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Anaerobic Degradation of 1,1,2,2-Tetrachloroethane and Association 
with Microbial Communities in a Freshwater Tidal Wetland, 
Aberdeen Proving Ground, Maryland:  Laboratory Experiments and 
Comparisons to Field Data

By Michelle M. Lorah, Mary A. Voytek, Julie D. Kirshtein, and Elizabeth J. (Phillips) Jones

Abstract

Defining biodegradation rates and processes is 
a critical part of assessing the feasibility of moni-
tored natural attenuation as a remediation method 
for ground water containing organic contaminants.  
During 1998–2001, the U.S. Geological Survey 
conducted a microbial study at a freshwater tidal 
wetland along the West Branch Canal Creek, 
Aberdeen Proving Ground, Maryland, as part of an 
investigation of natural attenuation of chlorinated 
volatile organic compounds (VOCs) in the wet-
land sediments.  Geochemical analyses and molec-
ular biology techniques were used to investigate 
factors controlling anaerobic degradation of 
1,1,2,2-tetrachloroethane (TeCA), and to charac-
terize the microbial communities that potentially 
are important in its degradation.  Rapid TeCA and 
daughter product degradation observed in labora-
tory experiments and estimated with field data 
confirm that natural attenuation is a feasible reme-
diation method at this site.  The diverse microbial 
community that seems to be involved in TeCA 
degradation in the wetland sediments varies with 
changing spatial and seasonal conditions, allowing 
continued effective natural attenuation throughout 
the year.

Rates of TeCA degradation in anaerobic micro-
cosm experiments conducted with wetland sedi-
ment collected from two different sites (WB23 and 
WB30) and during three different seasons 
(March–April 1999, July–August 1999, and   
October–November 2000) showed little spatial 
variability but high seasonal variability.  Initial 
first-order degradation rate constants for TeCA 
ranged from 0.10±0.01 to 0.16±0.05 per day (half-
lives of 4.3 to 6.9 days) for March–April 1999 and 
October–November 2000 microcosms incubated 

at 19 degrees Celsius, whereas lower rate con-
stants of 0±0.03 and 0.06±0.03 per day were 
obtained  in July–August 1999 microcosms incu-
bated at 19 degrees Celsius.  Microbial community 
profiles showed that low microbial biomass and 
microbial diversity in the summer, possibly due to 
competition for nutrients by the wetland vegeta-
tion, could account for these unexpectedly low 
degradation rates.  In microcosms incubated at      
5 degrees Celsius, about 50 percent of the initial 
TeCA in solution was converted to daughter prod-
ucts within a 35-day incubation period, indicating 
that biodegradation in the wetland sediments can 
continue during cold winter temperatures.

Initial pathways of TeCA degradation were the 
same in the wetland sediment microcosms regard-
less of the season or sediment collection site, the 
reduction-oxidation conditions, and the previous 
exposure of the sediment to contamination.  
Immediate and simultaneous dichloroelimination 
and hydrogenolysis, producing 1,2-dichloro-
ethene (12DCE) and 1,1,2-trichloroethane 
(112TCA), respectively, were the initial TeCA 
degradation pathways in all live microcosm exper-
iments.  The production and degradation of vinyl 
chloride (VC), which is the most toxic of the 
TeCA daughter compounds, was affected by spa-
tial and seasonal variability, reduction-oxidation 
condition, and pre-exposure of the wetland sedi-
ment.  TeCA-amended microcosms constructed 
with WB30 sediment showed approximately twice 
as much VC production as those constructed with 
WB23 sediment.  Results of 112TCA-amended 
microcosms indicated that the greater production 
of VC in the WB30 sediment resulted from a 
greater predominance of the 112TCA dichloro-
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elimination pathway in these sediments.  VC deg-
radation also was substantially higher in micro-
cosms constructed with WB30 sediment than 
those constructed with WB23 sediment, resulting 
in lower VC concentrations at the end of WB30 
microcosms.  Enrichment experiments in which 
microcosm slurry was amended with high initial 
VC concentrations showed that the spatial differ-
ence in VC degradation was negligible after pro-
longed incubation under methanogenic conditions.  
Inhibition of methanogenic activity in microcosms 
by addition of sulfate or of 2-bromoethanesulfonic 
acid inhibited production and degradation of VC.  
Inhibition of methanogenesis by addition of ferric 
iron or of 2-bromoethanesulfonic acid also com-
pletely inhibited VC degradation in VC-amended 
enrichment experiments.  Pre-exposure to VC sub-
stantially increased degradation in VC-amended 
enrichment experiments.

A microbial consortium, rather than one micro-
bial species or group, likely is involved in the deg-
radation of TeCA, as indicated by the occurrence 
of multiple degradation pathways and the variabil-
ity in VC production and degradation.  A bacterial 
peak at 90 base pair (bp) fragment length in termi-
nal-restriction fragment length polymorphism 
(TRFLP) profiles was associated with TeCA 
hydrogenolysis to 112TCA, and bacterial species 
represented by 198 and 170 bp fragment lengths 
were associated with TeCA dichloroelimination to 
12DCE.  Dichloroelimination of 112TCA to VC 
was associated with increasing dominance of the 
198 bp bacterial peak in March–April 1999 and 
October–November 2000 microcosms, whereas an 
86 bp or the 170 bp bacterial peak was associated 
with 112TCA dichloroelimination in the summer 
experiment.  Hydrogenolysis of 12DCE to VC was 
associated with a carbon dioxide-utilizing metha-
nogen at 307 bp in the March–April 1999 and 
October–November 2000 microcosm experiments, 
whereas production of VC occurred despite low 
methanogen biomass and methane production in 
the July–August 1999 experiments.  Production of 
VC in the absence of methane production also 
occurred in 12DCE-amended enrichment cul-
tures.  The exponential production of VC in the 
12DCE-amended enrichment cultures after an ini-
tial lag indicated growth of a microbial species or 
group, possibly one of the known dehalorespiring 

bacteria.  Molecular analyses using specific prim-
ers targeting dehalorespiring bacteria of the Deha-
lococcoides group (Dehalococcoides ethenogenes 
and Dehalococcoides sp. strain FL2) and of the 
acetate-oxidizing Desulfuromonas group (Desulfu-
romonas sp. strain BB1 and Desulfuromonas chlo-
roethenica) showed the presence of these bacteria 
in microcosm slurry from site WB30 but not from 
site WB23.  Addition of hydrogen, which is the 
favored substrate of Dehalococcoides, tripled VC 
production in 12DCE-amended enrichment cul-
tures.  VC degradation showed a marked associa-
tion with an increase in the relative proportion of 
Methanosarcinaceae, a family of methanogens that 
includes all those capable of utilizing acetate as a 
substrate, in the total methanogen community.

Half-lives for TeCA and TCE estimated from 
field data were in the range of 60 to 100 days, 
which agrees well with laboratory estimates of 
degradation rates considering the inherent differ-
ences in the laboratory and field systems.  Both 
laboratory microcosm experiments and field data 
showed that 12DCE and VC are the predominant, 
persistent daughter compounds from TeCA degra-
dation.  In addition, porewater chemistry showed 
higher accumulation of VC in the wetland sedi-
ment at site WB30 than at site WB23, as was 
observed in the microcosm experiments.  Molecu-
lar analyses of grab samples of surficial wetland 
sediment showed that all the microbial species or 
groups linked to TeCA degradation in the micro-
cosm experiments were present in all sediment 
samples.  Microbial biomass and diversity were 
lowest in an area of the wetland (transect C-C ′) 
where porewater VOC concentrations are highest, 
indicating that the higher VOC concentrations 
could result from lower degradation rates.  The 
lower microbial biomass and diversity in this area 
could be caused by toxic effects of the contami-
nants, or possibly from differences in frequency 
and duration of tidal inundation.

Introduction

Chlorinated solvents such as trichloroethene (TCE) and 
1,1,2,2-tetrachloroethane (TeCA) tend to be relatively resis-
tant to biodegradation in aquifers, compared to the biodegra-
dation potential of petroleum hydrocarbons (National 
Research Council, 2000).  This has led to the development of 
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long chlorinated solvent plumes at a number of Department 
of Defense (DoD) and private facilities that have reached, or 
may reach, discharge areas in surface-water bodies or wet-
lands.  About 75 percent of Resource Conservation and 
Recovery Act (RCRA) and Superfund sites, including DoD 
sites, are located within a half mile of a surface-water body 
(Tomassoni, 2000), where wetlands often are part of the 
landscape.  Conventional engineered remediation of ground 
water contaminated with chlorinated solvents can be 
extremely costly and could be detrimental to ecologically 
sensitive wetland environments.  Although chlorinated sol-
vents tend to be relatively resistant to degradation within 
most aquifers, rapid and complete transformations can occur 
within the organic-rich reducing environment typical of wet-
land sediments, indicating that monitored natural attenuation 
may be an effective remediation option for discharges into 
wetlands (Lorah and others, 1997; Lorah and Olsen, 1999a, 
b; Lorah and others, 2001).  The study of TeCA degradation 
and associated microbial communities in wetland sediments 
reported here is part of a larger ongoing study by the U.S. 
Geological Survey (USGS) of natural attenuation of chlori-
nated volatile organic compounds (VOCs) in a freshwater 
tidal wetland along the West Branch Canal Creek, Aberdeen 
Proving Ground (APG), Maryland (fig. 1) (Lorah and others, 
1997).  TeCA and TCE, which can be a daughter product of 
TeCA degradation in addition to being a widely used sol-
vent, are the major contaminants in the shallow aquifer (less 
than about 15 m deep) and wetland sediments at this site 
(Lorah and others, 1997; Lorah and Olsen, 1999a, b; Lorah 
and others, 2001).

Defining biodegradation rates and reactions is a critical 
part of assessing the feasibility of monitored natural attenua-
tion as a remediation method for ground water containing 
organic contaminants because biodegradation is commonly 
the primary destructive process for these contaminants 
(Wiedemeier and others, 1998; National Research Council, 
2000).  Laboratory experiments to define biodegradation 
processes and rates may be warranted during investigation of 
natural attenuation at a site, depending on the availability of 
information in the literature and on the expected complexity 
of biodegradation processes for contaminants at the site 
(Wiedemeier and others, 1998).  Relatively few studies of 
TeCA degradation in the environment have been conducted 
compared to the numerous field and laboratory studies of 
TCE degradation.  In addition, degradation of TeCA is 
expected to be complex because there are three main initial 
pathways of reaction that can occur, producing both chlori-
nated ethene and chlorinated ethane daughter products (fig. 
2).  Each of these intermediate daughter products could then 
be degraded through several different reaction pathways.  
Elucidation of factors controlling the occurrence of these 
diverse degradation pathways for TeCA is critical because  
of differing toxicity and persistence of the intermediate 
daughter products.  Of the chlorinated ethenes and ethanes, 
accumulation of vinyl chloride (VC) might be considered of 
the greatest concern for remediation of a contaminated site 
because it is the only known carcinogen and has the lowest 

maximum contaminant level (MCL) for drinking water        
(2 µg/L, or micrograms per liter) (U.S. Environmental Pro-
tection Agency, 2001).  Higher MCLs of 5, 70, 100, 5, and   
5 µg/L, respectively, have been established for TCE;  cis-1,2-
dichloroethene (cDCE); trans-1,2-dichloroethene (tDCE); 
1,1,2-trichloroethane (112TCA); and 1,2-dichloroethane 
(12DCA) (U.S. Environmental Protection Agency, 2001).  
Although TeCA currently (2002) is not a regulated drinking-
water contaminant, the U.S. Environmental Protection 
Agency (1998) has placed it on the Drinking Water  Contam-
inant Candidate List, where it is listed as a priority contami-
nant for determination of regulatory needs based on potential 
to occur in public water systems with a relatively high fre-
quency and at concentrations that could pose a threat to pub-
lic health.

Site characteristics, in addition to contaminant proper-
ties, determine the potential complexity of biodegradation 
processes.  Wetlands can be extremely complex because they 
typically have a high diversity of reduction-oxidation 
(redox) zones and of microbial populations.  In addition, 
wetlands are dynamic surficial systems that can have a high 
degree of spatial and temporal variability in hydrology, 
microbiology, and water chemistry because of variable sur-
face-water flow, ground-water recharge, air temperature, 
sediment organic carbon content, vegetation type, density, 
and activity.  Wetlands, therefore, can show greater spatial 
and seasonal variability in contaminant distribution and bio-
degradation rates than observed in most deeper ground-water 
systems.  This variability needs to be understood to deter-
mine whether natural attenuation is sufficient as a remedia-
tion method at all times of the year, and to predict the 
amount of time needed for complete attenuation of contami-
nants in the wetland sediment.  In addition, this information 
can improve long-term monitoring plans by identifying pos-
sible factors that could cause changes in natural attenuation 
efficiency.  Because hydrogeologic and geochemical data do 
not always indicate obvious reasons for variations in degra-
dation processes and rates, molecular biology techniques to 
characterize microbial communities can be useful (Flynn and 
others, 2000; Fennel and others, 2001).

The purpose of the USGS microbial study at the fresh-
water tidal wetland at APG (fig. 1) is to use a combination of 
geochemical analyses and molecular biology techniques to 
investigate factors controlling the occurrence of different 
anaerobic TeCA degradation pathways, and to characterize 
the microbial communities that potentially are important in 
these degradation reactions (fig. 2).  The objectives of this 
ongoing study are to (1) evaluate spatial and seasonal varia-
tions in TeCA degradation pathways and rates in the wetland 
sediment, (2) identify microbial groups and/or species 
involved in biodegradation of TeCA in the wetland sediment, 
(3) determine the spatial and seasonal variations in microbial 
communities in the wetland sediment, and (4) ultimately 
develop gene probes for indicator microbial species that are 
critical for different reaction pathways of TeCA degradation 
to occur.  Gene probes could be used for long-term monitor-
ing of the presence of critical microbial species over time in 
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the wetland sediment and for evaluating the potential for nat-
ural attenuation at other contaminated sites.  Because anaer-
obic TeCA degradation encompasses chlorinated ethane and 
ethene pathways (fig. 2), results of this study are transferable 
to other sites at APG and elsewhere that are contaminated 
with TeCA, TCE, or their anaerobic degradation products.

Purpose and Scope
The purpose of this report is to describe the anaerobic 

TeCA degradation reactions occurring in wetland sediments 
in the West Branch Canal Creek study area at APG (fig. 1), 
and the association between these degradation reactions and 
the microbial communities in the wetland sediment.  Anaer-
obic laboratory microcosm experiments and enrichment cul-
tures are used to evaluate spatial and seasonal variability in 
TeCA degradation rates and pathways, and to evaluate other 
potential factors controlling TeCA degradation, including 
redox conditions, substrate type, and pre-exposure of the 
sediment to the contaminants.   In addition to microcosms 
incubated with TeCA, microcosms and/or enrichment cul-
tures amended with the daughter products VC, 112TCA, 
cDCE, or tDCE (fig. 2) assist in elucidation of TeCA degra-
dation pathways and controlling factors.  Enrichment experi-
ments focus primarily on VC production and degradation 
because of the importance of this toxic TeCA daughter   
product that potentially can be produced through three reac-
tion pathways (fig. 2).  Concomitant geochemical and micro-
bial analyses made during anaerobic microcosm experiments 
are used to define TeCA degradation pathways and relate 
these pathways to the microbial communities in the wetland 
sediment.  Geochemical analyses include measurements of 
the distributions of TeCA, its daughter products, and redox-
sensitive constituents over time in the microcosms.  Micro-
bial analyses include terminal-restriction fragment length 
polymorphism (TRFLP) analysis of polymerase chain reac-
tion (PCR)-amplified bacterial 16S rDNA and mcrA (meth-
ylcoreductase gene) to obtain profiles of the bacterial and 
methanogen communities, respectively.  These genetic anal-
yses commonly are referred to as “DNA fingerprinting.”  
Although the primary objective of this report is to present 
results of laboratory experiments, selected field data are used 
to estimate biodegradation rates, evaluate TeCA daughter 
compound distributions in the wetland porewater, and evalu-
ate distribution of microbial communities in the wetland sed-
iment.

Between 1998 and 2000, four laboratory microcosm 
experiments were conducted with wetland sediment and 
porewater collected at different times of the year and from 
two contaminated sites in the wetland area, sites WB23 and 
WB30 (fig. 1).  During the 35- to 43-day incubation period 
for each experiment, water in the microcosms was analyzed 
for TeCA and its potential daughter products and for redox-
sensitive constituents, while sediment in the microcosms 
was analyzed for microbial communities.  To allow compari-
sons of TeCA degradation rates among the experiments, all 
microcosms were incubated at a temperature of 19 °C 
(degrees Celsius), which was the average summer tempera-
ture in the shallow wetland sediment (Lorah and others, 

1997).  One additional set of microcosms was incubated at a 
winter temperature of 5 °C.  The effect of redox conditions 
on TeCA degradation is evaluated using microcosm and 
enrichment experiments with added iron or sulfate, or with 
an inhibitor of methanogenesis.  Substrate type effects are 
examined through the addition of methanol, hydrogen, or 
acetate in some experiments.  The effect of prior exposure, 
or “pre-exposure,” of the wetland sediment to the chlori-
nated organic contaminants is evaluated using TeCA-
amended microcosms constructed with wetland sediment 
and porewater collected from a background site to compare 
to those constructed with sediment and porewater from    
contaminated sites.   In addition, pre-exposure effects on VC 
degradation are examined in VC-amended sediment enrich-
ments constructed using microcosm slurry that was or was 
not previously incubated with TeCA.

For comparison to laboratory-derived rates, changes in 
porewater concentrations along flowpaths through the wet-
land sediment are used to estimate TeCA degradation rates  
at several multi-level sampling and piezometer sites.  Distri-
butions of daughter products in the wetland porewater at 
sites WB23 and WB30, which were the two main sites used 
for sediment collection for the microcosm experiments, are 
compared to distributions observed in laboratory micro-
cosms.  To evaluate how the microbial communities change 
seasonally and spatially in the wetland sediment, surficial 
sediment samples were collected at 10 piezometer sites 
(including sites used to obtain sediment for microcosm 
experiments) in March 1999 and August 1999 (fig. 1).  The 
laboratory- and field-derived data are compared, and the 
implications of these results to natural attenuation of the  
contaminants in the wetland are discussed.

Description of Study Area
The study area is located along the West Branch Canal 

Creek at APG, a U.S. Army base in Maryland near the head 
of the Chesapeake Bay (fig. 1).  Freshwater tidal wetlands 
surround much of West Branch Canal Creek, which has tidal 
fluctuations in the range of 0.15 to 0.61 m (meters).  Release 
of waste products by spills, landfilling, and discharge to sew-
ers during chemical manufacturing operations near the creek 
resulted in ground-water contamination (Lorah and Clark, 
1996; Lorah and others, 1997).  As part of the study of natu-
ral attenuation of VOCs begun by the USGS in 1992, nested 
drive-point piezometers were installed in the wetland study 
area primarily along two transects on the eastern side of 
West Branch Canal Creek (Lorah and others, 1997) (figs. 1 
and 3).  Transects are aligned perpendicular to the creek, 
along the general direction of ground-water flow in the aqui-
fer (Lorah and others, 1997).  As part of a study under the 
DoD Environmental Security Technology Certification Pro-
gram (ESTCP), additional multi-level samplers and piezom-
eters, described in Spencer and others (2002) and Dyer and 
others (2002), were installed in the wetland and shallow 
aquifer sediments at six of the pre-existing drive-point pie-
zometer sites (fig. 1).

The contaminated aquifer, known as the Canal Creek 
aquifer, is about 12 to 14 m thick in the study area and      
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consists mainly of medium- to coarse-grained sand and 
gravel (fig. 3).  Wetland sediments that overlie the aquifer 
consist of two distinct layers that have a combined thickness 
of about 1.8 to 3.6 m in the study area--a lower unit of silty 
to sandy clay or clayey sand, and an upper unit of peat mixed 
with variable amounts of clay and silt (Lorah and others, 
1997).  The total organic carbon content in the wetland sedi-
ment averaged about 1 percent in the lower clayey unit and 
18 percent in the upper peat unit (Lorah and others, 1997; 
Olsen and others, 1997).  Ground-water-flow directions 
within the wetland area are predominantly upward.  At low 
tide, water from the aquifer discharges through both the   
wetland and channel sediments.  At high tide, however, 
reversals in ground-water-flow directions can occur at some 
sites (Lorah and others, 1997).  The linear ground-water-

flow velocity in the wetland sediments is estimated to be 
about 0.6 to 0.9 m/yr (meters per year) (Lorah and others, 
1997).

