria including methanotrophs and some
toluene/phenol utilizing bacteria can co-oxidize TCE, DCE, and vinyl
Aerobic Cometabolism chloride. The QuantArray®-Chlor quantifies functional genes like soluble

' methane monooxygenase encoding enzymes capable of co-oxidation of
chlorinated ethenes.

Ethene oxidizing bacteria are capable of cometabolism of vinyl chloride.
Aerobic (Co)metabolism In some cases, ethenotrophs can also utilize vinyl chloride as a growth

of Vinyl Chloride supporting substrate. The QuantArray®-Chlor targets key functional
genes in ethene metabolism.

How do QuantArrays® work?

The QuantArray®-Chlor in many respects is a hybrid technology combining the highly parallel detection of mi-
croarrays with the accurate and precise quantification provided by qPCR into a single platform. The key to
highly parallel qPCR reactions is the nanoliter fluidics platform for low volume, solution phase gqPCR reactions.

1 10515 Research Drive
Knoxville, TN 37932

Phone: 865.573.8188

Fax: 865.573.8133

Web: www.microbe.com
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How are QuantArray® results reported?

One of the primary advantages of the QuantArray®-Chlor is the simultaneous quantification of a broad spectrum of different
microorganisms and key functional genes involved in a variety of pathways for chlorinated hydrocarbon biodegradation. However,
highly parallel quantification combined with the various metabolic and cometabolic capabilities of different target organisms can
complicate data presentation. Therefore, in addition to Summary Tables, QuantArray® results will be presented as Microbial
Population Summary and Comparison Figures to aid in data interpretation and subsequent evaluation of site management activities.

Types of Tables and Figures:

Mi ) : Figure presenting the concentrations of QuantArray®-Chlor target pop-
1 n :
crogﬁillnioapulatlo ulations (e.g. Dehalococcoides) and functional genes (e.g. vinyl chloride
ry reductase) relative to typically observed values.

Tables of target population concentrations grouped by biodegradation
pathway and contaminant type.

Summary Tables

Depending on the project, sample results can be presented to compare
Comparison Figures changes over time or examine differences in microbial populations along
a transect of the dissolved plume.

2 10515 Research Drive
Knoxville, TN 37932

Phone: 865.573.8188

Fax: 865.573.8133

Web: www.microbe.com
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Results

Table 1: Summary of the QuantArray®-Chlor results obtained for samples BM-S8-180119-475, BM-S8-180119-499, BM-
57-220119-469, BM-57-220119-485, and BM-S57-220119-495.

Sample Name BM-S8- BM-S8- BM-S7- BM-S7- BM-S7-

180119-475 180119-499 220119-469 220119-485 220119-495
Sample Date 01/18/2019 01/18/2019 01/22/2019 01/22/2019 01/22/2019

Reductive Dechlorination cells/g cells/g cells/g cells/g cells/g
Dehalococcoides (DHC) <1.00E+03 = <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03
tceA Reductase (TCE) <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03
BAV1 Vinyl Chloride Reductase (BVC) <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03
Vinyl Chloride Reductase (VCR) <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03
Dehalobacter spp. (DHBY) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Dehalobacter DCM (DCM) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Dehalogenimonas spp. (DHG) <1.00E+04  <1.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
cerA Reductase (CER) <1.00E+04  <1.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
trans-1,2-DCE Reductase (TDR) <1.00E+04  <1.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
Desulfitobacterium spp. (DSB) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Dehalobium chlorocoercia (DECO) <1.00E+04  <1.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
Desulfuromonas spp. (DSM) <1.00E+04  <1.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
PCE Reductase (PCE-1) <1.00E+04  <1.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
PCE Reductase (PCE-2) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Chloroform Reductase (CFR) <1.00E+04 . <1.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
1,1 DCA Reductase (DCA) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
1,2 DCA Reductase (DCAR) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Aerobic (Co)Metabolic
Soluble Methane Monooxygenase (SMMO) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Toluene Dioxygenase (TOD) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Phenol Hydroxylase (PHE) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Trichlorobenzene Dioxygenase (TCBO) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Toluene Monooxygenase 2 (RDEG) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase (RMO) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Ethene Monooxygenase (EtnC) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Epoxyalkane Transferase (EtnE) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dichloromethane Dehalogenase (DCMA) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Other
Total Eubacteria (EBAC) 1.41E+05 (I) 8.59E+05(I) 1.37E+04 (I) 2.52E+04 (I) 2.58E+05 (I)
Sulfate Reducing Bacteria (APS) <1.00E+04 8.72E+02(J) <1.00E+04 <1.00E+04 <1.00E+04
Methanogens (MGN) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Legend:
NA = Not Analyzed NS = Not Sampled ] = Estimated Gene Copies Below PQL but Above LQL
I = Inhibited < = Result Not Detected
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Table 2: Summary of the QuantArray®-Chlor results obtained for samples BM-247-300119-143, BM-247-310119-208, and
BM-247-040219-474.

