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BIOREMEDIATION OF CHLOROETHENES IN GROUNDWATER 
BY MIXING ANAEROBIC BACTERIA DIRECTLY INTO 
FERMENTABLE SUBSTRATE 
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ABSTRACT 

Tetrachloroethene (PCE) degradation in groundwater was stimulated to completion when an 
anaerobic dechlorinating bacteria culture was mixed directly into the fermentable carbon 
substrate injectate prior to direct injection of the reagent mixture into the subsurface.  This 
manuscript presents the two-year performance results of an on-going bioremediation pilot test in 
PCE-impacted groundwater.   
It is evidenced that cultured anaerobic dechlorinating bacteria survived mixing into a 
concentrated fermentable carbon substrate solution prior to injecting the substrate-bacteria 
mixture into the targeted subsurface.  qPCR testing indicates that dechlorinating bacteria with 
genes coding for enzymes known to be responsible for anaerobic reductive dechlorination of 
PCE and its degradation daughter products to non-toxic ethene continued to thrive at meaningful 
densities in the subsurface after two years.  Results evidence change in activity of different 
strains of Dehalococcoides bacteria are concomitant with changes in mole fractions of the 
chlorinated compounds.  These positive results contrast with the popular opinion that 
bioaugmentation should be performed separately and after delivery of biostimulants. 
Keywords: bioaugmentation, biostimulation, Dehalococcoides, tetrachloroethene, qPCR, 
injection 

1.  INTRODUCTION 

A bioremediation pilot test was conducted at an industrial facility in Charlotte, North Carolina, 
United States, to assess efficacy of enhancing in situ dechlorination of tetrachloroethene (PCE) 
and its sequential degradation products trichloroethene (TCE), isomers of dichloroethene (DCE), 
and vinyl chloride (VC) using an injectate manufactured by inoculating anaerobic dechlorinating 
bacteria directly into an anoxic aqueous solution of fermentable carbon substrate.  The injectate 
was injected into a PCE-impacted unconfined sandy silt aquifer with a hydraulic conductivity of 
approximately 0.1 feet per day (ft/day) [3.5x10-5 cm/sec] using direct-push methods.   
Conventional remediation industry practice (AFCEE, 2004) is to conduct biostimulation prior to 
bioaugmentation as opposed to mixing bacteria cultures directly with biostimulants and injecting 
as a mixture.  Rationale driving decisions to biostimulate prior to bioaugmentation fall generally 
into the following two categories: 
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1. Prospect that carbon substrate solution will kill or inactivate the bacteria if the bacteria 
are mixed into the injectate. 

2. Prospect that native aquifer conditions, especially pH and dissolved oxygen (Vainberg et 
al. 2006; USEPA 2010; Gentry et al. 2004), will be inhospitable to inoculated bacteria 
until preconditioned by biostimulants.   

This research team hypothesized that a single injectate manufactured by mixing anaerobic 
dechlorinating bacteria culture directly into anoxic aqueous fermentable carbon substrate 
solutions could be used successfully.  The approach used native anoxic groundwater for injectate 
makeup water, and avoided oxygen, ultraviolet light, and high temperature during the injectate 
manufacturing process.  Testing showed that inoculated bacteria survived injectate preparation, 
and the inoculated bacteria thrived in the aquifer for more than 24 months. 

2. MATERIALS AND PROCEDURES 

A total of 1,500 gallons of injectate was manufactured for this test.  The injectate consisted of 
carbon substrate, native anoxic groundwater pumped from on-site groundwater monitoring wells, 
and an anaerobic bacteria culture.  
The makeup groundwater was pumped to holding tanks (330-gallon plastic totes) shielded from 
the sun with tarps to protect native bacteria from ultraviolet radiation poisoning.  Anoxic (or 
microoxic) conditions were maintained by providing a nitrogen headspace in the holding tanks.  
Dixie Crystals® table sugar and Fleischmann’s® yeast were added to the makeup water at 0.8 
and 0.008 weight percent, respectively, to further assure maintenance of anoxic makeup water.   
The fermentable carbon substrate was Reodox Tech’s Anaerobic BioChem (ABC) product; a 
mixture of lactates, fatty acids, and phosphate buffer.  The bacteria feedstock used for this test 
was the SDC-9TM culture from Shaw Environmental, Inc. consisting of Dehalococcoides spp. 
(DHC) with densities greater than 1x1013 DHC cells per milliliter (cells/mL). 
A 20 weight percent solution of ABC fermentable carbon substrate was first manufactured by 
mixing 281 gallons (about 2,700 pounds) of neat ABC reagent into 1,219 gallons of anoxic 
makeup groundwater in a light-proof, sun-shaded, bladder tank.  Five gallons (19 liters) of 
SDC-9 bacteria was then blended in while recirculating the solution through the tank from one 
end to the other with a centrifugal pump.  
Figure 1 illustrates the setup.. 
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Figure 1. Injectate manufacturing setup.  