The contaminant plume in the aquifer contains both 
TeCA and TCE from disposal sources, and previous field 
and laboratory studies have shown that rapid TeCA and TCE 
degradation occurs as the plume flows upward from the    
aerobic sand aquifer and through the anaerobic wetland sedi-
ments (Lorah and others, 1997, 2001; Lorah and Olsen, 
1999a, b).  Although carbon tetrachloride and chloroform 
also are present in the aquifer along the A-A′ and C-C ′ 
transects, their concentrations are below detection levels  
(0.5 µg/L, or micrograms per liter) in the wetland sediments 
(Lorah and others, 1997).  TeCA and TCE concentrations 
were highest (about 4,700 and 300 µg/L, respectively) 
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upgradient from the eastern edge of the wetland at site       
CC 27 (figs. 1 and 3), which is near a suspected source from 
a past sewerline discharge point (Lorah and Clark, 1996; 
Lorah and others, 1997).  TCE is a major contaminant in the 
aquifer along section A-A′, but its concentrations are an 
order of magnitude lower along section C-C ′ (Lorah and 
others, 1997; Lorah and Olsen, 1999b).  Concentrations of 
VOCs observed in ground water at site CC 27 have remained 
relatively constant from 1987 through 2001 (Lorah and 
Clark, 1996; Lorah and others, 1997; Spencer and others, 
2002), indicating that there is a continuous source of VOCs 
to the shallow aquifer and that the contaminant plume dis-
charging to the wetland is at steady state.  Moving downgra-
dient into the wetland area, the TeCA and TCE plume 
remains shallow in the aquifer, reflecting the upward head 
gradients in the aquifer (fig. 3).  Total concentrations of 
VOCs are in the range of 400 to 500 µg/L in a thin zone that 
lies directly beneath the wetland sediments (Lorah and     
others, 1997).  Along the upward direction of flow through 
the overlying wetland and creek-bottom sediments, total 
concentrations of VOCs decrease substantially until concen-
trations generally are below detection levels within 0.15 to  
0.30 m of land surface (Lorah and others, 1997; Lorah and 
Olsen, 1999a,b) (fig. 3).

The decrease in VOC concentrations is associated with 
the natural increase in dissolved organic carbon concentra-
tions and decrease in redox state of the ground water along 
the upward flow direction in the wetland sediments (Lorah 
and others, 1997; Lorah and Olsen, 1999b).  The aquifer  
typically is aerobic or hypoxic.  Iron-reducing conditions are 
predominant in the lower clayey unit of the wetland sedi-
ments, whereas methanogenic or methanogenic/mixed zones 
that contain variable concentrations of ferrous iron and sul-
fide in addition to methane are predominant in the upper peat 
unit.  Production of anaerobic daughter products (fig. 2) 
coincides with a decrease in TeCA and TCE concentrations 
and a decrease in redox state of the ground water along 
upward flowpaths through the wetland sediments at each site 
(Lorah and others, 1997; Lorah and Olsen, 1999b).  Labora-
tory microcosm experiments conducted during 1996–1997 
with TeCA and TCE confirmed the rapid degradation of 
these compounds in the wetland sediments (Lorah and      
others, 1997, 2001; Lorah and Olsen, 1999a).

Background on Anaerobic Degradation Pathways
TeCA can degrade under anaerobic conditions by three 

main reaction pathways—a hydrogenolysis pathway that 
produces 1,1,2-trichloroethane (112TCA) and 1,2-dichloro-
ethane (12DCA) as intermediate daughter compounds; a 
dichloroelimination pathway that produces 1,2-dichloro-
ethene (12DCE, both cis- and trans- isomers) and VC as   
intermediate daughter products; and an abiotic dehydro-
chlorination reaction that produces TCE (fig. 2) (Vogel and     
others, 1987; Lorah and others, 1997; Chen and others, 
1996).  Hydrogenolysis entails the sequential replacement  
of a single chlorine atom by hydrogen, whereas dichloro-
elimination entails the simultaneous replacement of two 
adjacent chlorine atoms by hydrogen to produce a double 

bond.  For both of these types of reductive dechlorination 
reactions, the contaminant serves as an electron acceptor, 
resulting in production of more reduced, less-chlorinated 
daughter compounds.  Microorganisms require the presence 
of suitable electron donors (substrates) for reductive dechlo-
rination to occur.  Possible electron donors include natural 
compounds such as hydrogen, acetate, and methanol, and 
anthropogenic organic compounds such as benzene and    
toluene.  Low natural organic carbon content may limit the 
extent of reductive dechlorination in many aquifers 
(Chapelle, 1993; Natural Research Council, 2000), whereas 
a source of organic substrates is not expected to be a limiting 
factor in organic-rich wetland sediments (Lorah and Olsen, 
1999b).

Microbially catalyzed reductive dechlorination reactions 
often are believed to be cometabolic (a fortuitous reaction 
from which the microorganism does not derive energy), but a 
few bacteria capable of obtaining energy from reductive 
dechlorination reactions also have been isolated in the past 
decade (Löffler and others, 1996).  Cometabolic reductive 
dechlorination can occur through reactive transition metal 
cofactors, such as vitamin B12, heme, and coenzyme F430,   
in anaerobic microorganisms that catalyze the replacement 
of chlorines by hydrogen atoms (Fathepure and Boyd, 1988; 
Gantzer and Wackett, 1991; Schanke and Wackett, 1992; 
Yager and others, 1997; Novak and others, 1998).  These 
reactive coenzymes are especially abundant in methanogens 
(anaerobic microorganisms that produce methane predomi-
nantly through metabolism of hydrogen plus carbon dioxide 
or metabolism of acetate) and acetogens (anaerobic micro-
organisms that synthesize acetate from carbon dioxide 
through the acetyl-CoA pathway) (Fathepure and Boyd, 
1988; Maymó-Gatell and others, 1997; Yager and others, 
1997).  The highly chlorinated solvents such as TeCA and 
TCE have been shown to biodegrade faster and undergo 
more complete dechlorination under methanogenic condi-
tions than under the less reducing conditions of nitrate or  
sulfate reduction (McCarty and Semprini, 1994; Lorah and 
others, 1997).  Methanogenic conditions often are predomi-
nant in freshwater wetland sediments (Capone and Kiene, 
1988).  In addition to methanogens and bacteria capable of 
cometabolic reactions, pure cultures of anaerobic dehalore-
spiring bacteria that can use chlorinated ethenes, including 
tetrachloroethene (PCE), TCE, and cDCE, as terminal elec-
tron acceptors to derive energy and grow have been isolated 
(Holliger and others, 1993; Krumholz and others, 1996; 
Maymó-Gatell and others, 1997, 1999, 2001).  This growth-
coupled metabolism of halogenated VOCs generally is 
believed to be faster than cometabolic reductive dechlorina-
tion, and thus may be more effective for remediation of con-
taminated ground water (Maymó-Gatell and others, 1997; 
Yager and others, 1997).  The only chlorinated ethane 
reported to be degraded by dehalorespiring bacteria is 
12DCA (Maymó-Gatell and others, 1997, 1999).

Few previous studies have examined the in situ degrada-
tion pathways of TeCA in ground water or soil.  In previous 
USGS field and laboratory investigations at the West Branch 
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Canal Creek wetland study area at APG, 12DCE (both cis- 
and trans- isomers) and VC were the predominant persistent 
daughter compounds (Lorah and others, 1997; Lorah and 
Olsen, 1999a, b).  These daughter compounds primarily 
resulted from the combined hydrogenolysis and dichloro-
elimination pathway 1B and dichloroelimination pathway 2 
(fig. 2), whereas abiotic production of TCE was a minor deg-
radation pathway (accounting for less than 2 percent of the 
initial TeCA) (Lorah and others, 1997; Lorah and Olsen, 
1999a, b).  Although 12DCE and VC temporarily accumu-
lated, complete anaerobic degradation to non-chlorinated 
end products was observed within 34 days in microcosms 
constructed with the wetland sediment and amended with an 
initial TeCA concentration of about 2.9 µmol/L (micromoles 
per liter) (Lorah and others, 1997; Lorah and Olsen, 1999a) 
(fig. 4).   In laboratory experiments conducted using anaero-
bic municipal digester sludge, a substantially higher percent-
age of TCE and lower percentage of 112TCA and VC was 
observed from TeCA degradation (Chen and others, 1996) 
than was observed in the anaerobic wetland sediment (Lorah 
and Olsen, 1999a).   In contrast, TeCA degraded solely to 
cDCE by pathway 2 (fig. 2) in anaerobic batch experiments 
conducted with bottom sediment from a slow-moving stream 
in the Netherlands (Peijnenburg and others, 1998).  Dichlo-
roelimination pathway 2 (fig. 2) also was reported to be the 
major transformation route for TeCA in anaerobic batch 
experiments conducted with bottom sediment from a pond or 
a slow-moving stream in Georgia (Jafvert and Wolfe, 1987).  
Continued degradation of 12DCE to VC was not observed in 
either the experiments by Jafvert and Wolfe (1987) or by 

Peijnenburg and others (1998), possibly because they were 
conducted for less than 10 and 25 days, respectively.  Alter-
natively, the sediments used in these experiments may have 
been lacking a critical microbial species or group.

Field and laboratory studies of reductive dechlorination 
of TCE, which are more numerous than studies of TeCA 
degradation, have shown that dehalorespiring bacteria that 
can reductively dechlorinate 12DCE to VC and ethene are 
relatively uncommon, whereas biotic conversion of TCE     
to 12DCE occurs at many chlorinated solvent sites   
(Maymó-Gatell and others, 1995; Fennell and others, 2001).  
Complete dechlorination of TCE and PCE is more com-
monly observed in the field or in microcosms and reactors 
that contain mixed cultures than in experiments with pure 
cultures (Flynn and others, 2000).  Pure cultures of dehalore-
spiring bacteria that can use PCE and TCE as terminal elec-
tron acceptors include Dehalospirillum multivorans, 
Dehalobacter restrictus strains PER-K23A and TEA,      
Desulfuromonas sp. strain BB1 and Desulfuromonas chloro-
ethenica, Enterobacter sp. strain MS1, Desulfitobacterium 
sp. strain PCE-S, and Dehalococcoides ethenogenes strain 
195 (Löffler and others, 2000).  Dehalococcoides etheno-
genes strain 195 is the only known isolate, however, that 
completely dechlorinates PCE or TCE to the non-chlorinated 
end product ethene (Maymó-Gatell and others, 1997).  
Although Dehalococcoides ethenogenes strain 195 achieves 
complete reduction of PCE and TCE, the reduction of VC 
does not support its growth.  Complete dechlorination to 
ethene could be sustained only by periodic additions of      
filtered supernatant from the mixed culture of which it was 
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isolated originally (Maymó-Gatell and others, 1995, 1997, 
2001), implying that mixed cultures (or a consortium) are 
required to achieve complete dechlorination.  The accumula-
tion of VC that commonly is observed during anaerobic 
reduction of chlorinated ethenes in field studies and labora-
tory experiments may indicate that one or more critical 
microorganisms are lacking.

In addition to reduction of VC, anaerobic oxidation or 
mineralization of VC to carbon dioxide (CO2 ) or to CO2 and 
methane (CH4 ) has been reported in laboratory experiments 
under iron-reducing, sulfate-reducing, humic acid-reducing, 
and methanogenic conditions (Vogel and McCarty, 1985; 
Bradley and Chapelle, 1996, 1998, 1999a; Bradley and    
others, 1998).  12DCE also can undergo anaerobic oxidation, 
but at substantially slower rates than those observed for     
VC (Bradley and others, 1998).  Recent experiments with 
organic-rich streambed sediments incubated with 14C-radio-
labeled VC showed the transient presence of 14C-acetate as 
an intermediate of VC degradation under methanogenic con-
ditions, and the production of approximately equal molar 
concentrations of CO2 and CH4 (Bradley and Chapelle, 
1999b, 2000).  Furthermore, although addition of an inhibi-
tor of methanogenesis (BES, or 2-bromoethanesulfonic acid) 
caused a decrease in VC degradation rate, VC degradation 
was not stopped completely.  These results led Bradley and 
Chapelle (2000) to propose that VC mineralization to CO2 
and CH4 involves two steps:  (1) oxidation of VC by aceto-
gens, which produces acetate, (2) and metabolism of acetate 
to CO2 and CH4 by acetotrophic methanogens.  This theory 
proposes that methanogens are indirectly, rather than 
directly, involved in the anaerobic mineralization of VC.  
The relative importance of reductive dechlorination reac-
tions (either cometabolic or dehalorespiratory) and of anaer-
obic oxidation reactions in controlling the fate of VC and 
other chlorinated daughter products in the environment is 
unknown.
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Methods and Data Analysis

Anaerobic laboratory microcosm experiments to exam-
ine TeCA degradation were conducted between 1998 and 
2000 (February–April 1998, October 1998, March–April 
1999, July–August 1999, and October–November 2000).  A 
previously reported experiment (Lorah and others, 1997; 
Lorah and Olsen, 1999a) that was conducted in May–June 
1996 is included for comparisons (table 1).  Microcosm 
preparation, incubation, and geochemical analysis tech-
niques generally were the same in the 1998–2000 experi-
ments as those methods reported previously (Lorah and 
others, 1997; Lorah and Olsen, 1999a).  The only differences 
in microcosm construction methods from the May–June 
1996 experiment are that wetland sediment was collected    
at a different site and during a different season, and that 
methanol (instead of deionized organic-free water) was used 
in preparing TeCA and 112TCA stock solutions for the     
February–April 1998 experiment (table 1).  The February–
April 1998 experiment was designed to test the effect of dif-
ferent initial concentrations of TeCA, the presence of sulfate 
as an electron acceptor, and the inhibition of methanogenesis 
on TeCA degradation rates and pathways.  The 1999 and 
2000 experiments were designed to evaluate the spatial and 
seasonal variability in TeCA degradation rates and pathways.  
In the October 1998 and October–November 2000 experi-
ments, treatments also were prepared with and without addi-
tion of methanol (MeOH) to evaluate the effect of the added 
MeOH (table 1).  Enrichment experiments discussed in this 
report were conducted in January–June 2001.

Anaerobic microcosm experiments and geochemical 
analyses were performed by USGS personnel in Baltimore, 
Maryland, whereas enrichment experiments and all micro-         



Methods and Data Analysis                 11

     
Table 1.  Treatments used in anaerobic microcosm experiments to examine 1,1,2,2-tetrachloroethane or 

1,1,2-trichloroethane degradation in wetland sediments from the West Branch Canal Creek 
study area, Aberdeen Proving Ground, Maryland, May 1996–November 2000
 [Microcosms were amended with 1,1,2,2-tetrachloroethane (TeCA) or 1,1,2-trichloroethane (TCA) at day 0.  Treatment names beginning 
with “23,” “30,” or “Bck” were constructed with sediment from site WB23, WB30, or background site WB19, respectively.  Treatment 
names containing “LC” indicate live unamended controls.  Killed controls were prepared for all treatments, except 23BES-TeCA.2, by 
adding 1 percent formaldehyde by volume.  Initial concentrations (Ci) of TeCA or TCA, which are given in micromolar (µM) followed (in 
parentheses) by micrograms per liter (µg/L), are the highest concentration detected in solution during days 1 to 3 (Ti).  Other amendments 
included 4 millimolar (mM) methanol (MeOH), used in preparing stock solutions of TeCA or TCA in some experiments; 11 mM sulfate 
(SO4); and 30 mM 2-bromoethanesulfonic acid (BES) added on day 5.  Dashes indicate no amendment.]

Treatment
name

Ci  TeCA 
[µM (µg/L)]

Ci  TCA
[µM (µg/L)]

Ti
(day)

Other
amendments

May–June 1996:
30E4 1.2 (210) -- 1 --

February–April 1998:
23TeCA.1 1.4 (240) -- 2 MeOH
23TeCA.2 3.6 (610) -- 3 MeOH
23TeCA.3 13 (2200) -- 1 MeOH
Bck-TeCA.2 3.3 (550) -- 2 MeOH
23SO4-TeCA.2 3.1 (520) -- 2 MeOH; SO4

23BES-TeCA.2 3.2 (540) -- 1 MeOH; BES 

23TCA.1 -- 2.4 (320) 1 MeOH
23TCA.2 -- 6.3 (840) 1 MeOH
23LC -- -- -- --
Water control 3.3 (550) 3.9 (520) 0 MeOH

October 1998:
23TeCA.2 2.8 (480) -- 1 MeOH
23TeCA.2 2.0 (340) -- 1 --
23TCA.1 -- 1.6 (220) 1 MeOH
23TCA.1 -- 1.9 (250) 1 --

March–April 1999:
23TeCA.3/99 2.8 (470) -- 1 --
23TeCA5.3/99 3.0 (500) -- 1 --
23TCA.3/99 -- 3.2 (430) 1 --
23LC.3/99 -- -- 1 --
30TeCA.3/99 2.2 (370) -- 1 --
30TCA.3/99 -- 3.1 (410) 1 --
30LC.3/99 -- -- 1 --
Water Control 3.2 (540) 3.4 (450) 2 --

July–August 1999:
23TeCA.7/99 4.3 (720) -- 3 --
23TCA.7/99 -- 2.0 (270) 1 --
23LC.7/99 -- -- 1 --
30TeCA.7/99 4.0 (670) -- 3 --
Water Control 5.6 (940) 4.6 (620) 0 --

October-November 2000:
23TeCA.10/00 2.0 (340) -- 1 --
30TeCA.10/00 2.5 (420) -- 3 --
30MeOH.10/00 3.1 (520) -- 1 MeOH
30TCA.10/00 -- 2.6 (350) 1 --
Water Control 4.8 (800) 1.6 (330) 0 --
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bial community analyses were performed by USGS National  
Research Program personnel in Reston, Virginia.  Ground-
water-sampling methods for selected chemical data that are 
used in this report for comparison to laboratory data were 
published in Spencer and others (2002).  The same analytical 
techniques were used to determine geochemical constituents 
in water samples collected from the laboratory microcosms 
and in ground-water samples collected in the field.  The 
same microbial community analytical techniques also were 
used for sediment samples collected from the laboratory 
microcosms and from the field.  These analytical techniques, 
therefore, are described only in the first section on laboratory 
microcosm experiments.

Laboratory Microcosm Experiments
Sediment and Ground-Water Collection  To evaluate  

spatial and seasonal effects on biodegradation pathways and 
rates, microcosms were constructed with shallow wetland 
sediment collected during three seasons (late winter/early 
spring samples in March 1999, summer samples in July 
1999, and fall samples in October 2000) and from two differ-
ent contaminated sites (near piezometer sites WB23 and 
WB30 (fig. 1).  Sites WB23 and WB30 are separated hori-
zontally by a distance of about 9 m (fig. 1).  As part of an 
effort to evaluate the possible effect of pre-exposure to the 
contaminants on degradation, sediment also was collected 
from the upper peat unit at background site WB19 (fig. 1) for 
one microcosm experiment in February–April 1998 (table 
1).  Measurements of dissolved oxygen, ferrous and ferric 
iron, sulfide, and methane indicate that the upper peat unit of 
the wetland sediment at and near sites WB23, WB30, and 
WB19 is methanogenic or mixed iron-reducing and metha-
nogenic (Lorah and others, 1997; Olsen and others, 1997).  
The total organic carbon content in sediment samples col-
lected in the upper 30 cm (centimeters) at or near these two 
sites was between 6.9 and 10.6 percent (Olsen and others, 
1997).  Wetland sediment from the upper peat unit at both 
sites was collected from a depth of 0 to 25 cm below land 
surface.  The sediment was placed in mason jars and packed 
to leave minimum airspace.

Wetland porewater for the microcosms constructed    
with WB23 and WB30 sediment was collected from a nearby 
contaminated piezometer, WB24B (figs. 1 and 3).  The 
chemistry of water from piezometer WB24B is similar to 
that from shallow piezometers at WB23 and WB30, but pie-
zometer WB24B has a more rapid recovery rate during sam-
pling.  For microcosms constructed with sediment from 
background site WB19, wetland porewater was collected 
from piezometer WB19B.  Porewater was collected using     
a peristaltic pump with tubing extended to the top of the 
screened interval.  No effort was made to prevent loss of 
VOCs from the water during sample collection, and the 
water was purged with nitrogen gas immediately prior to 
microcosm construction to remove oxygen that potentially 
was added during sample collection.  Sediment and porewa-
ter for the microcosms were collected during the week prior 
to microcosm construction and then were stored at the 
planned incubation temperature.