Sample Name BM-247-300119-143 BM-247-310119-208 BM-247-040219-474

Sample Date 01/30/2019 01/31/2019 02/04/2019

Reductive Dechlorination cells/g cells/g cells/g
Dehalococcoides (DHC) <1.00E+03 <1.00E+03 <1.00E+03
tceA Reductase (TCE) <1.00E+03 <1.00E+03 <1.00E+03
BAV1 Vinyl Chloride Reductase (BVC) <1.00E+03 <1.00E+03 <1.00E+03
Vinyl Chloride Reductase (VCR) <1.00E+03 <1.00E+03 <1.00E+03
Dehalobacter spp. (DHBt) <1.00E+04 <1.00E+04 <1.00E+04
Dehalobacter DCM (DCM) <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas spp. (DHG) <1.00E+04 <1.00E+04 <1.00E+04
cerA Reductase (CER) <1.00E+04 <1.00E+04 <1.00E+04
trans-1,2-DCE Reductase (TDR) <1.00E+04 <1.00E+04 <1.00E+04
Desulfitobacterium spp. (DSB) <1.00E+04 <1.00E+04 <1.00E+04
Dehalobium chlorocoercia (DECO) <1.00E+04 <1.00E+04 <1.00E+04
Desulfuromonas spp. (DSM) <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-1) <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-2) <1.00E+04 <1.00E+04 <1.00E+04
Chloroform Reductase (CFR) <1.00E+04 <1.00E+04 <1.00E+04
1,1 DCA Reductase (DCA) <1.00E+04 <1.00E+04 <1.00E+04
1,2 DCA Reductase (DCAR) <1.00E+04 <1.00E+04 <1.00E+04
Aerobic (Co)Metabolic
Soluble Methane Monooxygenase (SMMO) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Dioxygenase (TOD) <1.00E+04 <1.00E+04 <1.00E+04
Phenol Hydroxylase (PHE) <1.00E+04 <1.00E+04 <1.00E+04
Trichlorobenzene Dioxygenase (TCBO) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase 2 (RDEG) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase (RMO) <1.00E+04 <1.00E+04 <1.00E+04
Ethene Monooxygenase (EtnC) <1.00E+04 <1.00E+04 <1.00E+04
Epoxyalkane Transferase (EtnE) <1.00E+04 <1.00E+04 <1.00E+04
Dichloromethane Dehalogenase (DCMA) <1.00E+04 <1.00E+04 <1.00E+04
Other
Total Eubacteria (EBAC) 3.61E+04 (I) 5.76E+04 (I) 2.08E+03 (I)
Sulfate Reducing Bacteria (APS) <1.00E+04 <1.00E+04 <1.00E+04
Methanogens (MGN) <1.00E+04 <1.00E+04 <1.00E+04
Legend:
NA = Not Analyzed NS = Not Sampled ] = Estimated Gene Copies Below PQL but Above LQL
I = Inhibited < = Result Not Detected
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Table 3: Summary of the QuantArray®-Chlor results obtained for samples BM-247-050219-480, BM-247-050219-489, and
BM-247-050219-499.

Sample Name BM-247-050219-480 BM-247-050219-489 BM-247-050219-499

Sample Date 02/05/2019 02/05/2019 02/05/2019

Reductive Dechlorination cells/g cells/g cells/g
Dehalococcoides (DHC) <1.00E+03 <1.00E+03 <1.00E+03
tceA Reductase (TCE) <1.00E+03 <1.00E+03 <1.00E+03
BAV1 Vinyl Chloride Reductase (BVC) <1.00E+03 <1.00E+03 <1.00E+03
Vinyl Chloride Reductase (VCR) <1.00E+03 <1.00E+03 <1.00E+03
Dehalobacter spp. (DHB) <1.00E+04 <1.00E+04 <1.00E+04
Dehalobacter DCM (DCM) <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas spp. (DHG) <1.00E+04 <1.00E+04 <1.00E+04
cerA Reductase (CER) <1.00E+04 <1.00E+04 <1.00E+04
trans-1,2-DCE Reductase (TDR) <1.00E+04 <1.00E+04 <1.00E+04
Desulfitobacterium spp. (DSB) <1.00E+04 <1.00E+04 <1.00E+04
Dehalobium chlorocoercia (DECO) <1.00E+04 <1.00E+04 <1.00E+04
Desulfuromonas spp. (DSM) <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-1) <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-2) <1.00E+04 <1.00E+04 <1.00E+04
Chloroform Reductase (CFR) <1.00E+04 <1.00E+04 <1.00E+04
1,1 DCA Reductase (DCA) <1.00E+04 <1.00E+04 <1.00E+04
1,2 DCA Reductase (DCAR) <1.00E+04 <1.00E+04 <1.00E+04
Aerobic (Co)Metabolic
Soluble Methane Monooxygenase (SMMO) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Dioxygenase (TOD) <1.00E+04 <1.00E+04 <1.00E+04
Phenol Hydroxylase (PHE) <1.00E+04 <1.00E+04 <1.00E+04
Trichlorobenzene Dioxygenase (TCBO) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase 2 (RDEG) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase (RMO) <1.00E+04 <1.00E+04 <1.00E+04
Ethene Monooxygenase (EtnC) <1.00E+04 <1.00E+04 <1.00E+04
Epoxyalkane Transferase (EtnE) <1.00E+04 <1.00E+04 <1.00E+04
Dichloromethane Dehalogenase (DCMA) <1.00E+04 <1.00E+04 <1.00E+04
Other
Total Eubacteria (EBAC) 5.25E+04 (I) 1.54E+06 (I) 1.69E+04 (I)
Sulfate Reducing Bacteria (APS) <1.00E+04 <1.00E+04 <1.00E+04
Methanogens (MGN) <1.00E+04 <1.00E+04 <1.00E+04
Legend:
NA = Not Analyzed NS = Not Sampled ] = Estimated Gene Copies Below PQL but Above LQL
I = Inhibited < = Result Not Detected
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Microbial Populations BM-58-180119-475

High

Mid

Low

i i Anaerobic Anaerobic Anaerobic Anaerabic Aerobic Aerobic Aerobic
Chlorinated Chlorinated Chlorinated Cl Chlorif Chlori d Chlorinated Chlori (o i (Co) i Chloril
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCE,TCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chloroform) Ethenes Chloride
DCEVC)

Figure 1: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism
Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

VQC)

Chlorinated Ethenes (trans-1,2-DCE, TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VQC)

Chlorinated Ethanes (TCA and 12- DHC, DHBt, DHG, DSB!, DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHBt?, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB!

" Desulfitobacterium dichloroeliminans DCAL. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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Microbial Populations BM-58-180119-499
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(PCE,TCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chloroform) Ethenes Chloride

DCEVC)

Figure 2: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism
Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

VvC)

Chlorinated Ethenes (trans-1,2-DCE, TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VC)

Chlorinated Ethanes (TCA and 12- DHC, DHBt, DHG, DSB', DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHBt?, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB!

! Desulfitobacterium dichloroeliminans DCA1. 2Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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Microbial Populations BM-$7-220119-469
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Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Cct C i (C i Chlorinated
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCETCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chloroform) Ethenes Chloride
DCEVC)

Figure 3: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism

Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE ;
VvQ)

Chlorinated Ethenes (trans-1,2-DCE, TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VvQ)

Chlorinated Ethanes (TCA and 1,2- DHC, DHBt, DHG, DSB', DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHB?, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB!

! Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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Microbial Populations BM-57-220119-485

High

Low

i bi bi bi bi i i i Aerabic Aerobic Aerobic
Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Cometabolic (Co)metabolic Chlorinated
Ethenes Ethenes thenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vi Benzenes
(PCETCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chloroform) Ethenes Chloride

DCEVC)

Figure 4: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichlorgelimination Aerobic - (Co)metabolism
Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, = DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

VC)

Chlorinated Ethenes (trans-1,2-DCE, TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VC)

Chlorinated Ethanes (TCA and 1,2- DHC, DHBt, DHG, DSB!, DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHBt?, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB!

! Desulfitobacterium dichloroeliminans DCAL. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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Microbial Populations BM-$7-220119-495

Anaerobic Anaerobic Anaerabic Anaerobic Anaerobic i i Aerobic Aerobic Aerobic
Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Chlorinated Cometabolic (Co)metabolic Chlorinated
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Vinyl Benzenes
(PCE,TCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chloroform) Ethenes Chloride
DCEVC)

Figure 5: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-

taminants.

Chlorinated Ethenes (PCE, TCE)
Chlorinated Ethenes (PCE, TCE, DCE,
VC)

Chlorinated Ethenes (trans-1,2-DCE,
VQC)

Chlorinated Ethanes (TCA and 1,2-
DCA)

Chlorinated Methanes (Chloroform)
Chlorinated Benzenes

Chlorinated Phenols

Chlorinated Propanes

Anaerobic - Reductive Dechlorination or Dichloroelimination

Co)metabolism
sMMO, TOD, PHE, RDEG, RMO
etnC, etnE

DHC, DHBt, DSB, DSM, PCE-1, PCE-2
DHC, BVC, VCR

Chlorinated Ethenes (TCE,DCE,VC)
(Co)metabolic Vinyl Chloride

TDR, CER Chlorinated Benzenes TOD, TCBO, PHE

DHC, DHBt, DHG, DSB!, DCA,

DCAR
DHBt, DCM, CFR
DHC, DHBt?, DECO
DHC, DSB

DHC, DHG, DSB!

' Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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Figure 6: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-

taminants.
Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism

Chlorinated Ethenes (PCE, TCE)
Chlorinated Ethenes (PCE, TCE, DCE,
VQC)

Chlorinated Ethenes (trans-1,2-DCE,
VQC)

Chlorinated Ethanes (TCA and 1,2-
DCA)

Chlorinated Methanes (Chloroform)
Chlorinated Benzenes

Chlorinated Phenols

Chlorinated Propanes

DHC, DHBt, DSB, DSM, PCE-1, PCE-2
DHC, BVC, VCR

Chlorinated Ethenes (TCE,DCE,VC)
(Co)metabolic Vinyl Chloride

sMMO, TOD, PHE, RDEG, RMO
etnC, etnE

TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
DHC, DHBt, DHG, DSB!, DCA,

DCAR

DHBt, DCM, CFR

DHC, DHBt?, DECO

DHC, DSB

DHC, DHG, DSB!

! Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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Microbial Populations BM-247-310119-208
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DCEVC)

Figure 7: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination

Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

VvQ)

Chlorinated Ethenes (trans-1,2-DCE, TDR, CER : Chlorinated Benzenes TOD, TCBO, PHE
VQ)

Chlorinated Ethanes (TCA and 12- DHC, DHBt, DHG, DSB!, DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHBt?, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB!

! Desulfitobacterium dichloroeliminans DCAL. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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Microbial Populations BM-247-040219-474
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Figure 8: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism
Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, = DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

VvQC)

Chlorinated Ethenes (trans-1,2-DCE,  TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VQ)

Chlorinated Ethanes (TCA and 12- DHC, DHBt, DHG, DSB!, DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHBt?, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB'

! Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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Microbial Populations BM-247-050219-480
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Figure 9: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination ic - (Co)metabolism
Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

VQC)

Chlorinated Ethenes (trans-1,2-DCE,  TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VC)

Chlorinated Ethanes (TCA and 1,2- DHC, DHBt, DHG, DSB!, DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHBt?, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB!

! Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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Microbial Populations BM-247-050219-489
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Figure 10: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-
taminants.

Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism
Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE

VQ)

Chlorinated Ethenes (trans-1,2-DCE, TDR, CER Chlorinated Benzenes TOD, TCBO, PHE
VQ)

Chlorinated Ethanes (TCA and 12- DHC, DHBt, DHG, DSB!, DCA,

DCA) DCAR

Chlorinated Methanes (Chloroform) DHBt, DCM, CFR

Chlorinated Benzenes DHC, DHB#, DECO

Chlorinated Phenols DHC, DSB

Chlorinated Propanes DHC, DHG, DSB!

! Desulfitobacterium dichloroeliminans DCA1. 2Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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High

Mid

Low

Microbial Populations BM-247-050219-499

Anaerobic Anaerobic Anaerobic Anaerobic Anaerobic bi i Aerobic Aerobic Aerobic
Chlorinated Chlorinated Chlorinated Chiorinated Chlorinated Chlorinated Chlorinated Chlorinated Cometabolic (Co)metabolic Chlorinated
Ethenes Ethenes Ethenes Ethanes Methanes Benzenes Phenols Propanes Chlorinated Viny Benzenes
(PCETCE) (PCE,TCE,DCEVC) (trans-1,2- (TCA,DCA) (Chloroform) Ethenes Chloride
DCEVC)

Figure 11: Microbial population summary to aid in evaluating potential pathways and biodegradation of specific con-

taminants.
Anaerobic - Reductive Dechlorination or Dichloroelimination Aerobic - (Co)metabolism
Chlorinated Ethenes (PCE, TCE) DHC, DHBt, DSB, DSM, PCE-1, PCE-2 Chlorinated Ethenes (TCE,DCE,VC) sMMO, TOD, PHE, RDEG, RMO
Chlorinated Ethenes (PCE, TCE, DCE, = DHC, BVC, VCR (Co)metabolic Vinyl Chloride etnC, etnE
A
Chlorinated Ethenes (trans-1,2-DCE, TDR, CER Chlorinated Benzenes TOD, TCBO, PHE

vQ)

Chlorinated Ethanes (TCA and 1,2-
DCA)

Chlorinated Methanes (Chloroform)
Chlorinated Benzenes

Chlorinated Phenols

Chlorinated Propanes

DHC, DHBt, DHG, DSB', DCA,
DCAR

DHBt, DCM, CFR

DHC, DHBt?, DECO

DHC, DSB

DHC, DHG, DSB!