Prior to injection, the inoculated injectate was sampled through Bio-Flo filter samplers and tested 
by Microbial Insights, Inc. for Dehalococcoides spp. and Delahobacter spp. using the 
quantitative polymerase chain reaction (qPCR) CENSUS analysis.  The injectate was also 
analyzed for the following functional gene expressions of DHC: 

• TCE Reductase (tceA) – expresses the enzyme responsible for dechlorination of TCE to 
cis-DCE 

• Vinyl Chloride Reductase (vcrA) – expresses the enzyme responsible for dechlorination 
of cis-DCE to VC and for dechlorination of VC to ethene 

• BAV1 Vinyl Chloride Reductase (bvcA) – expresses the enzyme responsible for 
dechlorination of VC to ethane. 

The injectate was also characterized for additional analytes and geochemical parameters 
including pH, dissolved oxygen (DO), oxidation-reduction potential (ORP), conductivity, 
volatile fatty acids, dissolved gases including ethene, ethane, and methane, and the target volatile 
organic compounds (VOCs). 
Figure 2 is a photograph of the injectate sampling apparatus. 
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Figure 2. Injectate sampling apparatus.  

The inoculated injectate was then injected into three direct-push points arranged center and ends 
of a quarter-disk circumference located 10 feet upgradient of groundwater monitoring well, 
AC-3.  Five hundred (500) gallons of inoculated injectate was injected at each point at nominal 
five-foot intervals between 17.5 feet below ground surface (ft bgs) and 27.5 ft bgs.  Total 
injectate volume was 1,500 gallons. 
Figure 3 illustrates the injection apparatus.  

 

Figure 3. Injection apparatus.  
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Groundwater at the monitoring well AC-3 was sampled using low-flow methodology for 
parameters and constituents that were analyzed and recorded for the injectate mixture.  The 
monitoring well was sampled prior to injection and at various intervals over 24 months.  

3. RESULTS 

Table 1 shows results of baseline (pre-injection) groundwater quality in monitoring well AC-3 
for selected analytes. 

Table 1. Baseline (pre-injection) groundwater quality in monitoring well AC-3. 

AC-3 

PCE 
µg/L 

TCE  
µg/L 

cis-
1,2-

DCE 
µg/L 

VC 
µg/L 

Ethene 
µg/L 

DHC 
Density 
cells/mL 

Total 
Bacteria 
Density 
cells/mL 

pH 
s.u. 

ORP 
mV 

DO 
mg/L 

Temp 
ᵒC 

6,100 1,200 3,300 150 12 1.1E1 6.42E2 6.5 +234 0.8 22 

Table 2 presents results of inoculated injectate quality for selected analytes. 

Table 2. Injectate quality. 

Injectate 
PCE 
µg/L 

TCE 
µg/L 

cis-
1,2-

DCE 
µg/L 

VC 
µg/L 

Ethene 
µg/L 

DHC 
Density 
cells/mL 

Total 
Bacteria 
Density 
cells/mL 

pH 
s.u. 

ORP 
mV 

DO 
mg/L 

Temp 
ᵒC 

230 75 270 450 880 5.53E6 2.07E7 7.0 +79 0.7 26 

Table 3 displays changes in AC-3 groundwater quality for selected analytes.  

Table 3.Change in AC-3 groundwater quality.  

Days 
Following 
Injection 

PCE 
µg/L 

TCE 
µg/L 

cis-
1,2-

DCE 
µg/L 

VC 
µg/L 

Ethene 
µg/L 

DHC 
Density 
cells/mL 

Total 
Bacteria 
Density 
cells/mL 

pH 
s.u. 