Microcosm Preparation and Incubation  All microcosms 
were constructed under a nitrogen atmosphere in 162-mL 
(milliliter) serum bottles using a 1.5:1 volumetric ratio of 
ground water to wetland sediment (with no headspace) and 
incubated upside down in the dark.  All microcosms were 
incubated at the summer temperature of 19 °C (Lorah and 
others, 1997), although an additional set of microcosms in 
the March–April 1999 experiment was incubated at the win-
ter temperature of 5 °C.

Duplicate microcosm bottles were prepared for each 
treatment and sacrificed for chemical and microbiological 
analyses at each time step.  Microcosms generally were  
incubated for 35 to 42 days and sampled at 9 or 11 time steps 
during this period.  One exception was the October 1998 
microcosms, which were designed solely to observe the 
effect of MeOH addition, and were incubated for only 15 to 
20 days and sampled at 5 or 6 time steps (Lorah-Devereux, 
1999).  Experiments included killed controls that were pre-
pared with 1 percent by volume of formaldehyde for each 
treatment.  Unamended live controls that did not contain 
added TeCA or 112TCA also were prepared for each sedi-
ment (WB23 or WB30) used to construct microcosms.  
Water controls (microcosms containing only deionized water 
and amended with TeCA or 112TCA) were constructed to 
account for any potential losses due to volatilization or to 
sorption to the serum bottle or Teflon-coated rubber stop-
pers.  Stock TeCA and 112TCA solutions were made from 
neat chemicals (Supelco, Bellefonte, Pennsylvania) and 
added to microcosms using gas-tight syringes.  Stock solu-
tions that were prepared using only deionized water were 
placed in the dark on magnetic stir plates for 24 hr before 
spiking the microcosms.  For stock solutions mixed in a flask 
with 50 percent water and 50 percent MeOH (table 1), the 
stock solutions were stirred for 4 hr before spiking.  Aliquots 
of the stock solutions were analyzed before addition to the 
microcosms to estimate the injection volumes needed to 
obtain the planned initial concentrations at day 1.  Because 
of expected losses due to sorption during the first 24 hr 
(Lorah and others, 1997; Lorah and Olsen, 1999a), the 
microcosms were spiked on day 0 with a concentration about 
2.4 times greater than the desired initial (day 1) aqueous  
concentration.  Most microcosms were expected to reach   
the wetland sediments’ natural methanogenic conditions 
within several days of incubation, but high sulfate concentra-
tions (11 mM, or millimolar) were added in one treatment to 
induce sulfate-reducing conditions (table 1).  In addition, 
BES, a known specific inhibitor of methanogenesis (Orem-
land and Capone, 1988), was added to one set of TeCA-
amended microcosms (table 1).

Geochemical and Microbial Community Analyses  At 
each time step, supernatant from duplicate microcosm bot-
tles was withdrawn for analyses of pH, VOCs, ferrous iron, 
sulfate, and CH4 by the same methods as previously reported 
(Lorah and others, 1997; Lorah and Olsen, 1999a, b).  The 
initial pH in all microcosms ranged from 6.2 to 6.6, which is 
in the range of pH measured in the wetland porewater in the 
field (Lorah and others, 1997; Lorah and Olsen, 1999b), and 
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increased to as high as 7.2 at the end of the experiments.  
VOCs were analyzed at the on-site laboratory facility at 
APG using a purge and trap capillary gas chromatography/
mass spectrometry (GC/MS) method that is equivalent to 
U.S. Environmental Protection Agency Method 524.2 (Rose 
and Schroeder, 1995).  Average relative percent differences 
for analyses of replicate VOC samples ranged from 5 to      
13 percent for TeCA and its potential daughter compounds 
(Spencer and others, 2002).  Samples for ferrous iron were 
filtered through 0.2-µm (micrometer) filters and analyzed 
on-site by the colorimetric bipyridine technique.  Sulfate was 
determined on 0.45-µm filtered samples by ion chromatogra-
phy.  Methane was determined by collecting unfiltered water 
in sealed serum bottles and analyzing the headspace by gas 
chromatography with a flame ionization detector (GC/FID) 
at the on-site laboratory.  Methane concentration in the water 
then was calculated using the ideal gas law and Henry’s Law 
constant (Baedecker and Cozzarelli, 1992).

After supernatant was removed for chemical analyses at 
each time interval, the remaining sediment slurry from the 
microcosms was transferred to plastic bags and immediately 
frozen for later microbial analyses.  For most experiments, 
sediment samples from the sites used in microcosm con-
struction also were collected in the field and immediately 
frozen for microbial analyses.  The bacterial and methano-
gen communities from TeCA- or 112TCA-amended micro-
cosm slurries were characterized using a polymerase chain 
reaction (PCR) procedure of amplifying specific targeted 
DNA and performing terminal restriction fragment length 
polymorphism (TRFLP) analysis on the PCR products 
(Clement and others, 1998).  TRFLP provides a molecularly 
derived microbial "fingerprint" that provides a relative esti-
mate of the total microbial abundance and of the diversity of 
bacterial and methanogen communities.  In order to evaluate 
bacterial communities, 16S rDNA was targeted for analysis 
because it codes for a molecule present in all bacteria.  For 
microcosm samples from the March–April 1999 experiment, 
a newly available nested PCR methodology also was used 
that targeted specific dehalorespiratory bacteria (Löffler and 
others, 2000).  The two primer pairs are specific to hyper-
variable regions of the 16S rRNA genes of the Dehalococ-
coides group (Dehalococcoides ethenogenes and Dehalococ-
coides sp. strain FL2) and of the acetate-oxidizing Desulfu-
romonas group (Desulfuromonas sp. strain BB1 and Des-
ulfuromonas chloroethenica) (Löffler and others, 2000).

To characterize the methanogenic community, a key 
functional gene involved in methanogenesis, mcrA, was 
amplified and analyzed.  The gene mcrA codes for the 
enzyme methylcoreductase that is involved in the final reac-
tion in methanogenesis, which is release of CH4 after reduc-
tion of a methyl group bound to a coenzyme (Klein and 
others, 1988).  The size of the PCR mcrA products (464 and 
481 base pairs, respectively) differs between the Methanosa-
rcinaceae, the only group that contains acetate-utilizing 
methanogens (acetoclasts), and the other main methanogen 
groups Methanococcales, Methanobacteriales, and Metha-
nomicrobiales.  Because of this fragment length heterogene-

ity, the proportion of Methanosarcinaceae in the total 
methanogen community can be determined to evaluate the 
potential importance of acetoclasts in the microcosm experi-
ments.

To obtain the TRFLP profiles, DNA was extracted from 
the same amount of sediment for all samples, re-suspended 
in the same volume of buffer, and the same volume was   
subsequently used to amplify and digest the samples.  Sam-
ple TRFLP profiles, therefore, were normalized to equal 
amounts of sediment.  DNA was extracted from microcosm 
slurries or surficial sediments using the Bio101 FastDNA 
spin kit for soil according to manufacturer’s instructions 
(Bio101 Inc., Vista, California).  PCR was performed to 
amplify a portion of the bacterial 16S rDNA using the prim-
ers 46 forward with a fluorescent tag (FAM) and 519 reverse 
(Brunk and others, 1996) at a concentration of 0.2 µΜ.  PCR 
conditions were as follows:  one cycle of 94 °C for 5 minutes 
followed by 30 cycles of 94 °C for 30 seconds, 56 °C for 
30 seconds, 72 °C for 90 seconds, and a final extension for   
7 minutes at 72 °C.  McrA DNA amplifications were per-
formed using the degenerate mcrA oligonucleotide primer 
pair described by Luton (1996) at 0.2 µM, except the for-
ward primer was labeled with the fluorescent tag FAM.  PCR 
conditions were as follows:  one cycle of 94 °C for 5 minutes 
followed by 38 cycles of 94 °C for 45 seconds, 56 °C for 45 
seconds, and 72 °C for 2 minutes, with the first four cycles 
employing a slow (50 percent) ramp between the 56°C and 
72 °C incubation.

After amplification, bacterial 16S rDNA amplicons were 
digested with the restriction enzyme MnlI, whereas mcrA 
amplicons were digested with RsaI (New England Biolabs, 
Beverly, Massachusetts) at 37 °C overnight.  Digests were 
precipitated in ethanol, centrifuged, dried, and resuspended 
in Tris-EDTA buffer.  Samples were electrophoresed on      
an ABI310 sequencer (Applied Biosystems, Foster City,  
California), generating a plot called an electropherogram of 
the size (using internal standards TAMRA 500) and the rela-
tive intensity of each fluorescent fragment.  Undigested 
mcrA amplicons also were analyzed to determine the propor-
tion of Methanosarcinaceae in the methanogen population on 
the basis of fragment length heterogeneity.  Biomass in the 
microcosm slurry was estimated from total DNA extracted, 
the intensity of PCR amplifications, and TRFLP peak inten-
sities.

Calculation of Degradation Rates  Biodegradation rates 
were calculated assuming first-order kinetics, as in earlier 
experiments (Lorah and others, 1997).  The apparent biodeg-
radation rate constant, k, was determined from the slope of a 
linear regression of the natural logarithm of the aqueous 
TeCA or 112TCA concentration [ln(TeCA) or ln(112TCA)] 
remaining in the live microcosms against time of incubation.  
The rate constants calculated for the killed controls were 
subtracted from the rate constants in the live microcosm if 
they were greater than the standard error calculated for the 
rate constants in the live microcosms.  Biotic daughter   
products generally were not detected in the killed controls 
during the time periods used to calculate rate constants.  
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After the rate constant k was estimated, biodegradation rates 
of TeCA or 112TCA (units of µM/day) were calculated by 
multiplying k (units of per day) by the initial TeCA or 
112TCA concentration (units of µM) in the experiment.

Laboratory Enrichment Experiments
Enrichment Preparation and Incubation Two types of 

enrichment experiments were done:  (1) enrichment culture 
experiments that were used to select for members of the 
microbial community with the ability to produce VC, and  
(2) VC/sediment enrichments that were used to study the 
potential of the sediment to degrade VC under various 
geochemical and physiological conditions (table 2).  For the 
enrichment culture experiments, sediment slurry from the 
October–November 2000 microcosms that were amended 
with TeCA (no MeOH added) was used as the inoculum to 
examine VC production from different precursors (table 2).  
After sampling the microcosm bottles on day 39, which 
required removal of about 7 percent of the liquid, the micro-
cosm bottles were resealed with an anaerobic headspace of 
95 percent nitrogen and 5 percent carbon dioxide and prein-
cubated for an additional 6 weeks at room temperature 
(microcosms were methanogenic and depleted of VOCs by 
this time).  After this preincubation, 10 mL of microcosm 
slurry from WB23 and WB30 treatments was added to      
100 mL of a bicarbonate-buffered (pH of 6.8) anaerobic 
enrichment medium in a 160-mL serum bottle.  The remain-
ing 50 mL of headspace in the bottles initially contained     
80 percent nitrogen and 20 percent carbon dioxide.  The 
enrichment medium contained nutrients and minerals      
(500 mg/L of NH4Cl, 600 mg/L of NaH2PO4, and 100 mg/
L of KCl), a suite of vitamins and trace minerals, yeast 
extract  (50 mg/L), and cysteine HCl (250 mg/L) as a reduc-
tant.  Each enrichment culture was amended with one of 
three potential precursors of VC (112TCA, cDCE, and 
tDCE) as the electron acceptor (table 2).  These compounds 
were added as neat liquids.  The enrichment cultures were 
given a non-fermentable electron donor of either acetate (5 
mM) or hydrogen (H2) (10mL overpressure in the head-
space).   Bottles were inverted, incubated at room tempera-
ture, and a small subsample of the headspace was removed 
periodically to monitor VOC concentrations.

  Three sets of VC/sediment enrichment experiments 
were conducted (table 2).  The first two VC/sediment enrich-
ments were designed to evaluate the effects of redox condi-
tion and spatial variability in the wetland sediment on VC 
degradation, whereas the third experiment was designed to 
evaluate the effect of pre-exposure of the sediment to VOCs 
on VC degradation (table 2).  The concentration of VC pro-
vided to the enrichments represented a concentration about  
7 times higher than that observed during the peak accumula-
tion of VC in the microcosms.  The first VC/sediment 
enrichment was constructed using sediment slurries from the 
TeCA-amended (no MeOH added) microcosms constructed 
in October–November 2000.  The microcosm slurries were 
preincubated as described above to deplete sulfate, iron, and 
VOCs.  After preincubation, sediment slurry (10 mL) was 
placed in a pressure tube (28 mL), and 1 mL of 1 percent VC 

gas was added.  Some treatments also received ferric iron 
(Fe(III)) in the form of amorphous ferric oxyhydroxide 
(FeOOH) (1 mL of a suspension resulting in a final addition 
of 10 mM Fe(III)) to induce iron-reducing conditions or BES 
(20 or 50 mM) to inhibit methanogenesis.  No excess elec-
tron donor (such as acetate or H2) was added.  Tubes were 
incubated on their sides in order to maximize the surface 
area for exchange of VC across the interface between the 
headspace and the sediment slurry.  The enrichments were 
analyzed for VC, Fe(III), and CH4 concentrations.

For the second VC/sediment enrichment, a test of the 
potential effect of iron-reducing conditions on VC degrada-
tion was repeated, this time using a soluble chelated form of 
ferric iron (Fe(III)-NTA) that is reported to be more readily 
available to iron-reducing bacteria than FeOOH (table 2) 
(Bradley and Chapelle, 1996).  The second VC/sediment 
enrichment was prepared transferring 3 mL of proven VC 
degrading sediment from site WB23 into three tubes.  The 
tubes were resealed, and the headspace was purged with 
nitrogen before amending again with VC.

In April 2001, the third VC/sediment enrichment experi-
ment was performed to evaluate the effect of pre-exposure to 
TeCA on VC degradation (table 2).  Fresh sediment was col-
lected from sites WB23 and WB30 to prepare three sets of 
VC/sediment enrichments for this experiment (table 2).  One 
set of VC/sediment enrichments was amended with VC        
5 days after collection, and this sediment was referred to as 
“fresh.”  A second set of VC/sediment enrichments, referred 
to as “pre-exposed,” was preincubated for 42 days with 
TeCA (7.1 µM added at day 0 to give an initial aqueous con-
centration of about 3.0 µM), using the same methods to pre-
pare and incubate anaerobic microcosms as reported in the 
preceding section on Laboratory Microcosm Experiments.  
A third set of VC/sediment enrichments, referred to as “pre-
incubated,” also was preincubated for 42 days but was not 
amended with TeCA or any other compounds.  Each set of 
VC/sediment enrichments was tested for VC degradation 
(initial VC concentration of 44.6 µM) in triplicate tubes       
of three treatments:  (1) no amendments other than VC;       
(2) amended with amorphous FeOOH; and (3) amended with 
BES (table 2).  In addition, VC was added to killed controls 
to monitor abiotic loss of VC.  The killed controls for the 
“fresh” experiment were poisoned with 1 percent formalde-
hyde.  Sediment for the “preincubated” and “pre-exposed” 
killed controls was autoclaved three times on 3 consecutive 
days for 1 hr each.  Individual tubes were sacrificed over 
time to obtain geochemical and microbial samples.

Geochemical and Microbial Community Analyses  In all 
the enrichment experiments, VC and methane were analyzed 
by injecting 0.3 mL subsample of the headspace onto a 
packed column and measuring with a GC/FID at the USGS 
in Reston, Virginia.  For the April 2001 enrichment experi-
ments, the anaerobic microcosms that were constructed prior 
to preparation of the preincubated and pre-exposed enrich-
ment cultures were monitored periodically for VOCs by  
GC/MS analysis at the on-site laboratory at APG as reported 
in the preceding section for other microcosm experiments.          
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Ferrous and ferric iron concentrations available for microbial 
reduction in the sediment slurries were monitored in the 
April 2001 microcosms using the extraction and ferrozine 
assay technique detailed in Lovley and Phillips (1987).   
Sediment slurry samples were collected at selected time 
intervals for all enrichment experiments for molecular analy-
sis of the microbial communities (as detailed in the preced-
ing section on Laboratory Microcosm Experiments); 
however, these analyses have not been completed yet.

Field Data Collection and Analyses
Surficial Wetland Sediment Samples  To evaluate spatial 

and seasonal variability, grab samples of the surficial wet-
land sediment were collected from 0 to 7.6 cm below land 
surface near piezometer sites along the A-A′ and C-C ′ 
transects in March and August 1999.  The sediment samples   
were frozen immediately and analyzed later for microbial 
communities as detailed previously in the section on Labora-
tory Microcosm Experiments.  Biomass was estimated from 
the TRFLP procedure and also from direct cell counts on 
stained slides.  Cores of the wetland sediment also were   

Table 2.  Treatments used in enrichment experiments with anaerobic daughter products of
1,1,2,2-tetrachloroethane (TeCA) degradation
 [112TCA, 1,1,2-trichloroethane; cDCE, cis-1,2-dichloroethene; tDCE, trans-1,2-dichloroethene; VC, vinyl chloride; FeOOH, ferric 
oxyhydroxide; Fe(III)-NTA; BES, 2-bromoethanesulfonic acid.  Concentrations given in millimolar (mM) or micromolar (µM)]

Sediment Daughter compound added Other amendments

Enrichment Cultures (October–November 2000 Microcosm Slurry)

WB23 (microcosm 23TeCA.10/00) 112TCA (10.8 mM), cDCE (8 mM), or tDCE (14.9 mM) acetate (5 mM)
WB23 (microcosm 23TeCA.10/00) 112TCA (10.8 mM), cDCE (8 mM), or tDCE (14.9 mM) hydrogen
WB30 (microcosm 30TeCA.10/00) 112TCA (10.8 mM), cDCE (8 mM), or tDCE (14.9 mM) acetate (5 mM)
WB30 (microcosm 30TeCA.10/00) 112TCA (10.8 mM), cDCE (8 mM), or tDCE (14.9 mM) hydrogen

VC/Sediment Enrichment Experiment 1 (October–November 2000 Microcosm Slurry)

WB23 (microcosm 23TeCA.10/00) VC (44.6 µM) none
WB23 (microcosm 23TeCA.10/00) VC (44.6 µM) amorphous FeOOH
WB23 (microcosm 23TeCA.10/00) VC (44.6 µM) BES (20 mM)
WB30 (microcosm 30TeCA.10/00) VC (44.6 µM) none
WB30 (microcosm 30TeCA.10/00) VC (44.6 µM) amorphous FeOOH
WB30 (microcosm 30TeCA.10/00) VC (44.6 µM) BES (50 mM)

VC/Sediment Enrichment Experiment 2 (October–November 2000 Microcosm Slurry)

WB23 from Enrichment 1 VC (44.6 µM) none
WB23 from Enrichment 1 VC (44.6 µM) Fe(III)-NTA
WB23 from Enrichment 1 VC (44.6 µM) BES (20 mM)

VC/Sediment Enrichment Experiment 3 (April 2001 Microcosm Slurry)

WB23, fresh, preincubated, and pre-exposed VC (44.6 µM) none
WB23, fresh, preincubated, and pre-exposed VC (44.6 µM) amorphous FeOOH
WB23, fresh, preincubated, and pre-exposed VC (44.6 µM) BES (20 mM)
WB30, fresh, preincubated, and pre-exposed VC (44.6 µM) none
WB30, fresh, preincubated, and  pre-exposed VC (44.6 µM) amorphous FeOOH
WB30, fresh, preincubated, and pre-exposed VC (44.6 µM) BES (20 mM)
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collected at sites WB23 and WB30 (fig. 1) in August 2000 
by hammering a 1.2 m-long, 0.076-m-diameter polyvinyl 
chloride (PVC) pipe with a clear plastic liner into the sedi-
ment.  Depths to the top of the sediment core were measured 
every 30 cm to determine the amount of sediment compac-
tion.  The PVC pipes then were capped before manually 
pulling the PVC pipe from the sediment.  Sediment samples 
from selected depths in these cores were analyzed at the 
USGS laboratory in Reston, Virginia for bioavailable ferrous 
and ferric iron concentrations using the extraction and       
ferrozine assay technique (Lovley and Phillips, 1987).