'Desulfitobacterium dichloroeliminans DCA1. *Implicated in reductive dechlorination of dichlorobenzene and potentially chlorobenzene.
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Table 4: Summary of the QuantArray®-Chlor results for microorganisms responsible for reductive dechlorination for
samples BM-58-180119-475, BM-S8-180119-499, BM-S7-220119-469, BM-57-220119-485, and BM-57-220119-495.

Sample Name BM-S8- BM-S8- BM-S7- BM-S7- BM-S7-

180119-475 180119-499 220119-469 220119-485 220119-495
Sample Date 01/18/2019 01/18/2019 01/22/2019 01/22/2019 01/22/2019

Reductive Dechlorination cells/g cells/g cells/g cells/g cells/g
Dehalococcoides (DHC) <1.00E+03 ~ <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03
tceA Reductase (TCE) <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03
BAV1 Vinyl Chloride Reductase (BVC) <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03
Vinyl Chloride Reductase (VCR) <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03  <1.00E+03
Dehalobacter spp. (DHBt) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Dehalobacter DCM (DCM) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Dehalogenimonas spp. (DHG) <1.00E+04  <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Desulfitobacterium spp. (DSB) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Dehalobium chlorocoercia (DECO) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Desulfuromonas spp. (DSM) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04

Microbial Populations - Reductive Dechlorination
1.00E01 -

cells/g

1.00E00

DHC TCE BVC VCR DHBt DCM DHG DSB DECO DSM

1 BM-S8-180119-475 [ll] BM-S8-180119-499 [[] BM-S7-220119-469 [l BM-S7-220119-485 [[l] BM-S7-2

Figure 12: Comparison - microbial populations involved in reductive dechlorination.
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Table 5: Summary of the QuantArray®-Chlor results for microorganisms responsible for reductive dechlorination for
samples BM-58-180119-475, BM-58-180119-499, BM-57-220119-469, BM-57-220119-485, and BM-S7-220119-495.

Sample Name BM-S8- BM-S8- BM-S7- BM-S7- BM-S7-

180119-475 180119-499 220119-469 220119-485 220119-495
Sample Date 01/18/2019 01/18/2019 01/22/2019 01/22/2019 01/22/2019

Reductive Dechlorination cells/g cells/g cells/g cells/g cells/g
Chloroform Reductase (CFR) <1.00E+04  <1.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
1,1 DCA Reductase (DCA) <1.00E+04  <1.00E+04  <1.00E+04 - <1.00E+04  <1.00E+04
1,2 DCA Reductase (DCAR) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
PCE Reductase (PCE-1) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
PCE Reductase (PCE-2) <1.00E+04  <1.00E+04  <1.00E+04 <1.00E+04  <1.00E+04
Dehalogenimonas trans-1,2-DCE Reductase (TDR) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas cerA Reductase (CER) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Microbial Populations - Reductive Dechlorination
1.00E01 1
2
=
©
O
1 -OOEOO L T T T 1 L T
CFR DCA DCAR PCE-1 PCE-2 TDR CER

[ BM-S8-180119-475 [l BM-S8-180119-499 [[] BM-S7-220119-469 [ll] BM-S7-220119-485 [[l] BM-S7-2

Figure 13: Comparison - microbial populations involved in reductive dechlorination.
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Table 6: Summary of the QuantArray®-Chlor results for microorganisms responsible for reductive dechlorination for
samples BM-247-300119-143, BM-247-310119-208, and BM-247-040219-474.

Sample Name BM-247-300119-143 BM-247-310119-208 BM-247-040219-474

Sample Date 01/30/2019 01/31/2019 02/04/2019

Reductive Dechlorination cells/g cells/g cells/g
Dehalococcoides (DHC) <1.00E+03 <1.00E+03 <1.00E+03
tceA Reductase (TCE) <1.00E+03 <1.00E+03 <1.00E+03
BAV1 Vinyl Chloride Reductase (BVC) <1.00E+03 <1.00E+03 <1.00E+03
Vinyl Chloride Reductase (VCR) <1.00E+03 <1.00E+03 <1.00E+03
Dehalobacter spp. (DHBt) <1.00E+04 <1.00E+04 <1.00E+04
Dehalobacter DCM (DCM) <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas spp. (DHG) <1.00E+04 <1.00E+04 <1.00E+04
Desulfitobacterium spp. (DSB) <1.00E+04 <1.00E+04 <1.00E+04
Dehalobium chlorocoercia (DECO) <1.00E+04 <1.00E+04 <1.00E+04
Desulfuromonas spp. (DSM) <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Reductive Dechlorination
1.00E01 1

cells/g

1.00E00

DHC TCE BVC VCR DHBt DCM DHG DSB DECO DSM

[ BM-247-300119-143 [l BM-247-310119-208 [[] BM-247-040219-474

Figure 14: Comparison - microbial populations involved in reductive dechlorination.
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Table 7: Summary of the QuantArray®-Chlor results for microorganisms responsible for reductive dechlorination for
samples BM-247-300119-143, BM-247-310119-208, and BM-247-040219-474.

Sample Name BM-247-300119-143 BM-247-310119-208 BM-247-040219-474
Sample Date 01/30/2019 01/31/2019 02/04/2019
Reductive Dechlorination cells/g cells/g cells/g
Chloroform Reductase (CFR) <1.00E+04 <1.00E+04 <1.00E+04

1,1 DCA Reductase (DCA) <1.00E+04 <1.00E+04 <1.00E+04

1,2 DCA Reductase (DCAR) <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-1) <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-2) <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas trans-1,2-DCE Reductase (TDR) <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas cerA Reductase (CER) <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Reductive Dechlorination
1.00E01 -

cells/g

1.00E00

CFR DCA DCAR PCE-1 PCE-2 TDR CER

1 BM-247-300119-143 [[l] BM-247-310119-208 ] BM-247-040219-474

Figure 15: Comparison - microbial populations involved in reductive dechlorination.