ORP 
mV 

DO 
mg/L 

Temp 
ᵒC 

0 6,100 1,200 3,300 150 12 1.1E1 6.42E2 6.5 +234 0.8 22 

163 510 67 7,100 510 110 2.07E4  6.3 -180 0.3 20 

232 50 51 3,500 880 180 1.39E5  6.1 -119 0.4 17 

321 40 60 1,500 490 340 4.08E4 5.06E5 5.9 -81 0.2 26 

384 480 590 2,300 740 260 4.06E4 1.50E5 6.5 -124 0.5 23 

576 190 62 810 300 77 1.30E5 4.78E6 5.1 -24 0.9 16 

737 18 21 400 410 260 2.78E6 1.13E7 5.8 -130 0.9 30 
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Figure 4 compares changes in DHC density to changes in chloroethenes concentrations in AC-3 
groundwater. 

 
Figure 4. Change in Dehalococcoides spp. density and chloroethenes concentrations in AC-3 groundwater.  

Genes that code for enzymes known to be capable of dechlorinating cis-1,2-DCE and/or VC to 
non-toxic ethene, bvcA and vcrA, are present in some, but not all DHC bacteria.  Thus, the ratio 
of (bvcA+vcrA)/DHC is a metric that assists in the evaluation of the robustness of a DHC 
bacteria population with respect to prospect for microbial reductive dechlorination of 
chloroethenes all the way to non-toxic ethene.  The closer this ratio is to unity, the greater the 
prospect for complete dechlorination to non-toxic ethene.  
Table 4 shows the change in proportion of DHC bacteria that contain the genes coding for 
production of enzymes bvcA and vcrA in AC-3 groundwater, expressed as (bvcA+vcrA)/DHC. 

Table 4. Change in proportion of DHC bacteria that contain the genes coding for production of enzymes bvcA and 
vcrA in AC-3 groundwater. 

Days Following Injection (bvcA+vcrA)/DHC 

0 0.05 
163 0.09 
232 0.07 
321 0.07 
384 1.41 
576 0.26 
737 0.42 
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Figure 5 compares changes in chloroethenes mole fractions in AC-3 groundwater with changes 
in (bvcA+vcrA)/DHC ratio.    

 
Figure 5. Changes in chloroethenes mole fractions in AC-3 groundwater compared to (bvcA+vcrA)/DHC ratios.  

It is evident from Table 4 and Figure 5 that (bvcA+vcrA)/DHC on Day 384 may be biased high 
for some unknown reason.  Figure 6 illustrates these changes in chloroethenes mole fractions in 
AC-3 groundwater with changes in (bvcA+vcrA)/DHC without the apparent bias of day-384 
(bvcA+vcrA)/DHC. 
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Figure 6. Changes in chloroethenes mole fractions in AC-3 groundwater compared with (bvcA+vcrA)/DHC 

ratios (neglecting apparent high-bias of Day-384 (bvcA+vcrA)/DHC value).  

It is apparent from Figure 6 that the DHC bacteria population evolved in response to changes in 
prevalence of individual chloroethenes suite of compounds; (bvcA+vcrA)/DHC increased with 
increasing proportions of cis-1,2-DCE and/or VC.    
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4.  DISCUSSION/CONCLUSIONS 

Effective bioremediation of PCE-impacted groundwater was accomplished at this site through 
biostimulation-bioaugmentation techniques. Preconditioning of the aquifer with biostimulants in 
advance of bioaugmentation was found to be unnecessary.  Bacteria mixed directly into the 
fermentable carbon substrate solution survived their transfer through the injectate solution and 
into the aquifer in quantities sufficient for effective remediation.  
The data supports the research team’s hypothesis that direct mixing of a dechlorinating bacteria 
culture with a fermentable carbon substrate prior to injection to the subsurface can be completed 
successfully as evidenced by meaningful degradation of PCE all the way to non-toxic ethene and 
survival of DHC bacteria at meaningful densities for at least two years after injection.  
DHC cell density in the monitoring well AC-3 groundwater increased over the two-year 
monitoring period by five orders of magnitude.  Robustness of the DHC community is further 
supported by the observation that increases in functional gene densities relative to total DHC 
density appear to correlate with increasing proportions of cis-1,2-DCE and VC compounds 
relative to the total chloroethenes concentration.  
These data suggest the prospect of inoculating bacteria directly into a biostimulant solution prior 
to injection may be more efficacious than widely believed.  Such successful applications can be 
expected to garner considerable cost savings compared to the more conventional approach of 
biostimulating and bioaugmenting in separate events.   
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