Ground-Water Samples  Ground-water-quality data col-
lected during 1995 and 2000 from selected piezometers and 
multi-level samplers are used in this report to estimate con-
taminant degradation rates and to compare daughter product 
distributions and redox characteristics in the laboratory 
microcosms to field observations.  Sampling and analytical 
methods for the 1995 data are reported in Lorah and others 
(1997) and Olsen and others (1997).   Sampling and analyti-
cal methods for the 2000 data are reported in Spencer and 
others (2002).   The analytical techniques used in 1995 were 
the same as those used in 2000.

Calculation of Degradation Rates TCE degradation rates 
that were estimated using field data collected along or near 
section A-A′ during June–October 1995 were reported previ-
ously in Lorah and others (2001).  For this report, TeCA  
degradation rates were calculated for the same sites using the 
data reported in Lorah and others (1997) and Olsen and    
others (1997), and the same rate estimation method for TCE 
reported in Lorah and others (2001).  Data from the multi-
level sampler at site WB30 that were collected in June–July 
2000 (Spencer and others, 2002) also are used to calculate 
TeCA and TCE degradation rates using the same estimation 
method.  Field rates of TeCA and TCE degradation were 
estimated using TeCA, TCE, and chloride concentrations 
along upward flowpaths from the shallow aquifer to the top 
of the wetland surface.  At sites selected for rate calculations, 
there were sufficient screened intervals and detectable TeCA 
and TCE concentrations in the wetland porewater to give at 
least two points (usually at least three points) along the flow-
path to estimate rates.  Measured TeCA and TCE concentra-
tions were corrected for the effects of advection, dispersion, 
and dilution by normalization with the conservative tracer 
chloride, using the correction method outlined by Wiede-
meier and others (1998).  Ravi and others (1998) found 
excellent agreement between rate constants estimated with 
this tracer-corrected method and a method that utilizes a one-
dimensional analytical model.  Because TCE degradation 
rates estimated using both chloride and bromide as conserva-
tive constituents at the same sites were essentially the same 
(Lorah and others, 2001), only chloride was used in this 
study.  Because chloride concentrations in the aquifer are in 
the range of 50 to 100 mg/L and the VOC concentrations are 
in the µg/L range (Lorah and others, 1997; 2001), the effect 
of dechlorination reactions on the chloride concentrations 
would be negligible.

The tracer-corrected rates can be assumed to represent           

biodegradation rates if volatilization and sorption effects are 
assumed to be negligible.  Volatilization was shown to be a 
negligible transport mechanism for the volatile contaminants 
in the wetland study area by using sulfur hexafluoride as a 
conservative gas in a ground-water tracer test (L.D. Olsen, 
U.S. Geological Survey, written commun., 2002).  Sorption 
also is assumed to have a negligible effect on the estimated 
field rates because the plume is believed to be at steady state 
(Lorah and others, 1997; Chapelle and Bradley, 1998).  The 
first-order biodegradation rate at each site was estimated by 
linear regression of the natural logarithm of the normalized 
TCE concentration against traveltime along the flowpath.  
The traveltime was calculated using the linear ground-water-
flow velocity in the wetland sediments and the travel dis-
tance measured between the mid-point of each screened 
interval.  The piezometers used for the 1995 calculations 
have 15-cm-long screens, whereas the multi-level sampler 
has 7.5-cm-long screens at each sampling point (Spencer and 
others, 2002).  Linear ground-water-flow velocities between 
0.6 and 0.9 m/yr were estimated using flow-net analyses 
along sections A-A′ and C-C ′, measured horizontal hydrau-
lic conductivities, and estimated vertical hydraulic conduc-
tivities (Lorah and others, 1997).  The maximum of this 
estimated velocity range (0.9 m/yr) was selected for use in 
the original field-estimated TCE degradation rates (Lorah 
and others, 2001) and was used in this report for consistent 
comparison.  Variations of ground-water-flow velocities in 
time and space because of the heterogeneity of the wetland 
sediments and the seasonal and tidal fluctuations in the 
hydraulic gradient still are large, undefined sources of  
uncertainty.

Laboratory Experiments on Anaerobic 
Degradation of 1,1,2,2-Tetrachloroethane and 
Association with Microbial Communities

The following sections discuss the anaerobic degradation 
of TeCA in the laboratory microcosm and enrichment exper-
iments that were conducted during 1998–2001, and the asso-
ciation between degradation pathways and the microbial 
communities in the microcosm sediment.  TeCA degradation 
rates in all the microcosm experiments that were conducted 
at this site, including the previously reported experiment 
(Lorah and others, 1997; Lorah and Olsen, 1999a), are dis-
cussed in the first subsection, providing a partial overview  
of the results.  Understanding the degradation pathways of 
TeCA requires an understanding of the production and     
degradation of the many possible daughter products (fig. 2).  
Ultimately, the feasibility of natural attenuation as a remedi-
ation method for the chlorinated VOC plumes discharging to 
the wetland sediment depends on the fate of these daughter 
products.  Discussion of the many laboratory experiments 
that were conducted (tables 1 and 2), therefore, focuses on 
the daughter products and the possible factors that could 
control their distribution and degradation in the wetland   
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sediments.  Laboratory microcosm and enrichment culture 
experiments that provide information for each factor are   
discussed together and not in chronological order.  Some 
experiments are discussed in more than one section because 
the results have a bearing on more than one factor.   Results 
of the microcosm and enrichment experiments are presented 
as averages of duplicate samples, unless otherwise noted.  
After the first 1 to 3 days of incubation, reproducibility in the 
microcosm experiments generally was within or slightly 
greater than the relative percent difference of the analysis, 
which ranged from 5 to 13 percent for TeCA and its potential 
daughter compounds.

Degradation Rate of 1,1,2,2-Tetrachloroethane
Rapid removal of TeCA from solution occurred in all live 

(no formaldehyde added) microcosm experiments with wet-
land sediment and ground water, regardless of the site at 
which the sediment was collected (table 3; figs. 5–10).  The 
TeCA biodegradation rate was affected substantially, how-
ever, by the addition of MeOH to microcosms and in some 
cases by the season during which the sediment was collected 
(fig. 5a).  Apparent first-order biodegradation rate constants, 
which were corrected for losses in killed (formaldehyde 
added) controls to account for abiotic losses such as sorption 
and volatilization, ranged from 0 to 0.50 per day in the 
WB23 microcosms and from 0.06 to 0.63 per day in the 
WB30 microcosms (table 3).  Figure 5a shows the initial 
apparent rate of TeCA degradation, which is calculated by 
multiplying the initial first-order rate constant estimated for 
each experiment by the initial substrate (TeCA) concentra-
tion (table 3) in each of the microcosm experiments.  The 
slope of the best-fit line through the plotted TeCA degrada-
tion rates against the initial TeCA concentration (using only 
those experiments that did not contain amendments other 
than TeCA) gives the first-order rate constant that best fits 
the studied range of concentrations (from about 1.0 to      
13.0 µmol/L) (fig. 5a).  It should be noted that for many 
experiments, there was a second period of faster TeCA deg-
radation (table 3) after the initial period of degradation that is 
shown in figure 5a.  For the July–August 1999 experiment 
with sediment from site WB23, for example, the initial 
TeCA degradation rate (day 3 to 12) was 0.  Substantial 
TeCA degradation did occur after the initial period of day     
3 to 12, as evidenced by the production of daughter com-
pounds.  A degradation rate was not estimated for this later 
period, however, because a slight rise in TeCA concentra-
tions (that most probably is due to desorption) occurs 
between day 12 and 21 (see fig. 8a).  For other experiments, 
a distinct change in slope in plots of the natural log of TeCA 
concentrations against time was observed and a second rate 
was calculated (table 3).

Plotting the initial TeCA degradation rate for each micro-
cosm gives two distinct lines, with the first-order rate con-
stant about two times higher in the MeOH-amended  
microcosms than in those constructed without MeOH       
(fig. 5a).  Both data groups show a linear increase in degra-
dation rate with initial TeCA concentration, but the trend is 
more evident in the MeOH-amended microcosms because    

they span a larger concentration range.  The 1998 micro-
cosms, which were amended with MeOH in the TeCA stock 
solution, were designed to include three initial TeCA levels, 
whereas the other experiments only targeted one initial con-
centration level (table 1) that was thought to be most repre-
sentative of the average ground-water TeCA concentrations 
in the aquifer (Lorah and others, 1997; Lorah and Olsen, 
1999b).  The first-order rate constant for TeCA biodegrada-
tion in the MeOH-amended microcosms was 0.12 per day, 
corresponding to a half-life of 5.8 days (fig. 5a).  Compared 
to the other microcosms that contained MeOH, the TeCA 
degradation rate was relatively high in the microcosm con-
structed with sediment from the background site WB19, and 
relatively low in the microcosms amended with sulfate and 
BES (fig. 5a).  The first-order rate constant of 0.053 per day 
(half-life of 13 days) estimated for the microcosms without 
MeOH (fig. 5a) is more applicable to natural field condi-
tions.  It is unknown, however, if this first-order estimate     
is applicable to initial TeCA concentrations above about       
3 µmol/L (500 µg/L) (fig. 5a).  The linear increase in biodeg-
radation rate indicates that TeCA is not toxic to the degrad-
ing microorganisms up to an initial TeCA concentration of 
13 µmol/L, and that a maximum degradation rate has not 
been reached as described by Monod kinetic theory for utili-
zation of a single rate limiting substrate (fig. 5a).  A greater 
range in initial concentrations, however, should be investi-
gated to fully describe TeCA degradation kinetics.

The higher degradation rates with addition of MeOH 
may be due to increased bioavailability of the TeCA because 
MeOH increases the solubility of TeCA and decreases sorp-
tion by a cosolvent effect (Schwarzenbach and others, 1993, 
p. 96; Pankow and Cherry, 1996, p. 255).  The higher bio-
availability and degradation rates with MeOH are indicated 
by the high rebound in daughter compound concentrations 
(especially 12DCA) near the end of experiments 23TeCA.2 
and 23TeCA.3 (figs. 6b and 6c).  It is not possible to deter-
mine if this effect occurred in experiment 23TeCA.1, which 
also contained added MeOH, because a shorter incubation 
and sampling period was used (fig. 6a).  After daughter  
compound concentrations decreased to below detection    
levels by day 40 in experiments 23TeCA.2 and 23TeCA.3,  
12DCA concentrations again increased to between 1.5 and 
2.0 µmol/L by day 45, without any rebound in TeCA concen-
trations above the detection level (figs. 6b and 6c).  These 
concentrations indicate desorption of TeCA and subsequent 
rapid biodegradation.  This high of a rebound in concentra-
tions was not evident in the microcosms that were not 
amended with MeOH (figs. 7–9).  In addition, the availabil-
ity of MeOH as a substrate for microorganisms may have 
affected biodegradation rates by altering degradation path-
ways and composition of the microbial community, as dis-
cussed in the section on Daughter Compound Production and 
Degradation.

Seasonally, the lowest initial TeCA biodegradation rate 
was observed in the one set of microcosms conducted during 
the summer (July–August 1999) (table 2; fig. 5a).  In the first 
12 days of the July–August 1999 experiment, the TeCA           
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Table 3.  First-order rate constants and half-lives for degradation of 1,1,2,2-tetrachloroethane

 (TeCA) or 1,1,2-trichloroethane (112TCA) in anaerobic microcosm experiments
 conducted using wetland sediments, May 1996–November 2000
 [Rate constants (± standard error for a 95-percent confidence interval) are presented for the average of duplicate microcosms for each 
experiment. Ci is the concentration (in micromoles per liter, or µmol/L) of TeCA or 112TCA remaining at the first day of the time period 
used to calculate the first-order degradation rate.  Concentrations were corrected for losses in killed controls before determining rates, 
except for BES-TeCA.2, which did not have killed controls.  Dashes indicate not applicable]

Treatment
name

Ci

(µmol/L)

Rate
constant
(day-1 )

Half-life
(days)

Correlation
 coefficient,
      r2

Time
period
(days)

May–June 1996:
30E4 1.2 0.25 ± 0.03 2.8 0.99 4-8

February–April 1998:
23TeCA.1 1.4 0.50 ± 0.14 1.4 .86 2-8
23TeCA.2 3.6 0.28 ± 0.04 2.5 .98 3-9
23TeCA.3 13 0.16 ± 0.04 4.3 .85 3-16
Bck-TeCA.2 3.3 0.39 ± 0.11 1.8 .86 2-11
23SO4-TeCA.2 3.1 0.25 ± 0.04 2.8 .96 2-10

23BES-TeCA.2 3.2 0.15 ± 0.02 4.6 .95 1-12
23TCA.1 2.4 0.38 ± 0.13 1.8 .82 1-9
23TCA.2 6.3 0.46 ± 0.07 1.5 .91 1-16

October 1998:
23TeCA.2 (methanol) 2.8 0.36 ± 0.03 1.9 .98 2-11
23TeCA.2 (no methanol) 2.0 0.16 ± 0.02 4.3 .96 2-14
23TCA.1 (methanol) 1.6 0.58 ± 0.05 1.2 .99 2-8
23TCA.1 (no methanol) 1.9 0.22 ± 0.03 3.2 .95 2-14

March–April 1999:
23TeCA.3/99 2.8 0.15 ± 0.02 4.6 .98 1-9

.73 0.41 ± 0.02 1.7 .99 12-25
30TeCA.3/99 2.2 0.15 ± 0.02 4.6 .92 1-12

.39 0.63 ± 0.02 1.1 1.0 16-25
23TeCA.3/99 3.2 0.22 ± 0.02 3.2 .93 1-35
30TeCA.3/99 2.8 0.32 ± 0.01 2.2  .99 16-25

July–August 1999:
23TeCA.7/99 4.3  0 ± 0.03 A -- -- 3-12
30TeCA.7/99 4.0 0.06 ± 0.03 12 .96 3-9

1.9 0.55 ± 0.17 1.3 .91 21-30
23TCA.7/99 2.4 0.13 ± 0.03 5.3 .92 21-35

October–November 2000:
23TeCA.10/00 2.0 0.16 ± 0.05 4.3 .83 1-19
30TeCA.10/00 2.5 0.10 ± 0.01 6.9 .98 3-10

1.3 0.24 ± 0.01 2.9 .99 10-21
30MeOH.10/00 3.1 0.10 ± 0.05 6.9 .94 1-6

1.9 0.39 ± 0.05 1.8 1.0 6-10
30TCA.10/00 2.6 0.07 ± 0.02 9.6 .85 1-10

1.3 0.27 ± 0.003 2.6 1.0 10-18

A  Substantial TeCA degradation does occur after the initial period of day 3 to 12, as evidenced by the production of daughter compounds.  A degradation rate 
was not estimated, however, because a slight rise in TeCA concentrations (most likely caused by desorption) occurs between day 12 and 21 (see fig. 8a).
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biodegradation rate in the WB23 microcosm was insignifi-
cant after the rate of TeCA loss in the killed controls was     
subtracted from that of the live microcosms (the difference 
was within the standard error for the rate constant of 0.02 per 
day).  The lower concentrations of biotic daughter products 
(all except TCE) in the first 12 days of the July–August 1999 
experiments compared to the March–April 1999 experiments 
also shows the lower TeCA degradation rate in the July–
August 1999 experiments (figs. 7 and 8).  The similar loss of 
TeCA in the killed and live microcosms for the July–August 
1999 experiments constructed from WB23 and WB30 sedi-
ments is evident in figure 8.  For the WB30 microcosms in 
July–August 1999, however, the initial TeCA biodegradation 
rate was significant compared to loss in the killed controls, 
although the rate is relatively low compared to the other 
microcosms (table 3 and fig. 5a).

Comparison of the decrease in TeCA concentrations in 
the live microcosms to the killed controls indicates that    
abiotic processes caused substantial decrease in TeCA con-
centrations at times (figs. 6–9).  During the first 4 to 7 days 
of incubation, some loss of TeCA often was observed  in the 
killed microcosms without concurrent production of biotic 
daughter products and without corresponding losses in the 
water controls.   Sorption to the organic-rich wetland sedi-
ments is the likely cause of most of this abiotic loss of              

                                                                                                            

TeCA in the microcosms.  Volatilization from the microcosm 
bottle or sorption to the microcosm bottle or stopper was 
determined to be insignificant because losses in water      
controls, which were constructed with most experiments 
(table 1), were insignificant (within the relative percent dif-
ference of the analyses) (data on file at the USGS office in 
Baltimore, Maryland).  TCE, which is an abiotic daughter 
product of TeCA, commonly was observed in the killed   
controls, although concentrations were less than 6 percent of 
the initial added TeCA (data on file at the USGS office in 
Baltimore, Maryland).  TCE concentrations in live and killed 
controls were highest in the July–August 1999 microcosms 
and the microcosms incubated at 5 °C, as discussed in the 
section on Seasonal Variability.  As much as 2 percent of   
the TCE observed in all microcosms may have resulted from 
contamination by the neat TeCA used to amend the micro-
cosms.  Analyses of the neat TeCA showed that TCE was   
an impurity, comprising up to 2 percent of the solution.     
The only other daughter compounds observed in the killed 
TeCA-amended microcosms were cDCE and tDCE.  The 
total concentration of these compounds remained below      
10 percent of the initial TeCA concentration during the time 
that complete degradation of TeCA was observed in the   
corresponding live microcosms (generally the first 12 to     
25 days of incubation; figs. 6–9).  Concentrations of   
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12DCE sometimes did increase greatly after this time, possi-
bly indicating the recovery of microorganisms from the 
effect of formaldehyde or the occurrence of abiotic dichlo-
roelimination of TeCA (Lorah and Olsen, 1999a).  TRFLP 
profiles of the microbial communities in the killed controls 
sometimes did indicate the recovery of microorganisms   
near the end of incubations, as discussed in the section on   
Microbial Communities and Associations with Degradation 
Pathways.  Of all the killed microcosm controls conducted, 
the most rapid decrease in TeCA (figs. 6–9) and earliest 
increase in 12DCE were observed in the February–April 
1998 experiments that were amended with TeCA mixed in a 
MeOH solution.  After day 16 in the February–April 1998 
experiments, all the loss of TeCA in the killed controls can 
be attributed to 12DCE production, and over 70 percent of 
the initial TeCA was degraded to 12DCE by the end of the 
experiments (fig. 6a).  Daughter compounds were not 
detected in any 112TCA-amended killed controls, but sorp-
tion losses were similar to those in the TeCA-amended killed 
controls.      

Mass balances between the aqueous TeCA concentration 
and the sum of daughter products produced provide evidence 
that the decrease in TeCA concentrations over time in the 
live microcosms was due largely to degradation of the TeCA, 
rather than to sorption.  In all experiments, production of 
daughter compounds in the live microcosms showed that 
biodegradation of TeCA by microorganisms indigenous to 
the wetland sediments was occurring.  Figure 10 shows the 
sum of daughter compounds (maximum sum at any one time 
step in the experiment) compared to the initial (day 1) TeCA 
concentration for each live microcosm experiment.  Most    
of these points fall close to the 1:1 line that indicates parent 
compound concentration equals the sum of daughter com-
pounds (fig. 10).  The three points that are well below the 1:1 
mass-balance line are the two TeCA-amended microcosm 
experiments in July–August 1999 (23TeCA.7/99 and 
30TeCA.7/99) and the microcosm that was incubated at        
5 °C.  These three microcosm experiments also had the low-
est TeCA degradation rates (table 3), and the lack of mass 
balance reflects the fact that the TeCA was not completely 
degraded within the incubation time of the experiments.  
None of the live controls (microcosms with sediment and 
water that were not amended with TeCA and were incubated 
in the same manner as the amended microcosms) had detect-
able TeCA or daughter compound concentrations throughout 
the experiments.  Desorption and degradation of background 
contaminants in the wetland sediment, therefore, did not 
affect the mass-balance calculations.

In the microcosms that were amended with 112TCA 
rather than TeCA, 112TCA degradation rates were as high  
or higher than TeCA degradation rates (table 3; fig. 5).  The  
first-order rate constant estimated for the 112TCA-amended 
microcosms that contained MeOH was 0.45 per day (corre-
sponding to a half-life of 1.5 days), which was about four 
times faster than TeCA degradation in comparable MeOH-
amended microcosms (fig. 5).  As observed for the TeCA-
amended microcosms, 112TCA degradation rates were about      
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twice as high in microcosms that contained MeOH compared 
to those that did not.  No significant difference was observed 
between the 112TCA degradation rates for microcosms con-
structed with sediment from site WB23 compared to those 
constructed with sediment from site WB30, but few data 
points are available for comparison  (fig. 5b).        