20 10515 Research Drive
Knoxville, TN 37932

Phone: 865.573.8188

Fax: 865.573.8133

Web: www.microbe.com

Appendix G-3 Page 79 of 183



microbialinsights

Table 8: Summary of the QuantArray®-Chlor results for microorganisms responsible for reductive dechlorination for
samples BM-247-050219-480, BM-247-050219-489, and BM-247-050219-499.

Sample Name BM-247-050219-480 BM-247-050219-489 BM-247-050219-499

Sample Date 02/05/2019 02/05/2019 02/05/2019

Reductive Dechlorination cells/g cells/g cells/g
Dehalococcoides (DHC) <1.00E+03 <1.00E+03 <1.00E+03
tceA Reductase (TCE) <1.00E+03 <1.00E+03 <1.00E+03
BAV1 Vinyl Chloride Reductase (BVC) <1.00E+03 <1.00E+03 <1.00E+03
Vinyl Chloride Reductase (VCR) <1.00E+03 <1.00E+03 <1.00E+03
Dehalobacter spp. (DHBt) <1.00E+04 <1.00E+04 <1.00E+04
Dehalobacter DCM (DCM) <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas spp. (DHG) <1.00E+04 <1.00E+04 <1.00E+04
Desulfitobacterium spp. (DSB) <1.00E+04 <1.00E+04 <1.00E+04
Dehalobium chlorocoercia (DECO) <1.00E+04 <1.00E+04 <1.00E+04
Desulfuromonas spp. (DSM) <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Reductive Dechlorination
1.00E01 -

cells/g

1.00E00

DHC TCE BVC VCR DHBt DCM DHG DSB DECO DSM
[ BM-247-050219-480 [ll] BM-247-050219-489 [[] BM-247-050219-499

Figure 16: Comparison - microbial populations involved in reductive dechlorination.
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Table 9: Summary of the QuantArray®-Chlor results for microorganisms responsible for reductive dechlorination for
samples BM-247-050219-480, BM-247-050219-489, and BM-247-050219-499.

Sample Name BM-247-050219-480 BM-247-050219-489 BM-247-050219-499
Sample Date 02/05/2019 02/05/2019 02/05/2019
Reductive Dechlorination cells/g cells/g cells/g
Chloroform Reductase (CFR) <1.00E+04 <1.00E+04 <1.00E+04

1,1 DCA Reductase (DCA) <1.00E+04 <1.00E+04 <1.00E+04

1,2 DCA Reductase (DCAR) <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-1) <1.00E+04 <1.00E+04 <1.00E+04
PCE Reductase (PCE-2) <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas trans-1,2-DCE Reductase (TDR) <1.00E+04 <1.00E+04 <1.00E+04
Dehalogenimonas cerA Reductase (CER) <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Reductive Dechlorination
1.00E01 - -

cells/g

1.00E00

CFR DCA DCAR PCE-1 PCE-2 TDR CER

[ BM-247-050219-480 [l] BM-247-050219-489 [[] BM-247-050219-499

Figure 17: Comparison - microbial populations involved in reductive dechlorination.
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Table 10: Summary of the QuantArray®-Chlor results for microorganisms responsible for aerobic (co)metabolism for
samples BM-S8-180119-475, BM-58-180119-499, BM-57-220119-469, BM-57-220119-485, and BM-57-220119-495.

Sample Name BM-S8- BM-S8- BM-S7- BM-S7- BM-S7-

180119-475 180119-499 220119-469 220119-485 220119-495
Sample Date 01/18/2019 01/18/2019 01/22/2019 01/22/2019 01/22/2019

Aerobic (Co)Metabolic cells/g cells/g cells/g cells/g cells/g

Soluble Methane Monooxygenase (SMMO) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Toluene Dioxygenase (TOD) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Phenol Hydroxylase (PHE) <1.00E+04  <1.00E+04 <1.00E+04  <1.00E+04  <1.00E+04
Trichlorobenzene Dioxygenase (TCBO) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Toluene Monooxygenase 2 (RDEG) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Toluene Monooxygenase (RMO) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04
Ethene Monooxygenase (EtnC) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04
Epoxyalkane Transferase (EtnE) <1.00E+04  <1.00E+04 <1.00E+04  <1.00E+04  <1.00E+04
Dichloromethane Dehalogenase (DCMA) <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Aerobic (Co)metabolism
1.00E01 1

cells/g

1 -OOEOO T T L 1 1 ] L) T L]
SMMO  TOD PHE TCBO RDEG RMO EtnC EtnE  DCMA

[ BM-S8-180119-475 [l BM-S8-180119-499 [[] BM-S7-220119-469 [l BM-S7-220119-485

BM-S7-2

Figure 18: Comparison - microbial populations involved in aerobic (co)metabolism.
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Table 11: Summary of the QuantArray®-Chlor results for microorganisms responsible for aerobic (co)metabolism for
samples BM-247-300119-143, BM-247-310119-208, and BM-247-040219-474.

Sample Name BM-247-300119-143 BM-247-310119-208 BM-247-040219-474

Sample Date 01/30/2019 01/31/2019 02/04/2019

Aerobic (Co)Metabolic cells/g cells/g cells/g

Soluble Methane Monooxygenase (SMMO) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Dioxygenase (TOD) <1.00E+04 <1.00E+04 <1.00E+04
Phenol Hydroxylase (PHE) <1.00E+04 <1.00E+04 <1.00E+04
Trichlorobenzene Dioxygenase (TCBO) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase 2 (RDEG) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase (RMO) <1.00E+04 <1.00E+04 <1.00E+04
Ethene Monooxygenase (EtnC) <1.00E+04 <1.00E+04 <1.00E+04
Epoxyalkane Transferase (EtnE) <1.00E+04 <1.00E+04 <1.00E+04
Dichloromethane Dehalogenase (DCMA) <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Aerobic (Co)metabolism
1.00E01 -

cells/g

1 .OOEOO T L) L] ] L] L 1 T 1
SMMO  TOD PHE TCBO RDEG RMO EtnC EtnE DCMA

[ BM-247-300119-143 [ll] BM-247-310119-208 [[] BM-247-040219-474

Figure 19: Comparison - microbial populations involved in aerobic (co)metabolism.
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Table 12: Summary of the QuantArray®-Chlor results for microorganisms responsible for aerobic (co)metabolism for
samples BM-247-050219-480, BM-247-050219-489, and BM-247-050219-499.