Daughter Compound Production and Degradation
Spatial Variability Although TeCA degradation rates 

were similar in the microcosms constructed with WB23 and 
WB30 sediments (fig. 5), the daughter product distributions 
in the microcosms with the two sediments did show signifi-
cant differences.  In particular, the relative proportions of  
VC produced and degraded differed with the location from 
which the sediment was collected (figs. 7–9; fig. 11). 
Daughter product distributions as molar percentages were 
calculated by dividing the maximum measured concentration 
(in molar units) of each daughter product over the incubation 
period by the initial TeCA concentration in the microcosm 
(fig. 11).  The spatial variability effect on daughter product 
distributions is most clearly observed by comparing the  
WB23 and WB30 microcosms in the March–April 1999 and 
the October–November 2000 (without MeOH added) experi-
ments (fig. 11).  Because the February–April 1998 experi-
ments were constructed only with WB23 sediment and with  
the addition of MeOH (table 1), these experiments will be 
discussed in the section on Substrate Type.  In the July–
August 1999 microcosms, the concentrations of some                     
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daughter compounds still were rising at the end of the     
incubation period because of the slower TeCA degradation 
rates (figs. 5 and 10).  Therefore, the spatial variability in 
daughter compound distributions in the July–August 1999 
microcosms could not be evaluated by comparing peak con-
centrations, as was done for the March–April 1999 and the      
October–November 2000 experiments.          

Spatial Variability of Vinyl Chloride Production—The micro-
cosms constructed with WB23 sediment had lower concen-
trations of VC and 112TCA than those constructed with 
WB30 sediment (fig. 11).  Peak production of VC in the 
microcosms constructed with WB23 sediment was 43 and  
32 percent of the initial TeCA concentrations in the March–
April 1999 and the October–November 2000 experiments, 
respectively.  The peak production of VC in the WB30 
microcosms was about twice as high as that in the WB23 
microcosms (fig. 11).  Similarly, peak production of 112TCA 
was about twice as high in the WB30 microcosms, indicating 
that the higher VC production resulted from a greater pre-
dominance of the 112TCA dichloroelimination pathway in 
these microcosms (pathway 1B in fig. 2).  Because produc-
tion of TCE and 12DCE was about the same in the micro-
cosms constructed with sediment from WB23 and WB30 
(fig. 11), it is unlikely that the higher VC production in the 
microcosms with WB30 sediment resulted from greater 
hydrogenolysis of 12DCE, which can be produced through 
either dichloroelimination or dehydrochlorination of TeCA 
(pathways 2 or 3 in fig. 2).  Further evidence of the pathway 
through which the higher VC is produced in the microcosms 
constructed with WB30 sediments is provided by the distri-
bution of daughter products in the microcosms amended  

with 112TCA, which could produce VC only through dichlo-
roelimination (fig. 12).  The 112TCA-amended microcosms 
constructed with sediment from WB30 also showed twice as 
much VC production as those constructed with sediment 
from WB23 (fig. 12).

A possible alternative explanation for the higher peak 
VC concentrations in the WB30 microcosms compared to 
the WB23 microcosms is that VC degradation was more 
rapid in the WB23 microcosms.  This explanation was dis-
counted, however, by the higher VC degradation that also 
was noted in the WB30 microcosms, as discussed in the   
section on Spatial Variability of VC Degradation.

Although VC production was higher in WB30 micro-
cosms than the WB23 microcosms, it is important to note 
that VC was the predominant daughter compound produced 
from all microcosms in 1999 and 2000 that did not contain 
added MeOH (figs. 7–9; fig. 11).  The high production of 
this compound clearly indicates that VC results from multi-
ple degradation pathways.  Dichloroelimination of 112TCA 
and hydrogenolysis of 12DCE produced through TeCA 
dichloroelimination appear to be the predominant pathways 
of VC production because TCE concentrations generally 
were less than 10 percent of the initial TeCA concentration.  
In all microcosms, 12DCE and 112TCA were produced 
simultaneously and immediately from the beginning of the 
experiment, regardless of the site from which the sediment 
was collected (figs. 7–9).  The spatial variability observed in 
the daughter product distributions results from the predomi-
nant pathway of 112TCA degradation, with the production 
of VC being predominant in the WB30 sediment (fig. 11).   
A correspondingly higher production of 12DCA from    
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112TCA in the WB23 sediment compared to the WB30 sedi-
ment sometimes was observed (fig. 11).  The higher produc-
tion of 12DCA in the WB23 sediment was most evident in 
the March–April 1999 microcosms amended with TeCA  
(fig. 11).   It is possible that the peak concentration of 
12DCA was missed in the October–November 2000 micro-
cosm with WB23 sediment because fewer sampling points 
were obtained during this experiment than during other 
experiments (figs. 9a–b).        

The spatial variability in production of VC in the micro-
cosms shows some association with ferrous iron production 
(from reduction of ferric iron) and CH4 production (figs.    
7–9; fig. 13).  In the March–April 1999 and October–
November 2000 microcosms, iron reduction occurred 
throughout the experiments with WB30 sediment, whereas 
iron concentrations remained relatively low and constant in 
the microcosms with WB23 sediment (figs. 13a–b).  The 
early occurrence of iron reduction in the microcosms with 
WB30 sediment appeared to cause a delay in the onset of 
methanogenesis in these microcosms (figs. 13b and 13d).  
Methanogenesis did not begin in the microcosms with WB30 
sediment until days 16 and 21 in the March–April 1999 and 
October–November 2000 microcosms, respectively (fig. 
13d).  In contrast, methanogenesis was evident from day 1  
in the WB23 microcosms in March–April 1999 (fig. 13c).  
Similarly, the onset of VC production was delayed in the 
microcosms with WB30 sediment compared to those with 
WB23 sediment (figs. 7 and 9).  The onset of 12DCA pro-
duction also was delayed in the microcosms with WB30 sed-
iment compared to those with WB23 sediment, although 

12DCA production generally began before VC production 
(figs. 7 and 9).  The delay in the onset of methanogenesis in 
the WB30 microcosms was associated with a greater accu-
mulation of 112TCA.  When methanogenic conditions did 
occur, 112TCA dichloroelimination to VC may have been 
more rapid than the 112TCA hydrogenolysis to 12DCA, 
resulting in the relatively higher VC production in these 
WB30 microcosms than the WB23 microcosms (fig. 11).  
Alternatively, the WB30 sediment may have a higher preva-
lence of microorganisms that directly or indirectly mediate 
112TCA dichloroelimination to VC than those that can 
mediate 112TCA hydrogenolysis to 12DCA.       

The microcosms that were amended with 112TCA pro-
vide further evidence of the relation between VC and 
12DCA production and methanogenic conditions (figs. 14 
and 15).  In the March–April 1999 and October–November 
2000 microcosms, onset of VC production from 112TCA 
dichloroelimination generally coincided with the onset of 
methanogenesis in microcosms with WB23 and WB30 sedi-
ments (figs. 14 and 15).  In contrast, 112TCA hydrogenoly-
sis to 12DCA occurred prior to the onset of methanogenesis 
in all the microcosms (figs. 14 and 15).  Comparison of the 
steepest slopes of the 12DCA and VC concentration lines 
indicates that 12DCA production is faster or about the same 
as VC production in these microcosms.  Therefore, the dou-
bling of VC production in the 112TCA-amended micro-
cosms constructed with WB30 sediment compared to those 
constructed with the WB23 sediment (fig. 12) is most likely 
due to differences in the microbial communities in the two 
sediments.      

Enrichment cultures amended with 112TCA and 12DCE 
were used to select for members of the microbial community 
with the ability to produce VC and to examine the apparent 
differences in VC production in WB30 wetland sediment 
compared to WB23 wetland sediment (table 2).  Two impor-
tant differences were observed in the biogeochemical reac-
tions in the microcosm experiments compared to those in the 
enrichment culture experiments.  First, although the starting 
microcosm slurry used to inoculate the enrichment cultures 
was methanogenic, methane production was not observed 
during the enrichment culture experiments with either WB23 
or WB30 microcosm slurry.  Because 112TCA dichloroelim-
ination to VC occurred without production of CH4 in these 
enrichment culture experiments, in contrast to the micro-
cosm experiments (figs. 14 and 15), methanogens were not 
necessarily directly involved in this reaction pathway.  Sec-
ond, 12DCA was not produced in any of the 112TCA-
amended enrichment cultures, whereas hydrogenolysis of 
112TCA to 12DCA was an important reaction in the micro-
cosms, especially in those constructed with WB23 sediment.  
These differences between the microcosms and the enrich-
ment cultures are not surprising because the enrichment   
cultures reflect a selection from the original microbial    
community.  Selectivity results from a combination of 
effects, including dilution of the microbial community, cul-
turing conditions differentially affecting growth or activity 
of organisms, and differential sensitivity to VOC toxicity.  
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VOC concentrations added to the enrichment cultures were 
substantially greater than the VOC concentrations added to 
the microcosms (tables 1 and 2).

In enrichment cultures amended with 112TCA, linear 
production of VC began without a lag in enrichments inocu-
lated with either WB23 or WB30 sediments and provided 
with either acetate or H2 as an electron donor (fig. 16a).  
This similar behavior in 112TCA metabolism shows that the 
enrichment cultures reflect selection of a similar sub-compo-
nent of the microbial community from both the WB23 and 
WB30 wetland sediments.  Enrichment cultures with the 
WB23 microcosm slurry produced about twice as much VC 
from 112TCA after 16 days as cultures with the WB30 
microcosm slurry (fig. 16a).  This contrasts with the higher 
VC production from 112TCA dichloroelimination observed 
in the microcosm experiments with WB30 sediment (figs. 11 
and 12).  Apparently, the wetland sediment at site WB23 has 
a higher potential than sediment at site WB30 to degrade 
112TCA to VC that is not expressed in situ.            

The cDCE-amended enrichment cultures inoculated with 
WB30 or WB23 microcosm slurry, respectively, produced 
VC after an initial lag of 6 or 19 days (fig. 16b).  After this 
lag, the amount of VC production in the cDCE-amended 
enrichment cultures surpassed that observed in the 112TCA-
amended enrichment cultures.  Enrichment cultures with the 
WB23 and WB30 microcosm slurries that were amended 
with tDCE also produced VC, but the lag periods before 
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increasing VC concentrations were substantially longer than 
those in the cDCE-amended cultures (fig. 16b).  After the lag 
period, VC production rates in the tDCE-amended cultures 
were similar to those in the cDCE-amended cultures with 
WB30 sediment.  VC concentrations increased exponentially 
in 12DCE-amended enrichment cultures, as opposed to the 
linear increase observed in the 112TCA-amended enrich-
ment cultures (fig. 16).  The exponential increase suggests 
the growth of microbial species that could utilize cDCE with 
either acetate or H2 as the electron donor (fig. 16b).  The 
shorter lag before VC production began in the cDCE-
amended cultures inoculated with WB30 microcosm slurry 
compared to those with WB23 microcosm slurry indicates 
that the WB30 inoculation provided a higher number of 
these microorganisms or a more active population.

To summarize, the enrichment culture results indicated 
that the WB30 sediment has a higher capacity to produce VC 
from cDCE than the WB23 sediment does, whereas the 
WB23 sediment has a higher capacity to produce VC from 
112TCA than the WB30 sediment does.   In contrast, micro-
cosm results indicated that the WB30 sediment has a higher 
capacity to produce VC from 112TCA than the WB23 sedi-
ment does, whereas there was no apparent difference in the 
capacity of the two sediments to produce VC from 12DCE 

(at least in the March–April 1999 and October–November 
2000 microcosms discussed here).  The combined micro-
cosm and enrichment culture results, therefore, indicate that 
both sediments have the microorganisms necessary to carry 
out these VC production reactions, but their population size 
or activity varies with conditions such as redox or toxicity 
effects.  For example, the apparent difference in the capaci-
ties of the sediment to produce VC from dichloroelimination 
of 112TCA in the microcosm compared to the enrichment 
cultures could be associated with the difference in methane 
production in the two types of experiments.  The immediate 
and linear increase in VC concentrations from 112TCA deg-
radation suggests that the enrichment cultures did not select 
for the growth of a microorganism with 112TCA-degrading 
metabolic capability, unlike the cDCE degradation reaction 
in the enrichment cultures.  The linear increase and implied 
lack of growth indicates that the organisms may not be deriv-
ing energy from the 112TCA dichloroelimination reaction 
and that the reaction is cometabolic under the non-methano-
genic conditions in the enrichment cultures.  It is possible 
that a cometabolic 112TCA dichloroelimination reaction was 
enhanced in the methanogenic microcosms with WB30    
sediment compared to WB23 sediment because a specific 
methanogen species or group that enhances this dichloro- 
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elimination reaction was more prominent at site WB30.  
Alternatively, a microorganism capable of utilizing 112TCA 
for growth may be active in the WB30 sediment under meth-
anogenic conditions, adding to the cometabolic reaction and 
causing the approximate doubling of VC production in the 
112TCA-amended microcosms constructed with WB30 sedi-
ment compared to those constructed with the WB23 sedi-
ment (fig. 12).

Spatial Variability of Vinyl Chloride Degradation—The greater 
production of VC in surficial wetland sediment from site 
WB30 could be of concern because of the highly toxic nature 
of this daughter compound.  However, all microcosms con-
structed with WB30 sediment also showed a greater capacity 
to degrade VC than those constructed with WB23 sediment.  
For example, in the March–April 1999 microcosms con-
structed with WB23 sediment, VC concentrations increased 
beginning at day 9 and then remained approximately con-
stant from day 30 through day 42 (end of the experiment) 
(fig. 7a).  In the March–April 1999 microcosms constructed 
with WB30 sediment (and without MeOH), VC concentra-
tions increased rapidly between days 16 and 25 and then 
decreased by approximately 50 percent over the next 5 days 
(fig. 7b).   The greater VC degradation in wetland sediment 
from WB30 was a consistent characteristic of all micro-
cosms conducted during 1996–2000 (fig. 17).  The percent 
of VC degraded, calculated using the peak VC concentration 
detected during each experiment and the VC concentration 
remaining at the end of each experiment, was greater than 30 
percent and as high as 96 percent in the microcosms con-
structed with WB30 sediment.  In contrast, the percent of VC 
degraded was between 0 and 14 percent in the microcosms 
with WB23 sediment without MeOH added (fig. 17).        

The spatial variability in VC degradation that was 
observed in microcosms constructed with wetland sediment 
from sites WB23 and WB30 (fig. 17) also was investigated 
further with VC/sediment enrichment experiments (table 2).  
The removal rates of VC and the production of methane in 
enrichments with the two sediment slurries were similar after 
extended incubation under methanogenic conditions (fig. 
18).  The WB23 and WB30 wetland sediment, therefore, 
showed an equally large capacity to degrade high concentra-
tions of VC (44.6 µM, or 2,750 µg/L) after pre-exposure to 
the contaminants and prolonged incubation under methano-
genic conditions (the effects of added BES or iron are dis-
cussed in the section on Redox Conditions).  VC degradation 
was rapid under methanogenic conditions, with 90 percent of 
the initial VC removed in 15 days (fig. 18).

Although VC production and degradation clearly are 
important processes in the wetland microcosms, the path-
ways of VC degradation could not be determined defini-
tively from the microcosm or enrichment experiments.  
Degradation of VC by hydrogenolysis would result in      
production of ethene and/or ethane.  Ethene and ethane,       
however, were detected infrequently in the microcosm 
experiments and in trace concentrations.  Ethene and ethane 
also were not detected in the VC/sediment enrichment exper-
iments.   Either these compounds were not daughter products 

of the TeCA and 112TCA degradation, or ethene and/or 
ethane degradation rates were much faster than the VC    
degradation rate so that they did not accumulate in the 
microcosms.  In preliminary enrichment experiments, ethene 
was added to sediment slurries from WB23 and WB30 that 
had been exposed previously to VC in VC/sediment enrich-
ment experiments.  VC degradation was much faster than 
ethene degradation in these enrichments, and no substantial 
accumulation of ethene was observed (data on file at USGS, 
Reston, Virginia).  Ethene was degraded to ethane in the  
VC-adapted, ethene-amended sediment with WB23 sedi-
ment but was not degraded (or showed very limited degrada-
tion) in the amended WB30 sediment.  These results indicate 
that the primary pathway of VC degradation does not pro-
duce ethene in these wetland sediments, but duplicate exper-
iments with sediment spiked with VC and ethene at the same 
time would need to be conducted in order to directly com-
pare the rates of degradation.  Studies by Bradley and 
Chapelle (1996, 1998, 1999a,b, 2000) indicated that anaero-
bic oxidation of VC can occur, producing CO2 or both CH4 
and CO2 as the end products (fig. 2).  The micromolar con-
centrations of CH4 and CO2 that would be produced from 
this VC oxidation could not be discerned from the ambient 
CH4 and CO2 produced by other natural organic carbon   
substrates in the wetland sediment, unless experiments with 
radiolabeled VOCs were conducted.       
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Seasonal  Variability The greatest seasonal variability   
in the microcosm experiments incubated under the same 
temperature of 19 °C was the substantially lower TeCA   
degradation rates and lower daughter compound production 
in microcosms constructed with wetland sediment collected 
in the summer (July 1999) compared to those constructed 
with sediment collected in the late winter/early spring (early 
March 1999) or fall (October 1999) (figs. 5a and 10).  Except 
for the abiotic daughter product TCE, the peak daughter 
product concentrations in the July–August 1999 microcosms 
generally were lower and occurred after a longer incubation 
time than those in the March–April 1999 experiments (figs. 
7 and 8).  TCE was present between day 1 and 16 in the 
March–April 1999 experiments, but comprised only about   
3 percent of the initial TeCA added (figs. 7 and 11a).   In 
contrast, TCE was present from days 1 through 35 in the 
July–August 1999 experiment and comprised 7.2 percent of 
the initial TeCA, which is more than twice the TCE observed 
in March–April 1999 (fig. 8).  TCE also was a more promi-
nent daughter product in the October–November 2000 
experiment than in the March–April 1999 experiment (fig. 
11).  The broader peaks for the daughter products over time 
indicate that production and degradation of the daughter 
compounds also was slower for the October–November 

2000 experiment, although not as slow as for the July–
August 1999 experiment (figs. 7–9).  It should be noted that 
the October–November 2000 microcosm experiment with 
sediment from WB23 had fewer sampling times than the 
other experiments and, as a consequence, peak concentra-
tions of some of the daughter products may have been 
missed.

There were two other differences between the July–
August 1999 microcosm experiments and the March–April 
1999 and October–November 2000 microcosm experiments.  
First, the July–August 1999 microcosms amended with 
TeCA and 112TCA did not show a relation between VC   
production and methane production.  VC production was 
observed by day 6 in the WB30 microcosms in the July–   
August 1999 experiment (fig. 8b), although methane produc-
tion was minimal by day 6 and remained low throughout 
incubation (figs. 13 c–d).   In contrast, VC production in the 
WB30 microcosms in March–April 1999 coincided with an 
increase in methane concentrations from day 16 to 21 (figs. 
7b and 13d).  Second, VC production began earlier in the 
microcosms constructed with WB30 sediment than those 
constructed with WB23 sediment in the July–August 1999 
experiment, whereas VC production was delayed in the 
WB30 microcosms compared to WB23 microcosms in the 
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March–April 1999 and October–November 2000 experi-
ments (figs. 7–9).

To evaluate the effect of seasonal changes in temperature 
on degradation, one set of microcosms was constructed with 
sediment from site WB23 in early March 1999, when ice 
was present on the surface of the wetland, and incubated at   
5 °C.   Substantial but slower degradation of TeCA was 
observed at the cold temperature of 5 °C compared to 19 °C.  
About 50 percent of the initial TeCA in solution was con-
verted to daughter products within the 35-day incubation 
period at 5 °C, whereas complete loss of the added TeCA 
occurred within 21 days in duplicate microcosms incubated 
at 19 °C (table 4; figs. 7a and 10).  Of the remaining 50 per-
cent of the initial TeCA in the 5 °C microcosms, 20 percent 
was in solution at day 35, while the rest most likely was 
sorbed to the sediment based on comparison to killed con-
trols (data not shown).  The daughter product distributions 
over time (data not shown) and the maximum percentages of 
each daughter product (table 4) in the 5 °C microcosms were 
similar to the July–August 1999 experiment that was con-
ducted at 19 °C.  The abiotic daughter product TCE com-
prised 7.4 percent of the initial TeCA in the microcosms that 
were incubated at 5 °C.  Methane production was negligible 
in the 5 °C microcosms, and also was low in the July–August 
1999 experiment that was conducted at 19 °C compared to 
the March–April 1999 experiment (fig. 13c).

The relatively slow degradation rate in July–August 1999 
microcosms incubated at 19 °C compared to other micro-
cosms incubated at this temperature and the similarities 
between the summer experiment (July–August 1999) and    
microcosms incubated at 5 °C were unexpected.  Because 
microbial growth and activity generally increases with              

increasing temperature, higher microbial biomass and higher 
degradation rates were expected with sediment collected in 
the summer compared to sediment collected during late win-
ter/early spring.  Instead, seasonal variation in TeCA biodeg-
radation in the surficial wetland sediments did not seem to be 
associated with temperature effects.  The trend observed was 
highest degradation in the winter/early spring and lowest 
degradation in the summer, followed by increasing degrada-
tion in the fall.  The degradation of TeCA and the production 
and degradation of daughter compounds in the microcosms 
constructed in March 1999 with sediment from site WB30 
was similar to that in the May 1996 microcosms (figs. 3 and 
7b), indicating some consistency in this seasonal trend from 
year to year.

 Substrate Type  Production and degradation of VC     
varied with the substrate type added to microcosms and 
enrichment experiments.  The effect of MeOH as a substrate 
during TeCA degradation was tested inadvertently in the 
February–April 1998 experiments when TeCA and 112TCA 
stock solutions used to amend the microcosms were mixed in 
MeOH.  The February–April 1998 experiments that were 
amended with TeCA and prepared with sediment from site 
WB23 (except the background experiment Bck-TeCA.2), 
had substantially higher 12DCA and lower VC concentra-
tions than experiments constructed without MeOH (figs. 6, 
11, and 19a).  Methane production also was substantially 
higher in these MeOH-amended microcosms.  Methane con-
centrations increased above 1,500 µmol/L after 20 days of 
incubation in the MeOH-amended experiments 23TeCA.2 
and 23TeCA.3 (fig. 20), compared to less than 800 µmol/L in 
microcosms without MeOH and amended with similar initial 
TeCA concentrations (fig. 13 c).

                                                                                                       

       

     

Table 4.  Percentage of each daughter product observed in the TeCA-amended microcosms constructed 
with sediment from site WB23 and incubated at 5 degrees Celsius (experiment 23TeCA5.3/99) 
compared to those incubated at 19 degrees Celsius in March–April 1999 (experiment 
23TeCA.3/99) and July–August 1999 (experiment 23TeCA.7/99) A

 [112TCA, 1,1,2-trichloroethane; 12DCA, 1,2-dichloroethane; CA, chloroethane; TCE, trichloroethene; 12DCE, cis-1,2-dichloroethene and 
trans-1,2-dichloroethene; VC, vinyl chloride]

Experiment name 112TCA 12DCA CA TCE 12DCE VC Total B

23TeCA.3/99 (19 °C) 16 29 0 3.1 25 43 116

23TeCA.7/99 (19 °C) 21   3.8 0 7.2 16 16   64

23TeCA5.3/99 (5 °C) 20   6.3 0 7.4 14   1.8   50

A   To calculate percentages, maximum molar concentrations were used for each daughter product observed over the course of the experiment and divided by 
the initial TeCA molar concentration.  Note that as much as 2 percent of the TCE may have resulted from contamination by the neat TeCA used to 
amend the microcosms.

B  Sum of the percentages of daughter products observed over the course of the experiment.
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The February–April 1998 experiment was designed 
largely to elucidate whether VC, which was one of the pre-
dominant daughter products observed in the first experiment 
conducted in 1996, was produced mainly from dichloroelim-
ination of 112TCA or from hydrogenolysis of 12DCE.  VC, 
however, was a relatively minor daughter product of TeCA 
and 112TCA degradation in the February–April 1998 experi-
ment compared to other microcosm experiments that did not 
contain MeOH (figs. 11, 12, and 19).   It appears that the dif-
ferences between the two experiments resulted primarily 
from differing pathways of 112TCA degradation, rather than 
from differences in the initial TeCA degradation pathway.  
Similar percentages of 12DCE were observed in all TeCA-
amended microcosms (figs. 11 and 19a), indicating that the 
proportion of TeCA degrading by hydrogenolysis and 
dichloroelimination was similar in all experiments.  The 
112TCA produced from hydrogenolysis of TeCA subse-
quently may have degraded predominantly by continued 
hydrogenolysis to 12DCA in the MeOH-amended micro-
cosms and predominantly by dichloroelimination to VC in 
microcosms without MeOH (figs. 11 and 19).  VC produc-
tion was lower in 112TCA-amended microcosms with 
WB23 sediment when MeOH was added (fig. 19b).  VC pro-
duction accounted for about 20 percent of the 112TCA 
degraded in the March–April 1999 experiment when MeOH 

was not added, and only 4 percent in the February–April 
1998 when MeOH was added.  It is possible that the differ-
ences in the peak VC concentrations are due partly to differ-
ences in VC degradation rates, rather than VC production 
rates.  Faster VC degradation in the MeOH-amended micro-
cosms could result in lower peak VC concentrations than     
in those without MeOH.  In fact, all the VC measured in    
the TeCA-amended microcosms with MeOH from the     
February–April 1998 experiment was degraded by the end  
of the incubation period, and the percent VC degraded was 
higher in these experiments than in other microcosms that 
did not contain added MeOH (fig. 17).  As discussed earlier 
for the microcosms without MeOH, ethene and ethane were 
not detected or were detected only at trace concentrations in    
the microcosms.        

The addition of MeOH to microcosms with sediment 
from site WB23 enhanced the spatial variability effect that 
was discussed in a previous section.  A short microcosm 
experiment that was conducted in October 1998 was 
designed to test the TeCA degradation in microcosms con-
structed with WB23 sediment with and without added 
MeOH (table 1).  These results indicated that added MeOH 
alone did not cause the high 12DCA and low VC concentra-
tions observed in the February–April 1998 microcosms with 
WB23 sediment (Lorah-Devereux, 1999).  The 1999 experi-
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ments comparing degradation in WB23 and WB30 sedi-
ments confirmed that WB23 sediments produced more 
12DCA and less VC even without the addition of MeOH 
(figs. 11 and 19).  The use of MeOH increased VC degrada-
tion, however, whereas the sediment from site WB23 
showed a lower ability to degrade VC than sediment from 
site WB30 did in the microcosms without MeOH (fig. 17).  
In October–November 2000, microcosms with and without 
added MeOH also were compared for WB30 sediment (fig. 
11b).  These results showed that MeOH also increased 
12DCA production and decreased observed VC production 
in WB30 surficial wetland sediment (fig. 11b).  Methanol 
addition increased methane production in microcosms with 
WB23 (Lorah-Devereux, 1999) and WB30 sediment (fig. 
13d).

Concentrations of 12DCA decreased in the 112TCA-
amended microcosms after about 15 days of incubation, 
whether or not MeOH was added (Lorah-Devereux, 1999; 
fig. 14a).  In the 1998 experiments with MeOH, however, the 
12DCA hydrogenolysis product chloroethane (fig. 2) was 
observed whereas it was not detected in the experiments 
without MeOH (fig. 19b).  Possibly, the dichloroelimination 
degradation pathway for 12DCA (fig. 2) is predominant in 
the microcosms without MeOH, as it is for 112TCA degra-
dation.  Dichloroelimination of 12DCA produces ethene, 
which also was not detected in any of these microcosms,        
however.

The effect of hydrogen and acetate as available substrates 
during VC production was examined in enrichment culture 
experiments amended with 112TCA, cDCE, or tDCE (table 
2).  VC production from all three precursors occurred with-
out methane production in the enrichment culture experi-
ments.  VC was produced from 112TCA immediately and 
linearly without significant difference between enrichment 
cultures incubated with the different substrates (fig. 16a).  In 
contrast, there was a lag in VC production from cDCE and 
tDCE followed by an exponential increase (fig. 16b).  
Although VC was produced in 12DCE-enrichment cultures 
with acetate as a substrate, VC concentrations after 20 days 
of incubation were more than three times higher when 
hydrogen was the added substrate.  Ethene was produced in 
high concentrations only in enrichment cultures supplied 
with hydrogen.  These results indicate that the pathway and 
efficiency of VC production and degradation varied with 
substrate type.

Redox Conditions  The availability of different terminal 
electron acceptors under different redox conditions causes 
varying pathways and efficiencies of TeCA and daughter 
compound production and degradation.  The effect of metha-
nogenic and sulfate-reducing conditions on TeCA degrada-
tion was investigated in the February–April 1998 microcosm 
experiments by addition of BES as a methanogenic inhibitor 
or by addition of sulfate as an alternate electron acceptor 
(table 1; figs. 21 and 22).  Methanol was added to all micro-
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cosms in the February–April 1998 experiment, and its possi-
ble effect on the BES- and sulfate-amended results is 
unknown.  The effect of BES as a methanogenic inhibitor 
and of iron as a terminal electron acceptor on VC degrada-
tion was evaluated in VC/sediment enrichment experiments 
(table 2).            

Addition of BES to February–April 1998 microcosms 
did inhibit methanogenic activity significantly, although a 
slight increase in methane concentrations was observed over 
the 41-day incubation (fig. 22b).  Of the MeOH-amended 
microcosms, TeCA degradation rates were lowest in those 
amended with BES (fig. 5a).  The half-life of 4.6 days for 
TeCA in the BES-amended microcosms still was low, how-
ever, indicating that methanogenic activity was not neces-
sary for TeCA degradation to occur.  Substantial production 
of 112TCA, 12DCA, and 12DCE occurred in the BES-
amended microcosms, indicating that methanogens were not 
directly involved in the production of these compounds (fig. 
21).  Peak concentrations of 112TCA, 12DCA, and 12DCE 
in the BES-amended microcosms were about the same or 
higher than those in the treatment without BES that had a 
similar initial TeCA concentration (23TeCA.2) (fig. 19a).  
VC and chloroethane (CA) production, however, were sub-
stantially lower in the BES-amended microcosms than in 
23TeCA.2 (fig. 19a).  The lower VC production in the BES-
amended microcosms is consistent with the association 
noted between onset of methane production and of VC pro-

duction from 112TCA dichloroelimination in the micro-
cosms (figs. 14 and 15).

Methanogenic activity also was important in degradation 
of the daughter products 12DCE and VC, whereas 12DCA 
degradation was unaffected by BES addition (fig. 21). 
12DCE and VC were degraded to below detection levels by 
day 40 in the methanogenic microcosms, but their concentra-
tions remained approximately constant from days 25 through 
40 in the BES-amended microcosms (figs. 6b and 21).  In the 
sulfate-reducing microcosms where methane production was 
not evident after day 16, the approximately constant 12DCE 
and VC concentrations from day 16 through 46 indicated 
that degradation of 12DCE and VC also was negligible (fig. 
22).  In previous TCE-amended microcosms with wetland 
sediment from site WB30, similar inhibition of 12DCE and 
VC degradation in BES-amended microcosms and under sul-
fate-reducing conditions was observed (Lorah and others, 
1997; Lorah and others, 2001).  Other laboratory and field 
studies have shown that reductive dechlorination of 12DCE 
and VC is partially or completely inhibited under sulfate-
reducing conditions compared to methanogenic conditions 
(Bagley and Gossett, 1990; Kästner, 1991; Pavlostathis and 
Zhuang, 1991; Semprini and others, 1995).

Early experiments by Bradley and Chapelle (1996) indi-
cated that oxidation of VC occurred under iron-reducing 
conditions.  Because the WB30 sediments that showed a 
greater capacity to degrade VC in the microcosm experi-
ments were initially iron-reducing (figs. 13 and 17), this pos-
sible oxidation pathway was investigated in the VC/sediment 
enrichment experiments by adding FeOOH to induce iron-
reducing conditions in the methanogenic sediments.  Iron 
reduction occurred and methanogenesis was inhibited in 
these FeOOH-amended cultures (fig. 18).  VC degradation 
was inhibited in the iron-reducing enrichments, indicating 
that anaerobic oxidation of VC by iron-reducing bacteria did 
not occur (fig. 18).  The addition of a more bioavailable,  
chelated form of iron (Fe(III)-NTA) also did not stimulate 
degradation under iron-reducing conditions (data on file at 
USGS, Reston, Virginia).  Substantial degradation of VC in 
the VC/sediment enrichments was observed only under 
methanogenic conditions.  Inhibition of methanogenesis by 
BES inhibited VC degradation in the enrichment experi-
ments, as observed in the microcosm experiments (figs. 18 
and 21).  None of these sediment incubation experiments, 
however, can discern between an oxidation reaction (produc-
tion of CH4 and CO2) and a reduction reaction (production 
of ethene or ethane) for the VC degradation observed under 
methanogenic conditions.

Toxicity Although the linear increase in TeCA degrada-
tion rates indicates that TeCA concentrations up to               
13 µmol/L were not noticeably toxic to the microorganisms 
responsible for the degradation (fig. 5a), methanogenic 
activity appeared to be partially inhibited in microcosms 
with the highest initial TeCA concentration (23TeCA.3), as 
shown by a slower increase in methane concentrations than 
observed at lower initial TeCA concentrations (23TeCA.1 
and 23TeCA.2) (fig. 20a).  Methane concentrations of about 
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2,000 µmol/L were reached by day 15 at the lower initial 
TeCA concentrations and by later than day 22 at the highest 
initial TeCA concentration (fig. 20a).  In addition, at the 
highest initial TeCA concentration (23TeCA.3), the greatest 
time lag was observed between the peak concentrations of 
112TCA and 12DCA, and the peak 112TCA concentration 
was substantially higher than the peak 12DCA concentration 
(fig. 6).  Microcosm experiment 23TeCA.3 with the highest 
initial TeCA concentration also showed the lowest percent-
age of CA (fig. 19a).  These results indicate that hydrogenol-
ysis of 112TCA to 12DCA and CA was inhibited at the 
highest initial TeCA concentration, at least in microcosms 
amended with MeOH.

For the two initial concentrations of 112TCA that were 
tested in February–April 1998 (2.4 and 6.3 µmol/L), no toxic 
effect was observed on methanogenic activity, and rapid 
112TCA degradation rates occurred (figs. 5b and 20b).  In 
enrichment cultures that were amended with much higher 
concentrations of 112TCA (10.8 millimolar, see table 2), 
degradation of 112TCA to VC did occur but without CH4 
production (fig. 16).   Thus, the methanogenic community in 
the original microcosm slurry used for the enrichment cul-
tures may have been inhibited by the 112TCA, although 
selective effects of dilution and the enrichment medium also 

could have affected methanogen growth in the enrichment 
cultures.  Microcosms in the October–November 2000 
experiment that were constructed using sediment from site 
WB30 and amended with 3.6 µmol/L of 12DCA showed no 
degradation or methanogenic activity.  Decreases in 12DCA 
concentrations in the live microcosms were not different 
from those in the killed controls throughout the 30-day incu-
bation, and production of CA or ethane was not observed 
(data on file at the USGS office in Baltimore, Maryland).  
Therefore, 12DCA seemed to have a greater toxic effect than 
either TeCA or 112TCA.  Other studies also have shown that 
chlorinated alkanes, including 12DCA, chloroform, and car-
bon tetrachloride, inhibit methanogenic activity at relatively 
high concentrations (Belay and Daniels, 1987; Liang and 
Grbic´-Galic´, 1993).  It is important to note, however, that 
apparent toxicity effects in the batch microcosm experiments 
may not occur in a flowing system.

Pre-Exposure to Contaminants Pre-exposure of the wet-
land sediment to the presence of TeCA was not required for 
degradation of TeCA.  In microcosms constructed with wet-
land sediment and ground water from background site 
WB19, the TeCA degradation rate was slightly higher than 
the other TeCA-amended microcosms that contained MeOH 
(fig. 5a).  In addition, no lag occurred before degradation of 
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TeCA commenced in the microcosms constructed from the 
contaminated or the uncontaminated sites (figs. 6 and 23).  
Thus, acclimation to the presence of TeCA by sediment 
microorganisms was not needed for degradation to occur by 
the pathways observed in the MeOH-amended microcosm 
experiment.       

To test the effect of pre-exposure to TeCA on VC degra-
dation in the wetland sediments, replicate VC/sediment 
enrichment experiments were constructed using three sets of 
sediments—“fresh” sediment that was amended with VC 
within 5 days of collection, “pre-exposed” sediment that was 
incubated with added TeCA for 40 days in the same manner 
as the microcosm experiments, and “preincubated” sediment 
that was incubated in the same manner as the “pre-exposed” 
sediment, but without the addition of TeCA (table 2).  VC 
was not degraded in killed controls for any of these enrich-
ments (data on file at USGS, Reston, Virginia), but all live 
and killed treatments showed an abiotic loss of VC in the 
first 2 or 3 days that probably was caused by sorption (fig. 
24a).  In the live VC/sediment ennrichments, VC degrada-
tion was fastest in the pre-exposed enrichments with both 
WB23 and WB30 sediment, and slowest in the fresh sedi-
ment (fig. 24a).  VC was degraded completely by day 6 in 
the pre-exposed enrichments (fig. 24a).  VC degradation in 
the fresh WB23 sediment enrichments lagged for the first     
2 weeks, and then VC concentrations decreased at a rate  

similar to that observed in previous VC/sediment enrichment 
experiments (fig. 18).  Complete removal of the VC was 
observed by day 28 in the fresh WB23 sediment enrich-
ments.  In the fresh WB30 sediment enrichments, degrada-
tion lagged for at least 3 weeks, and then VC concentrations 
decreased at a rate similar to that in fresh WB23 sediment 
cultures (fig. 24a).  Methane production was greater in the 
three sets of enrichment cultures with WB23 sediment than 
in those with WB30 sediment (fig. 24b).  The longer lag 
before VC degradation in the cultures with fresh and prein-
cubated WB30 sediment could be associated with the lower 
methane production in these cultures compared to the pre-
exposed WB30 enrichments and to the WB23 VC/sediment 
enrichments.  In the pre-exposed enrichments, VC degrada-
tion was equally rapid in WB30 and WB23 sediment, 
although methane production was lower in the WB30 pre-
exposed culture (fig. 24).        

Microbial Communities and Associations with Degradation 
Pathways

A microbial consortium, rather than one microbial spe-
cies or functional group, apparently is involved in the degra-
dation of TeCA, as indicated by the variability in daughter 
product distributions in the microcosms with the site or sea-
son from which the sediment was collected, and by the vari-
able effect of redox conditions on different steps of the 
degradation pathways.  The microbial community analyses, 
combined with the geochemical data, assist in evaluation of 
the reaction pathways of TeCA degradation in the anaerobic 
microcosms, and lead to identification of the possible micro-
bial species or groups involved, either directly or indirectly, 
in different steps of the reaction pathways.  To identify possi-
ble critical microbial species or groups, shifts in the TRFLP 
profiles (DNA fingerprints) of the microbial communities in 
the microcosm sediments over time and between different 
experiments were compared to shifts in the daughter product 
distributions to note consistent associations.  In the discus-
sion below, changes in degradation pathways associated with 
spatial and seasonal variability are linked to changes in the 
microbial communities.  Other factors affecting degradation 
pathways and microbial communities, such as substrate type, 
are discussed where molecular data are available.  In this 
report, the potential critical microbial species or groups are 
identified primarily by base pair sizes for the specific peaks 
on the DNA fingerprint.  Future analyses of these specific 
peaks in archived frozen samples should provide definitive 
identification by using primers for specific microbial func-
tional groups, such as iron-reducing bacteria, sulfate-reduc-
ing bacteria, or acetogens.  The planned completion of 
genetic analyses of the enrichment experiments should assist 
in these identifications because enrichment decreases the 
number of TRFLP peaks to be identified by selecting for 
community members involved in the reaction of interest and 
diluting out others.  Enrichment greatly decreases the diver-
sity of microbial species and increases the intensity of peaks 
associated with the selected members of the microbial com-
munity.  The following sections discuss the degradation 
reactions of TeCA for which possible indicator microbial 
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species or groups have been identified on the basis of the 
microcosm experiments.