Sample Name BM-247-050219-480 BM-247-050219-489 BM-247-050219-499

Sample Date 02/05/2019 02/05/2019 02/05/2019

Aerobic (Co)Metabolic cells/g cells/g cells/g

Soluble Methane Monooxygenase (SMMO) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Dioxygenase (TOD) <1.00E+04 <1.00E+04 <1.00E+04
Phenol Hydroxylase (PHE) <1.00E+04 <1.00E+04 <1.00E+04
Trichlorobenzene Dioxygenase (TCBO) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase 2 (RDEG) <1.00E+04 <1.00E+04 <1.00E+04
Toluene Monooxygenase (RMO) <1.00E+04 <1.00E+04 <1.00E+04
Ethene Monooxygenase (EtnC) <1.00E+04 <1.00E+04 <1.00E+04
Epoxyalkane Transferase (EtnE) <1.00E+04 <1.00E+04 <1.00E+04
Dichloromethane Dehalogenase (DCMA) <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Aerobic (Co)metabolism
1.00E01 1

cells/g

1.00E00

SMMO TOD PHE TCBO RDEG RMO EmnC  EmME  DCMA

[ BM-247-050219-480 [[l] BM-247-050219-489 [[] BM-247-050219-499

Figure 20: Comparison - microbial populations involved in aerobic (co)metabolism.
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Table 13: Summary of the QuantArray® results for total bacteria and other populations for samples BM-58-180119-475,
BM-58-180119-499, BM-57-220119-469, BM-S7-220119-485, and BM-57-220119-495.

Sample Name BM-S8- BM-S8- BM-S7- BM-S7- BM-S7-

180119-475 180119-499 220119-469 220119-485 220119-495
Sample Date 01/18/2019 01/18/2019 01/22/2019 01/22/2019 01/22/2019

Other cells/g cells/g cells/g cells/g cells/g

Total Eubacteria (EBAC) 1.41E+05 (I) 8.59E+05 (I) 1.37E+04 (I)  2.52E+04 (I)  2.58E+05 (I)
Sulfate Reducing Bacteria (APS) <1.00E+04 8.72E+02(J) <1.00E+04 <1.00E+04 <1.00E+04
Methanogens (MGN) <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04  <1.00E+04

Microbial Populations - Total Bacteria and Other Populations

1.00E06 -

1.00E05

1.00E02 4

1.00E01 1

1.00E00 - T T
EBAC APS MGN

[ BM-S8-180119-475 [ll] BM-S8-180119-499

_|BM-S7-220119-469 [[l] BM-S7-220119-485 [[[] BM-S7-2

Figure 21: Comparison - microbial populations.
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Table 14: Summary of the QuantArray® results for total bacteria and other populations for samples BM-247-300119-143,
BM-247-310119-208, and BM-247-040219-474.

Sample Name BM-247-300119-143 BM-247-310119-208 BM-247-040219-474

Sample Date 01/30/2019 01/31/2019 02/04/2019

Other cells/g cells/g cells/g

Total Eubacteria (EBAC) 3.61E+04 () 5.76E+04 (I) 2.08E+03 (I)
Sulfate Reducing Bacteria (APS) <1.00E+04 <1.00E+04 <1.00E+04
Methanogens (MGN) <1.00E+04 . <1.00E+04 <1.00E+04

Microbial Populations - Total Bacteria and Other Populations

1.00E05 1
1.00E04 A

1.00E03 A

cells/g

1.00E02 4

1.00E01 -

1.00E00 T .
EBAC APS MGN

BM-247-040219-474

[ BM-247-300119-143 [l BM-247-310119-208

Figure 22: Comparison - microbial populations.
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Table 15: Summary of the QuantArray® results for total bacteria and other populations for samples BM-247-050219-480,
BM-247-050219-489, and BM-247-050219-499.

Sample Name BM-247-050219-480 BM-247-050219-489 BM-247-050219-499

Sample Date 02/05/2019 02/05/2019 02/05/2019

Other cells/g cells/g cells/g

Total Eubacteria (EBAC) 5.25E+04 (I) 1.54E+06 (I) 1.69E+04 (I)
Sulfate Reducing Bacteria (APS) <1.00E+04 <1.00E+04 <1.00E+04
Methanogens (MGN) <1.00E+04 <1.00E+04 <1.00E+04

Microbial Populations - Total Bacteria and Other Populations
1.00E07

1.00E06 A

1.00E05 -
g’ 1.00E04 -
8 1.00E03 -
1.00E02 -

1.00E01 1

1.00E00 - T T
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Figure 23: Comparison - microbial populations.
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Interpretation

The overall purpose of the QuantArray®-Chlor is to give site managers the ability to simultaneously yet economically evaluate
the potential for biodegradation of a spectrum of common chlorinated contaminants through a multitude of anaerobic and aerobic
(co)metabolic pathways in order to provide a clearer and more comprehensive view of contaminant biodegradation. The following
discussion describes the interpretation of results in general terms and is meant to serve as a guide.

Reductive Dechlorination - Chlorinated Ethenes: While a number of bacterial cultures including Dehalococcoides, Dehalobacter, Desul-

fitobacterium, and Desulfuromonas spp. capable of utilizing PCE and TCE as growth-supporting electron acceptors have been isolated
[1-5], Dehalococcoides may be the most important because they are the only bacterial group that has been isolated to date which is
capable of complete reductive dechlorination of PCE to ethene [6]. In fact, the presence of Dehalococcoides has been associated with
complete reductive dechlorination to ethene at sites across North America and Europe [7], and Lu et al. [8] have proposed using a
Dehalococcoides concentration of 1 x 10* cells/mL as a screening criterion to identify sites where biological reductive dechlorination is
predicted to proceed at “generally useful” rates.