Degradation of 1,1,2,2-Tetrachloroethane  Simultaneous 
production of 12DCE and 112TCA from dichloroelimination 
and hydrogenolysis of TeCA, respectively, occurred without 
a lag in all live microcosm experiments that were conducted 
(figs. 6–9), including the experiments where low degradation 
rates of TeCA were observed—the July–August 1999 micro-
cosms incubated at 19 °C and the March–April 1999 micro-
cosms incubated at  5 °C (fig. 5; table 4).  Because methane 
production often did not occur when 12DCE and 112TCA 
production occurred, bacteria (rather than methanogens) are 
most likely involved in these TeCA degradation reactions.  
On a molar percentage basis, the proportion of 12DCE pro-
duced was between 16 to 25 percent of the initial TeCA in 
microcosms constructed with wetland sediment from three 
different sites and under all observed redox conditions (figs. 
11 and 19a; table 4), indicating the involvement of metaboli-
cally versatile anaerobic bacteria or a cometabolic process in 
the dichloroelimination of TeCA.  Although the percentage 
of 112TCA produced was more variable (figs. 11 and 19a; 
table 4), hydrogenolysis of TeCA to 112TCA also seems to 
involve metabolically versatile anaerobic bacteria.  Identifi-

cation of the microorganisms that potentially are involved in 
these early TeCA degradation reactions can be best exam-
ined by using the molecular data from microcosms where 
production of daughter compounds other than 12DCE and 
112TCA was minimal.

For dichloroelimination of TeCA to 12DCE, the molecu-
lar data for killed controls that showed production of 12DCE 
provides the best information because 12DCE (both cis- and 
trans- isomers) was the only daughter compound observed in 
these microcosms.  Production of 12DCE in killed controls 
was greatest in the February–April 1998 microcosms that 
contained MeOH, as discussed in the preceding section on 
Degradation Rate of 1,1,2,2-Tetrachloroethane.  Recovery of 
metabolic activity in the killed controls was indicated by 
decreasing TeCA concentrations (fig. 6) and corresponding 
increasing 12DCE concentrations by the end of the experi-
ments (Lorah-Devereux, 1999; Lorah and Olsen, 1999a).  
Killed controls for experiments 23TeCA.1 and 23SO4-
TeCA.2 had the highest production of 12DCE of all micro-
cosm experiments; the maximum molar percentage of 
12DCE produced was greater than 80 percent.  The exten-
sive metabolic activity in the killed controls for the MeOH-
amended experiments indicates that microbes involved in 
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TeCA dichloroelimination can utilize MeOH, and possibly 
formaldehyde, as substrates.  Although DNA was not   
recovered from most killed microcosm samples from early 
time steps, DNA was recovered and analyzed by TRFLP 
from later time points where 12DCE production occurred.  
Bacterial TRFLP profiles in sediment from killed controls in 
the 1998 experiment show a substantial increase over the 
course of the experiment in intensity of several peaks, 
including peaks at 170, 198, 235, and 238 bp (base pairs) 
(fig. 25).  There were other less prominent peaks, but none 
that consistently appeared in all microcosms that showed 
12DCE production from TeCA dichloroelimination.  The 
bacteria TRFLP profiles for the TeCA-amended microcosms 
in July–August 1999 are shown for comparison of prominent 
peaks (fig. 26).  Microbial biomass and diversity were sub-
stantially lower in the live July–August 1999 microcosms 
compared to all other microcosms, as discussed in more 
detail in the following section on Seasonal Variability (figs. 
26 to 28).  Prominent bacterial peaks, therefore, were fewer 
and more distinct.  At day 3 in the TeCA-amended live 
microcosms in July–August 1999, the daughter compound 
present in the highest concentrations was 12DCE, except for 
the abiotic daughter product TCE (fig. 8).  Of the prominent 
bacterial peaks in the killed controls that produced 12DCE 
(fig. 25), the 198-bp peak was the most prominent at day 3 in 
the July–August 1999 microcosms (fig. 26).  A role for the 

bacterial species or groups represented by 170, 235, and 238 
in TeCA dichloroelimination, however, can not be dis-
counted as more than one bacterial group may be involved.  
TeCA dichloroelimination produced both the 12DCE iso-
mers, although production of cDCE commonly was three or 
more times greater than production of tDCE in these and  
previously reported microcosms at this site (Lorah and 
Olsen, 1999a).  Different bacteria likely are involved in pro-
duction of the two 12DCE isomers.                   

The February–April 1998 microcosms with WB23 sedi-
ment also were used to help identify bacteria potentially 
involved in hydrogenolysis of TeCA to 112TCA because 
both the use of MeOH and the use of WB23 sediment 
seemed to enhance this hydrogenolysis pathway, as shown 
by the predominance of 112TCA and 12DCA compared to 
VC in these microcosms (discussed previously in the section 
on Substrate Type).  As an example, figure 25 shows the  
bacterial TRFLP profiles from experiment 23TeCA.1 after   
2 days of incubation, compared to bacteria profiles in the 
WB23 sediment prior to any microcosm preparations and to 
the live control microcosms that did not contain added TeCA 
or MeOH.  112TCA and 12DCE were the only biotic daugh-
ter products observed at day 2 in 23TeCA.1 (fig. 6a).  The 
bacterial peaks at 90 and about 215 bp were enhanced in 
23TeCA.1 compared to the live control microcosm (fig. 25).   
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Although other peaks were enhanced in 23TeCA.1, they 
were discounted as having a role in 112TCA production 
because they also were present in the killed controls (fig. 
25).  The killed controls only showed production of 12DCE 
and not 112TCA.  The bacterial group represented by the    
90 bp peak is more likely to be involved in TeCA hydro-
genolysis to 112TCA than the 215 bp peak because the 90 bp 
peak was observed in all live TeCA-amended microcosm 
sediment samples (figs. 26–28).  The presence of the 215 bp 
peak was not associated consistently with 112TCA produc-
tion, sometimes occurring in extremely low intensity or not 
at all when substantial 112TCA production was observed 
(figs. 8 and 26).

Daughter Compound Production and Degradation
Spatial Variability of Vinyl Chloride Production—One of the 

greatest spatial variability effects observed in the micro-
cosms was in the production of VC.  At least three distinct 
VC production reactions were noted from the microcosm 
and enrichment culture experiments:  (1) 112TCA dichloroe-
limination (possibly cometabolic) that was enhanced under 
methanogenic conditions and resulted in approximately 
twice as much VC production in WB30 microcosms com-
pared to WB23 microcosms amended with either TeCA or 
112TCA, (2) cometabolic 112TCA dichloroelimination that 
occurred without methane production and at a similar rate in 
cultures inoculated with sediment slurry from WB23 and 
WB30, and (3) growth-linked hydrogenolysis of 12DCE that 
occurred without methane production and more rapidly in 
WB30 enrichments than in WB23 enrichments (see earlier 
section on Spatial Variability of VC Production).  Thus, at 
least three different microbial species/groups potentially are 
involved in VC production in these wetland sediments.  The 
combined microcosm and enrichment culture results indicate 
that both sediments have the microorganisms necessary to 
carry out these VC production reactions, but that their popu-
lation size or activity vary with conditions such as redox or 
toxicity effects.  In the discussion below, shifts in the TRFLP 
profiles that correspond to the variable timing of production 
of VC observed in the WB30 microcosms compared to the 
WB23 microcosms are used to identify possible microbial 
species/groups that are involved in VC production reactions, 
either directly or indirectly.  Thus, spatial variability effects 
are discussed primarily in the context of clarifying degrada-
tion pathways and associated microorganisms, instead of 
identifying the causes of spatial variability.  The underlying 
causes of spatial variability likely are complex and result 
from a combination of interconnected factors, including 
redox conditions, substrate types, and toxicity effects.

 In March–April 1999, the onset of VC production was 
delayed in the TeCA- and 112TCA-amended microcosms 
constructed with WB30 sediment compared to those con-
structed with WB23 sediment (figs. 7 and 14), but VC pro-
duction was greater in the WB30 microcosms (figs. 11 and 
12).  Conditions in the sediment at WB30 seemed to favor 
the dichloroelimination pathway of 112TCA degradation 
over the hydrogenolysis pathway, as discussed in the preced-
ing section.  Because methane production enhanced but was 

not required for 112TCA dichloroelimination to VC, bacteria 
rather than methanogens seem to be directly involved in this 
degradation reaction.  Comparison of bacterial TRFLP pro-
files from both WB23 and WB30 microcosms in March–
April 1999 reveal development of a specific peak concomi-
tant with the onset of VC production.  This peak, a 198 bp 
fragment, appeared early in the experiments and grew in 
prominence as VC production increased (figs. 27a–b).   VC 
production began by day 10 in the WB23 TeCA-amended 
microcosm, and the 198 bp peak was prominent by day 3 
(figs. 7a and 27a).  In contrast, VC production began at day 
16 in the WB30 TeCA-microcosm, and the 198 bp peak also 
became prominent by day 16 (figs. 7b and 27b).  The live 
control that was not amended with TeCA did not show an 
increase in intensity in the 198 bp peak, indicating that 
growth of this bacterial species or group was stimulated in 
the TeCA-amended microcosms (fig. 29a).  This same 198 
bp peak possibly is associated with another dichloroelimina-
tion reaction--TeCA to 12DCE (fig. 25).                  

The microbial profiles for the 112TCA-amended micro-
cosms did not show as clear a relation between VC produc-
tion and the 198 bp peak (fig. 30), but these microcosms may 
have been affected by toxicity effects of 112TCA (see previ-
ous section on Toxicity).  The peak intensity and diversity 
generally was lower in the TRFLP profiles of the 112TCA-
amended microcosms compared to the TeCA-amended 
microcosms, as might be expected from toxicity effects (figs. 
27 and 30).  The 112TCA-amended microcosm with sedi-
ment from site WB23 in March–April 1999, in which VC 
concentrations first increased between days 21 and 25 (fig. 
14a), did show a distinct increase in the 198 bp peak by day 
25 (fig. 30a).  In the 112TCA-amended microcosm for site 
WB30, however, the 198 bp peak initially was prominent but 
then decreased substantially by the end of the experiment.  It 
is possible that another bacterial species or group, such as 
the 255 and 258 bp peaks in fig. 30b, became involved in 
112TCA dichloroelimination under 112TCA toxicity condi-
tions.  A change in the bacterial species or group involved in 
VC production from 112TCA also was observed seasonally, 
as discussed in the following section on Seasonal Variability. 

A change in slope was observed in VC production in the 
TeCA-amended microcosms in March–April 1999, particu-
larly those constructed with WB23 sediment (fig. 7a).  The 
first increase in VC coincided with decreasing 112TCA con-
centrations and the second increase in VC coincided with 
decreasing 12DCE concentrations (fig. 7a).   The second 
increase in VC production in the TeCA-amended micro-
cosms in March–April 1999 began at day 25 (fig. 7a).  A cor-
responding change in the bacterial community was not 
evident with the onset of this second major pathway for pro-
duction of VC—hydrogenolysis of 12DCE (fig. 27a).  A 
change in the methanogen community, however, was evident 
(fig. 31a).  The methanogen TRFLP profile showed an 
increase by day 25 in a 307 bp peak, which is from a metha-
nogen in the Methanococcales or Methanobacteriales family, 
methanogens that predominantly utilize CO2 and hydrogen 
to produce CH4 (fig. 31a).  By day 30, the peak intensity of 
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this 307 bp methanogen had decreased, and VC concentra-
tions had decreased below 0.15 µmol/L (9.4 µg/L).  Simi-
larly, there was an increase in a 190 bp peak between days 16 
and 25, which also is believed to be from a methanogen in 
the Methanococcales or Methanobacteriales family and may 
be involved in the hydrogenolysis of 12DCE to VC.  The 
intensity of this peak also decreased by day 30 (fig. 31a).  
The methanogen profiles for the March–April 1999 micro-
cosms with WB30 sediment may indicate that the 307 bp 
methanogen is involved in 12DCE hydrogenolysis to VC, 
rather than the 190 bp methanogen (fig. 31b).  In the WB30 
microcosms, CH4 production began between days 16 and 21 
(fig. 13d).   Substantial VC production also began between 
days 16 and 21, as both 112TCA and 12DCE concentrations 
decreased (fig. 7b).  The methanogen profiles for this experi-
ment show that the 307 bp peak was prominent at day 16, 
whereas the 190 bp peak did not become prominent until day 
25, when VC production already was occurring (fig. 31b).  
The live control that was not amended with TeCA did not 
show an increase in intensity in the 307 or 190 bp peaks, 
indicating that growth of these CO2

- utilizing methanogens 
was stimulated in the TeCA-amended microcosms (fig. 29b).

In the 12DCE-amended enrichment culture experiments, 
the exponential increase in VC concentrations with addition 
of 12DCE indicated growth of a microbial population that 
can utilize 12DCE in non-methanogenic conditions (fig. 16).  
Bacteria, rather than methanogens, mediated hydrogenolysis 
of 12DCE in these cultures, and the WB30-inoculated cul-
tures degraded cDCE more readily than the WB23-inocu-
lated cultures (fig. 16).  Molecular analyses of WB30 
sediment from the March–April 1999 microcosms using 
primers specific for dehalorespiring bacteria revealed the 
presence of Dehalococcoides ethenogenes and members     
of Desulfuromonas throughout the experiment.  Similar 
molecular analyses targeting these dehalorespiring bacteria 
were unsuccessful with the WB23 sediment.  It should be 
noted, however, that the detection limits of the nested PCR 
methodology for these dehalorespiring bacteria are 
unknown.  Löffler and others (2000) recommend that enrich-
ments be done to prevent false negative results.  In addition, 
there could be unidentified dehalorespiring bacteria at this 
site that these specific primers would not detect.  The even-
tual production of VC from 12DCE in the WB23-inoculated 
enrichment cultures after a long incubation (fig. 16) indi-
cated that dehalorespiring bacteria were present at site 
WB23, but that their population size likely was much lower 
than at site WB30.  Completion of the TRFLP analyses of 
the enrichment cultures and completion of molecular analy-
ses of the microcosm slurry targeting the dehalorespiring 
bacteria (these analyses have been completed only for one 
set of microcosm experiments) could allow more definitive 
identification of the different bacteria and factors controlling 
VC production in the wetland sediment.       

Spatial Variability of Vinyl Chloride Degradation—The higher 
VC degradation that consistently occurred in the microcosms 
constructed with WB30 wetland sediment compared to those 
with WB23 sediment (fig. 17) was associated with an 

increase in the proportion of Methanosarcinaceae, a group 
that includes all methanogens that can utilize acetate to gen-
erate CH4 (acetotrophic methanogens).  In the March–April 
1999 microcosms with WB30 sediment, the proportion of 
Methanosarcinaceae in the total methanogen community 
doubled between days 16 and 25, increasing from about 10 
to 20 percent (fig. 32).   At day 25, VC concentrations began 
to decrease  in these microcosms (fig. 7b).  Similarly, in the 
October–November 2000 microcosms with WB30 sediment 
(and no added MeOH; the MeOH effect is discussed later), 
the proportion of Methanosarcinaceae tripled from 6 to       
19 percent between days 18 and 26 (fig. 33), and VC concen-
trations first began to decrease at day 26 (fig. 9b).  These 
acetotrophic methanogens, therefore, may be linked either 
directly or indirectly to VC degradation at site WB30.  In 
contrast, the Methanosarcinaceae proportional abundance 
remained about the same in the WB23 microcosms (fig. 32), 
and VC concentrations did not decrease substantially within 
the 42-day experiment (fig. 7a).  It also is interesting to note 
that while the proportion of Methanosarcinaceae increased 
when CH4 production began and VC was degrading in the 
WB30 microcosms (figs. 7b, 13d, and 32), the relative abun-
dance of total methanogens actually decreased in WB30, 
both between days 3 and 16 as well as days 16 and 25 in the 
March–April 1999 experiment (fig. 32). Note that the pro-
portion of Methanosarcinaceae shown in figure 32 was cal-
culated as a percentage of the total methanogen peak area on 
a given sampling day, whereas the relative abundance of 
total methanogens was calculated by comparing the total 
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mcrA peak from timepoint to timepoint over the incubation 
period.         

The Methanosarcinaceae could increase in proportion 
and potential importance by outcompeting the other metha-
nogens in some way, such as the ability to use a substrate for 
methanogenesis such as acetate that the other methanogen 
groups cannot use.  The initial dominance of iron-reducing 
conditions in the WB30 microcosms (fig. 13) was the only 
noticeable geochemical difference between the WB30 and 
WB23 microcosms.  The higher availability of ferric iron in 
the surficial wetland sediments at site WB30 than at site 
WB23 accounts for the higher iron reduction observed in the 
WB30 microcosms (fig. 34).  The initial iron reduction may 
have stimulated the growth of acetate-utilizing methanogens 
compared to CO2-utilizing methanogens, although the mech-
anism by which this enhancement might have occurred is 
unknown.  Possibly, iron reduction released phosphorus 
from the sediment, and the increased availability of this 
nutrient in the WB30 microcosms stimulated the acetate-  
utilizing methanogens.  Because phosphorus can be retained 
in wetland sediments as ferric phosphate compounds and as 
oxides and hydroxides of iron and aluminum, the iron and 
aluminum content of wetland sediments affects nutrient 
availability (Mitsch and Gosselink, 1993, p. 605).  Although 
onset of CH4 production was delayed in the WB30 micro-
cosms compared to WB23 microcosms, the CH4 production 
rate was much higher in the WB30 microcosms once it 

began (fig. 13d).  Higher nutrient availability in the WB30 
microcosms could have increased metabolism of the Metha-
nosarcinaceae compared to the CO2-utilizers that were pre-
dominant in the WB23 microcosms by the end of the 
experiment (fig. 32).  Alternatively, other factors such as 
toxicity or substrate type could have caused the decline in 
CO2-utilizing methanogens.  Although the cause is unclear, 
it is clear that the non-acetate utilizing methanogens 
decreased in proportional abundance in the WB30 micro-
cosms, whereas proportional abundance of acetate-utilizers 
was correlated with both the CH4 production and the VC 
degradation.         

The apparent link between VC degradation and ace-
totrophic methanogens observed in these microcosm experi-
ments may support the theory that VC mineralization under 
anaerobic conditions begins with oxidation by acetogens and 
that acetotrophic methanogens enhance degradation, possi-
bly by converting the acetate to CO2 and CH4 (Bradley and 
Chapelle, 2000) or by excretion of some biomolecule that 
stimulates degradation (Novak and others, 1998).  Although 
the experiments reported here clearly show involvement of 
acetotrophic methanogens, involvement of acetogens is 
purely speculative.  Evidence for the role of acetogens possi-
bly could be obtained by conducting TRFLP analyses of 
archived microcosm samples with acetogen primers.  
Another possibility is that dehalorespiring bacteria (bacteria 
that can utilize VC as a terminal electron acceptor for 
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energy) actually degrade VC in the WB30 microcosm and 
subsequently cause low hydrogen levels compared to the 
WB23 microcosms.  Hydrogen is a favored substrate of 
some dehalorespiring bacteria identified to date, and Fennel 
and Gossett (1998) have shown that low hydrogen levels 
driven by dechlorination reactions in a dehalorespiring    
bacteria culture favor acetotrophic methanogens over CO2-
utilizing methanogens.  Molecular analyses of WB30 sedi-
ment from the March–April 1999 microcosms revealed the 
presence of the dehalorespiring bacteria Dehalococcoides 
ethenogenes and Desulfuromonas throughout the experi-
ment, whereas they were not detected in the WB23 micro-
cosm sediment.  VC/sediment enrichment experiments, 
however, showed similar rapid VC degradation rates in 
WB23 and WB30 sediment after prolonged incubation under 
methanogenic conditions, indicating that the presence or 
absence of dehalorespiring bacteria was not a critical factor 
in the occurrence or rate of VC degradation in these wetland 
sediments (fig. 18).  In addition, ethene is the end product of 
reductive dechlorination by Dehalococcoides ethenogenes 
(Maymó-Gatell and others, 1997, 1999), and no ethene was 
detected in these microcosm experiments (although it had 
been detected in non-methanogenic enrichment cultures, as 
described in preceding sections).  Possibly, ethene was not 
detected because it was degraded faster than VC, as dis-
cussed in the preceding section on Spatial Variability of 
Vinyl Chloride Degradation.