At chlorinated ethene sites, any “stall” leading to the accumulation of daughter products, especially vinyl chloride, would be a sub-
stantial concern. While Dehalococcoides concentrations greater than 1 x 10* cells/mL correspond to ethene production and useful rates
of dechlorination, the range of chlorinated ethenes degraded varies by strain within the Dehalococcoides genus [6, 9], and the pres-
ence of co-contaminants and competitors can have complex impacts on the halorespiring microbial community [10-15]. Therefore,
QuantArray®-Chlor also provides quantification of a suite of reductive dehalogenase genes (PCE, TCE, BVC, VCR, CER, and TDR)
to more definitively confirm the potential for reductive dechlorination of all chlorinated ethene compounds including vinyl chloride.

Perhaps most importantly, QuantArray®-Chlor quantifies TCE reductase (TCE) and both known vinyl chloride reductase genes (BVC,
VCR) from Dehalococcoides to conclusively evaluate the potential for complete reductive dechlorination of chlorinated ethenes to non-
toxic ethene [16-18]. In addition, the analysis also includes quantification of reductive dehalogenase genes from Dehalogenimonas spp.
capable of reductive dechlorination of chlorinated ethenes. More specifically, these are the trans-1,2-DCE dehalogenase gene (TDR)
from strain WBC-2 [19] and the vinyl chloride reductase gene (CER) from GP, the only known organisms other than Dehalococcoides
capable of vinyl chloride reduction [20]. Finally, PCE reductase genes responsible for sequential reductive dechlorination of PCE
to cis-DCE by Sulfurospirillum and Geobacter spp. are also quantified. In mixed cultures, evidence increasingly suggests that partial
dechlorinators like Sulfurospirillum and Geobacter may be responsible for the majority of reductive dechlorination of PCE to TCE and
cis-DCE while Dehalococcoides functions more as cis-DCE and vinyl chloride reducing specialists [10, 21].

Reductive Dechlorination - Chlorinated Ethanes: Under anaerobic conditions, chlorinated ethanes are susceptible to reductive
dechlorination by several groups of halorespiring bacteria including Dehalobacter, Dehalogenimonas, and Dehalococcoides. While the
reported range of chlorinated ethanes utilized varies by genus, species, and sometimes at the strain level, several general observa-
tions can be made regarding biodegradation pathways and daughter product formation. Dehalobacter spp. have been isolated that
are capable of sequential reductive dechlorination of 1,1,1-TCA through 1,1-DCA to chloroethane [13]. Biodegradation of 1,1,2-TCA
by several halorespiring bacteria including Dehalobacter and Dehalogenimonas spp. proceeds via dichloroelimination producing vinyl
chloride [22-24]. Similarly, 1,2-DCA biodegradation by Dehalobacter, Dehalogenimonas, and Dehalococcoides occurs via dichloroelimina-
tion producing ethene. While not utilized by many Desulfitobacterium isolates, at least one strain, Desulfitobacterium dichloroeliminans
strain DCA1, is also capable of dichloroelimination of 1,2-DCA [25]. The 1,2-dichloroethane reductive dehalogenase gene (DCAR)
from members of Desulfitobacterium and Dehalobacter is known to dechlorinate 1,2-DCA to ethene, while the 1,1-dichloroethane re-
ductive dehalogenase (DCA) targets the gene responsible for 1,1-DCA dechlorination in some strains of Dehalobacter. In addition to
chloroform,chloroform reductase (CFR) has also been shown to be responsible for reductivedechlorination of 1,1,1-TCA [26].

Reductive Dechlorination - Chlorinated Methanes: Chloroform is a common co-contaminant at chlorinated solvent sites and can
inhibit reductive dechlorination of chlorinated ethenes. Grostern et al. demonstrated that a Dehalobacter population was capable of
reductive dechlorination of chloroform to produce dichloromethane [27]. The c¢frA gene encodes the reductase which catalyzes this
initial step in chloroform biodegradation [26]. Justicia-Leon et al. have since shown that dichloromethane can support growth of a
distinct group of Dehalobacter strains via fermentation [28]. The Dehalobacter DCM assay targets the 165 rRNA gene of these strains.

Reductive Dechlorination - Chlorinated Benzenes: Chlorinated benzenes are an important class of industrial solvents and chem-
ical intermediates in the production of drugs, dyes, herbicides, and insecticides. The physical-chemical properties of chlorinated
benzenes as well as susceptibility to biodegradation are functions of their degree of chlorination and the positions of chlorine sub-
stituents. Under anaerobic conditions, reductive dechlorination of higher chlorinated benzenes including hexachlorobenzene (HCB),
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pentachlorobenzene (PeCB), tetrachlorobenzene (TeCB) isomers, and trichlorobenzene (TCB) isomers has been well documented [29],
although biodegradation of individual compounds and isomers varies between isolates. For example, Dehalococcoides strain CBDB1
reductively dechlorinats HCB, PeCB, all three TeCB isomers, 1,2,3-TCB, and 1,2,4-TCB [9, 30]. Dehalobium chlorocoercia DE-1 has been
shown to be capable of reductive dechlorination of HCB, PeCB, and 1,2,3,5-TeCB [31]. The dichlorobenzene (DCB) isomers and
chlorobenzene (CB) were considered relatively recalcitrant under anaerobic conditions. However, new evidence has demonstrated
reductive dechlorination of DCBs to CB and CB to benzene [32] with corresponding increases in concentrations of Dehalobacter spp-
[33].

Reductive Dechlorination - Chlorinated Phenols: Pentachlorophenol (PCP) was one of the most widely used biocides in the
U.S. and despite residential use restrictions, is still extensively used industrially as a wood preservative. Along with PCP, the
tetrachlorophenol and trichlorophenol isomers were also used as fungicides in wood preserving formulations. 2,4-Dichlorophenol
and 2,4,5-TCP were used as chemical intermediates in herbicide production (e.g. 2,4-D) and chlorophenols are known byproducts
of chlorine bleaching in the pulp and paper industry. While the range of compounds utilized varies by strain, some Dehalococ-
coides isolates are capable of reductive dechlorination of PCP and other chlorinated phenols. For example, Dehalococcoides strain
CBDBI is capable of utilizing PCP, all three tetrachlorophenol (TeCP) congeners, all six trichlorophenol (TCP) congeners, and
2,3-dichlorophenol (2,3-DCP). PCP dechlorination by strain CBDB1 produces a mixture of 3,5-DCP, 3,4-DCP, 2,4-DCP, 3-CP, and 4-CP
[34]. In the same study, however, Dehalococcoides strain 195 dechlorinated a more narrow spectrum of chlorophenols which included
2,3-DCP, 2,34-TCP, and 2,3,6-TCP, but no other TCPs or PCP. Similar to Dehalococcoides, some species and strains of Desulfitobacterium
are capable of utilizing PCP and other chlorinated phenols. Desulfitobacterium hafniense PCP-1 is capable of reductive dechlorination
of PCP to 3-CP [35]. However, the ability to biodegrade PCP is not universal among Desulfitobacterium isolates. Desulfitobacterium
sp. strain PCE1 and D. chlororespirans strain Co23, for example, can utilize some TCP and DCP isomers, but not PCP for growth [2, 36].

Reductive Dechlorination - Chlorinated Propanes: Dehalogenimonas is a recently described bacterial genus of the phylum Chlo-
roflexi which also includes the well-known chloroethene-respiring Dehalococcoides [23]. The Dehalogenimonas isolates characterized to
date are also halorespiring bacteria, but utilize a rather unique range of chlorinated compounds as electron acceptors including chlo-
rinated propanes (1,2,3-TCP and 1,2-DCP) and a variety of other vicinally chlorinated alkanes including 1,1,2,2-tetrachloroethane,
1,1,2-trichloroethane, and 1,2-dichloroethane [23].

Aerobic - Chlorinated Ethene Cometabolism: Under aerobic conditions, several different types of bacteria including methane-
oxidizing bacteria (methanotrophs), and many benzene, toluene, ethylbenzene, xylene, and (BTEX)-utilizing bacteria can
cometabolize or co-oxidize TCE, DCE, and vinyl chloride [37]. In general, cometabolism of chlorinated ethenes is mediated
by monooxygenase enzymes with “relaxed’ specificity that oxidize a primary (growth supporting) substrate (e.g. methane)
and co-oxidize the chlorinated compound (e.g.TCE). QuantArray®-Chlor provides quantification of a suite of genes encoding
oxygenase enzymes capable of co-oxidation of chlorinated ethenes including soluble methane monooxygenase (sMMO). Soluble
methane monooxygenases co-oxidize a broad range of chlorinated compounds [38-41] including TCE, cis-DCE, and vinyl chloride.
Furthermore, soluble methane monooxygenases are generally believed to support greater rates of aerobic cometabolism [40].
QuantArray®-Chlor also quantifies aromatic oxygenase genes encoding ring hydroxylating toluene monooxygenase genes (RMO,
RDEG), toluene dioxygenase (TOD) and phenol hydroxylases (PHE) capable of TCE co-oxidation [42-46]. TCE or a degradation
product has been shown to induce expression of toluene monooxygenases in some laboratory studies [43, 47] raising the possibility
of TCE cometabolism with an alternative (non-aromatic) growth substrate. Moreover, while a number of additional factors must be
considered, recent research under ESTCP Project 201584 has shown positive correlations between concentrations of monooxygenase
genes (soluble methane monooxygenase, ring hydroxylating monooxygenases, and phenol hydroxylase) and the rate of TCE
degradation [48].

Aerobic - Chlorinated Ethane Cometabolism: While less widely studied than cometabolism of chlorinated ethenes, some chlori-
nated ethanes are also susceptible to co-oxidation. As mentioned previously, soluble methane monooxygenases (sMMO) exhibit very
relaxed specificity. In laboratory studies, sMMO has been shown to co-oxidize a number of chlorinated ethanes including 1,1,1-TCA
and 1,2-DCA [38, 40].

Aerobic - Vinyl Chloride Cometabolism: Beginning in the early 1990s, numerous microcosm studies demonstrated aerobic ox-
idation of vinyl chloride under MNA conditions without the addition of exogenous primary substrates. Since then, strains of
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Mycobacterium, Nocardioides, Pseudomonas, Ochrobactrum, and Ralstonia species have been isolated which are capable of aerobic
growth on both ethene and vinyl chloride (see Mattes et al. [49] for a review). The initial steps in the pathway are the monooxygenase
(etnABCD) catalyzed conversion of ethene and vinyl chloride to their respective epoxyalkanes (epoxyethane and chlorooxirane),
followed by epoxyalkane:CoM transferase (etnE) mediated conjugation and breaking of the epoxide [50].

Aerobic - Chlorinated Benzenes: In general, chlorobenzenes with four or less chlorine groups are susceptible to aerobic biodegra-
dation and can serve as growth-supporting substrates. Toluene dioxygenase (TOD) has a relatively relaxed substrate specificity
and mediates the incorporation of both atoms of oxygen into the aromatic ring of benzene and substituted benzenes (toluene
and chlorobenzene). Comparison of TOD levels in background and source zone samples from a CB-impacted site suggested that
CBs promoted growth of TOD-containing bacteria [51]. In addition, aerobic biodegradation of some trichlorobenzene and even
tetrachlorobenzene isomers is initiated by a group of related trichlorobenzene dioxygenase genes (TCBO). Finally, phenol hydrox-
ylases catalyze the continued oxidation and in some cases, the initial oxidation of a variety of monoaromatic compounds. In an
independent study, significant increases in numbers of bacteria containing PHE genes corresponded to increases in biodegradation
of DCB isomers [51].

Aerobic - Chlorinated Methanes: Many aerobic methylotrophic bacteria, belonging to diverse genera (Hyphomicrobium, Methylobac-
terium, Methylophilus, Pseudomonas, Paracoccus, and Alibacter) have been isolated which are capable of utilizing dichloromethane
(DCM) as a growth substrate. The DCM metabolic pathway in methylotrophic bacteria is initiated by a dichloromethane dehalo-
genase (DCMA) gene. DCMA is responsible for aerobic biodegradation of dichloromethane by methylotrophs by first producing
formaldehyde which is then further oxidized [52]. As discussed in previous sections, soluble methane monooxygenase (sSMMO)
exhibits relaxed specificity and co-oxidizes a broad spectrum of chlorinated hydrocarbons. In addition to chlorinated ethenes, sMMO
has been shown to co-oxidize chloroform in laboratory studies [38, 41].
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