In any case, the activity of dehalorespiring bacteria 
would not discount a role of the acetotrophic methanogens  
in VC degradation.  Maymó-Gatell and others (1995) con-
cluded that Dehalococcoides requires growth factors such as 
vitamin B12 from other anaerobic bacteria or methanogens to 
sustain dechlorination of VC to ethene.  In other words, VC 
utilization by Dehalococcoides ethenogenes can be consid-
ered cometabolic (Maymó-Gatell and others, 2001).  It is 
possible that VC can be degraded by more than one reaction 
pathway in the wetland sediments, and the dominant path-
way could change with changing redox conditions, substrate 
type, or other factors that affect the microbial community.

Seasonal Variability—The low TeCA degradation rates in 
the July–August 1999 microcosms (fig. 5) seem to be related 
to low microbial biomass.  The microbial community analy-
ses consistently showed that bacterial biomass was lower in 
the July–August 1999 microcosm sediment samples than in 
the March–April 1999 microcosms (figs. 26 and 27).  The 
relative intensity of the peaks in the TRFLP profiles is 
related to the biomass present for each fragment length.  The 
relative intensities were markedly lower in July–August 
1999 microcosms than in March–April 1999, especially in 
the bp size range of about 160 to 240 (figs. 26 and 27).  Sed-
iment samples collected from sites WB23 and WB30 and 
analyzed for microbial communities prior to microcosm 
preparation and incubation also show a lower intensity of 
peaks in the summer, indicating that the low microbial bio-
mass in the July–August 1999 microcosms did not result 
from sediment manipulation (fig. 35).  The methanogen bio-
mass also was lower in the July–August 1999 microcosms, 

which is consistent with the low methane production in  
these microcosms (figs. 13c–d).  This low biomass was con-
trary to the expected high microbial biomass and activity 
with high summertime temperatures.  The October–Novem-
ber 2000 microcosm sediment samples, which had removal 
rates of TeCA and daughter products that were higher than 
those in July–August 1999 and lower than those in March–
April 1999, had biomass levels that similarly were interme-
diate of those in March–April and July–August 1999.  The 
low microbial biomass observed using the TRFLP profiles, 
which measures the amount of DNA amplifiable by PCR 
from 1 g (gram) of sediment, was confirmed on selected sed-
iment samples using direct cell counts (data on file at USGS, 
Reston, Virginia).  Epifluorescent cell counts are difficult in 
sediment samples because of the natural fluorescence of the 
soil material.  Although biomass estimates based on the con-
centration of PCR-amplifiable DNA are only semi-quantita-
tive, these estimates probably are more sensitive measures of 
biomass than cell counts from soil matrices.       

Although the low microbial biomass and TeCA degrada-
tion rates seem to be a summertime occurrence, it is un-
known if this is a recurrent phenomenon, or if the effect 
occurs at depths greater than the 0 to 25 cm from which  
surficial wetland sediments were collected for this study.  
Possibly, the drought conditions that occurred in the summer 
of 1999 caused unusual stress on the microbial communities 
in July–August 1999, resulting in unusually low degradation 
rates in the summer 1999 microcosms.  No drought effects, 
however, were obvious in the wetland.  Wetland sediments 
remained saturated close to or at land surface at sites WB23 
and WB30 throughout this study, and diurnal tidal flooding 
occurred as usual at these sites.  A possible recurrent event 
that could cause low microbial biomass in the summer is the 
growth of vegetation beginning in May and continuing 
through the summer in the wetland.  Phragmites (common 
reed) shows a marked increase in growth by July, commonly 
reaching heights of 3 to 5 m in the wetland area.  Competi-
tion from this macrophyte growth could cause a decreased 
availability of the nutrients that are required for microbial 
growth.

One effect of the low microbial biomass in the surficial 
wetland sediments in the summer was the doubling in per-
centage of TCE produced by abiotic TeCA degradation in 
July–August 1999 compared to March–April 1999 micro-
cosms (table 4).  The TCE production in the July–August 
1999 microcosms was equally high (about 7 percent) in the 
microcosms that were incubated at 5 °C, where low micro-
bial activity was expected.  The October–November 2000 
TeCA-amended microcosms that had intermediate biomass 
conditions also had high TCE production (8 to 11 percent; 
fig. 11b).  During experiments with anaerobic municipal 
digester sludge, Chen and others (1996) found that concen-
trations of this abiotic daughter product increased under low 
biomass conditions.  In experiments with digester sludge, 
TCE comprised about 9 to16 percent of the initial TeCA 
added in four tests with sludge-seeded cultures that had high 
biomass and about 49 percent in diluted cultures with low 
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biomass (Chen and others, 1996).  The higher TCE produc-
tion observed in these low biomass sludge-seeded cultures 
than in the low biomass wetland sediment microcosms could 
be caused partly by the degree of dilution of the biomass and 
partly by the initial TeCA concentration.  The initial TeCA 
concentrations that were used by Chen and others (1996) 
ranged from about 60 to 100 µmol/L, compared to the maxi-
mum of 13 µmol/L used in the microcosms presented in this 
report (table 1).  It is possible that abiotic dehydrochlorina-
tion becomes more significant with extremely high TeCA 
concentrations, although a substantial difference in the per-
centage of TCE produced was not observed over the moder-
ate concentration range used in the wetland sediment 
microcosms (fig. 19a).

Seasonal changes in the predominant microbial species 
or group involved in VC production were indicated by the 
lack of association between methane and VC production      
in all July–August 1999 microcosms.  In addition, VC con-
centrations increased by days 6 and 21, respectively, in the 
WB30 and WB23 microcosms in July–August 1999 (fig. 8).  
The largest increase in VC in the WB23 microcosms in July–
August 1999 occurred between days 25 and 30, whereas it 
was the WB30 microcosms that showed this delay in VC 
production in March–April 1999 (figs. 7–8).  The 198 bp 
bacteria peak that seemed linked to VC production from 
112TCA dichloroelimination in the March–April 1999 
microcosms was prominent in both WB23 and WB30 micro-
cosms from the beginning of incubation in July–August 
1999 (fig. 26).  These bacteria, therefore, do not seem to be 
associated with VC production in the July–August 1999 
microcosms.  Comparing the times of onset of VC produc-
tion and the increase in intensity of bacteria peaks for the 
July–August 1999 experiment, peaks at 86 bp and 170 bp 
seem to show the best link to VC production for both the 
WB23 and WB30 microcosms (fig. 26).  Increases in inten-
sity of these peaks also coincided with VC production in    

the TeCA- and 112TCA-amended microcosms in October–
November 2000 (fig. 28).  Although the 198 bp peak also 
was evident in the October–November 2000 microcosms, its 
intensity was lower than the 86 and 170 bp peaks and 
decreased over the incubation time (fig. 28).  Note that the 
170 bp peak, along with the 198 bp peak, was present in the 
killed controls that showed 12DCE production from TeCA 
dichloroelimination (fig. 25).  The same bacterial species or 
groups, therefore, may be involved in both TeCA and 
112TCA dichloroelimination reactions.  The CO2-utilizing 
methanogens that were associated with VC production from 
12DCE hydrogenolysis in the March–April 1999 micro-
cosms also were observed in the July–August 1999 micro-
cosms, indicating little seasonal change in this reaction (figs. 
31 and 36).        

Although the microorganisms involved in VC production 
may change seasonally, the wetland sediment from site 
WB30 consistently showed greater VC production than sedi-
ment from site WB23 (figs. 11 and 12).  The involvement of 
Methanosarcinaceae in VC degradation and the greater per-
centage of VC degradation observed with WB30 sediment 
also seemed to be consistent seasonally on the basis of the 
March–April 1999 and October–November 2000 data (figs. 
32 and 33).  Although data on the proportion of Methanosa-
rcinaceae are not available for the July–August 1999 micro-
cosms, substantial VC degradation was observed in the 
WB30 microcosms within the 35-day incubation period, 
whereas none was observed in the WB23 microcosms (fig. 
8).  The presence of Dehalococcoides and Desulfuromonas 
dehalorespiring bacteria in WB30 sediment samples, as dis-
cussed in the preceding section on Spatial Variability, could 
be at least partly responsible for the apparently greater 
capacity of these sediments to produce and degrade VC.  
Because methanogens compete for the supply of H2 as a sub-
strate (Maymó-Gatell and others, 1995; Smatlak and others, 
1996), these dehalorespiring bacteria may be more active, or 
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more noticeably active, in the microcosms constructed in the 
summer when methanogen activity and biomass were lower 
(figs. 13).  The presence of Dehalococcoides ethenogenes, 
which are known to obtain energy from 12DCE hydrogenol-
ysis to VC, may explain why VC production unrelated to 
methane production was observed early in the WB30 micro-
cosms in July–August 1999.  Dehalococcoides ethenogenes 
also is known to utilize 12DCA reductive dechlorination for 
growth (Maymó-Gatell and others, 1997, 1999).  The pres-
ence of Dehalococcoides ethenogenes and its potentially 
greater activity in the summer also could explain the unde-
tectable concentrations of 12DCA throughout the July–
August 1999 microcosm with WB30 sediment (fig. 8b).  
12DCA was observed in WB30 microcosms in February–
April 1998, March–April 1999, and October–November 
2000 (figs. 11 and 19).  Despite the presence of the dehalore-
spiring bacteria at site WB30, TeCA degradation rates were 
lowest in the July–August 1999 microcosms, although the 
July–August 1999 rates were higher in the WB30 micro-
cosms than the WB23 microcosms (fig. 5).

Substrate Type—Both VC production and VC degradation 
showed some variability with the predominant available  
substrate in the laboratory experiments.  VC production from 
12DCE was substantially higher with addition of hydrogen 
as a substrate than with acetate in non-methanogenic enrich-
ment cultures (fig. 16).  In addition, enrichments that were 
amended with cDCE and hydrogen produced ethene in addi-
tion to VC, whereas enrichments that were amended with 
cDCE and acetate produced only VC (data on file at USGS, 
Reston, Virginia).  These differences with substrate type are 
consistent with previous studies of two separate groups       
of dehalorespiring bacteria.  One group, Dehalococcoides, 
utilized hydrogen as the favored substrate for reductive 
dechlorination of cDCE to VC and ethene (Maymó-Gatell 
and others, 1997, 1999), whereas a second group, Desulfu-
romonas, utilized acetate as a substrate to produce VC as   
the most reduced end product of reductive dechlorination 
(Löffler and others, 2000).  VC production in the hydrogen-
amended enrichments was about three times higher than the 
acetate-amended enrichments (fig. 16), indicating that deha-
lorespiring bacteria such as Dehalococcoides that prefer 
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hydrogen as a substrate were dominant  in the wetland sedi-
ment.

The microcosm experiments with added MeOH showed 
a substantial increase in VC degradation and an associated 
increase in the percentage of Methanosarcinaceae compared 
to microcosms without added MeOH (figs. 17 and 33).  
Methanol can be utilized directly as a substrate by Metha-
nosarcinaceae, and MeOH also favors growth of acetogens.  
Because acetogens produce acetate that can be metabolized 
by Methanosarcinaceae, their growth on MeOH can stimu-
late growth of Methanosarcinaceae compared to CO2-utiliz-
ers (Maymó-Gatell and others, 1995).  This increase 
occurred for both WB23 and WB30 sediments, indicating 
that substrate type could be an important factor in determin-
ing the methanogen type that is predominant.  The enhanced 
growth of acetotrophic methanogens could be another factor 
causing the higher TeCA degradation rates in the MeOH-
amended microcosms (fig. 5).

Comparisons to Field Data on Anaerobic 
Degradation of 1,1,2,2-Tetrachloroethane and 
Association with Microbial Communities

Degradation Rate of 1,1,2,2-Tetrachloroethane
Using normalized concentrations from 1995 piezometer 

samples, estimated rate constants for TeCA degradation in 
the wetland porewater ranged from 0.0065 to 0.0085 per 
day at a flow velocity of 0.91 m/yr (table 5).  These field-
derived degradation rates correspond to the estimated mini-
mum and maximum flow velocities, respectively, estimated 
for the wetland sediments using two different methods.  Esti-
mated half-lives for TeCA based on the field data range from 
82 to 107 days (table 5).  These rate estimates were based on 
summer 1995 data from four piezometer nests where three or 
more samples from piezometers screened in the wetland sed-
iment had detectable concentrations of TeCA, including sites 
WB23 and WB30 that were used for sediment collection for 
the laboratory microcosm experiments (table 5; fig. 1).  Late 
winter/spring sampling periods generally had lower VOC 
concentrations in the wetland porewater, and insufficient 
data were available to calculate degradation rates (Lorah and 
others, 1997; Olsen and others, 1997; Spencer and others,  
2002).  These field observations of low porewater VOC con-
centrations in the winter/early spring are consistent with the 
higher microbial biomass and degradation rates observed in 
the March–April 1999 microcosms compared to the July–
August 1999 microcosms.

The rate constants for TeCA degradation are slightly 
lower than TCE degradation rates estimated previously using 
1995 data from the same sites (Lorah and others, 2001) 
(table 5).  Because TCE can be an abiotic daughter product 
of TeCA, the field-derived rate constants for TCE degrada-
tion could be underestimated.  This effect probably is small, 
however, because TCE accounted for only 3 to 11 percent of 
the TeCA degraded in laboratory microcosm experiments 

with the wetland sediment (table 4; figs. 11 and 19).  There-
fore, TCE concentrations used for calculating field degrada-
tion rates are predominantly from TCE present as a result of 
disposal activities rather than as a result of TeCA degrada-
tion.

The rate constants estimated based on the 1995 field data 
(table 5) agree well with the rate constants estimated from 
anaerobic laboratory microcosms that were amended with 
TCE (Lorah and others, 1997, 2001) and TeCA (fig. 5), 
although laboratory-derived rates were consistently higher.  
The laboratory-derived TCE rate constants ranged from 
0.032 to 0.37 per day  (half-life of 2 to 22 days) in the labora-
tory experiments compared to field estimates of 0.009 to 
0.012 per day (half-life of 58 to 77 days).  The best-fit line 
for TeCA degradation in the microcosms that did not contain 
MeOH gave a rate constant of 0.053 per day (half-life of 13 
days) (fig. 5) compared to estimated half-lives of 82 to 107 
days from the field data (table 5).  The agreement between 
the laboratory- and field-derived rate constants can be con-
sidered good considering the inherent differences in a labo-
ratory batch experiment and an uncontrolled field system.  In 
addition, the low summer degradation rates were excluded 
from the regression line to calculate the laboratory-derived 
rate constant (fig. 5), but summer data were used to estimate 
field-derived degradation rate constants.  The laboratory-
derived rate constant, therefore, that was used for compari-
son to the field-derived rates was a maximum rate, whereas 
the field-derived rate constants in table 5 may represent  
minimum rates.

The laboratory- and field-derived estimates show similar 
TeCA degradation rates in the wetland sediments at sites 
WB23 and WB30 (table 5 and fig. 5).  Rate constants for 
TeCA and TCE degradation also were estimated for site 
WB30 using porewater samples collected from a multi-level 
sampler that was added in 1999 as part of the ESTCP project 
(fig. 1 and table 5).  Although a multi-level sampler also was 
installed at site WB23, chloride data were insufficient to cor-
rect TeCA and TCE concentrations and calculate degrada-
tion rate constants.  Data collected from the multi-level 
sampler at WB30 in June–July 2000 allowed rate constants 
to be estimated using concentrations from twice as many 
depths in the wetland sediment as the two to three depths 
available from the drive-point piezometers in 1995 (table 5; 
figs. 3 and 37).  For site WB30, the TeCA and TCE rate   
constants estimated from the piezometer and multi-level 
samplers generally are consistent, especially for TeCA    
with half-lives of 107 and 91 days using a flow velocity of  
0.9 m/yr (table 5).  This comparison of summer 1995 and 
summer 2000 data indicates that degradation rates are con-
sistent over time, at least when comparing samples collected 
during the same season, as was observed with the TeCA-
amended microcosms conducted in May–June 1996 and 
March–April 1999 with sediment collected from site WB30 
(figs. 4 and 7b).



51Comparisons to Field Data on Anaerobic Degradation of TeCA and Association with Microbial Communities

        

                                                                                                            

Daughter Compound Production and Degradation
Laboratory microcosm experiments can assist in under-

standing the observed distributions of chlorinated VOCs in 
the wetland porewater.  It should be noted that microcosms 
were constructed using sediment from relatively shallow 
depths in the wetland, and the microbial communities and 
biodegradation processes could vary with depth.  Changes in 
redox conditions in the microcosms, however, generally 
reflected the observed changes in porewater chemistry along 
an upward flow gradient in the wetland sediment (figs. 13 
and 38).  Along upward flowpaths, concentrations of the 
reduced form of dissolved iron (ferrous iron) generally 
reached a peak before methane did (fig. 38).  Methane con-
centrations then peaked as ferrous iron concentrations 
decreased or remained about the same (fig. 38).  Similarly, 
an early increase in iron concentrations in the microcosms 
resulted in higher dissolved iron than methane concentra-
tions, whereas methane concentrations were higher at the 
end of the experiment (fig. 13).  Thus, the changes in the 
microcosms over incubation time may be representative of 
redox conditions and biodegradation along a flowpath.    
Distributions of TeCA and its daughter compounds in wet-
land porewater along vertically upward flowpaths are shown       

                                                                                                             

at sites WB23 and WB30 (fig. 39).  These distributions are 
shown as percentages of the initial TeCA present in the aqui-
fer immediately underlying the wetland sediment at each 
site.  The aquifer concentrations were obtained from multi-
level sampler points WBM23G and WBM30G, screened at a 
depth of 3.9 m (figs. 1 and 3).  Although TCE can be an abi-
otic daughter product of TeCA, TCE also was used and dis-
posed of as a waste in the study area (Lorah and others, 
1997).  The majority of the TCE in the wetland porewater 
probably is the result of its disposal as a waste product 
because the microcosms indicated that only 3 to 11 percent 
TCE resulted from TeCA degradation in these sediments 
(table 4 and fig. 11b).      

The most obvious difference in the distributions of 
daughter compounds in the wetland sediments at sites WB23 
and WB30 is the higher percentage of VC at all depths at site 
WB30 (fig. 39).  When calculated relative to the amount of 
TeCA present in the aquifer, the TCE concentrations were 
about 30 percent higher at site WB30 than at site WB23    
(fig. 39).  The higher percent TCE at site WB30, however, 
does not account for the difference in VC, which was as high 
as 55 percent.  The distribution of daughter products 
observed in the field, therefore, is consistent with the pattern 

Table 5.  Degradation rates for 1,1,2,2-tetrachloroethane (TeCA) and trichloroethene (TCE) estimated 
from field data in July–August 1995 and June–July 2000 along upward flowpaths in the 
wetland sediments, using TeCA and TCE concentrations normalized with chloride and an 
estimated linear flow velocity of 0.9 meters per year
 [TCE degradation rates in 1995 with a linear flow velocity of 0.9 meters per year (m/yr) were reported previously in Lorah and others 
(2001); r2, correlation coefficient]

TeCA Degradation Rate TCE Degradation Rate

Site Flowpath A

Rate
constant
(day-1 )

Half-life
(days)    r2

Rate 
constant 
(day-1 )

Half-life 
(days)    r2

July–August 1995 Piezometers

WB23 WB23D to -23B 0.0071  ± .0005  98 0.99 0.012  58 1.00
WB26 WB26F  to -26C 0.0067  ± .0017  103 .94 0.011 ±  .007  63  .68
WB27 WB27D to -27A 0.0085  ± .0007  82 .99 0.009 ±  .0009  77  .94
WB30 WB30E to -30C 0.0065  ± .0040  107 .69 0.011 ±  .002  63  .99

June–July 2000 Multi-level Sampler

WBM30 WBM30E to -30A 0.0076 ± .0003  91  .99 0.0065 ± .0008  107 .97

A  Sequence of piezometers used to calculate rates at each site. See figures 1 and 3.
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of higher VC production observed in the microcosms con-
structed with sediment from site WB30.  In addition, VC 
decreased from over 55 percent to less than 5 percent near 
the surface of the wetland sediments at site WB30 
(WBM30C  to WB30B in fig. 39), which is consistent with 
the greater capacity for anaerobic degradation of VC that 
was observed in the WB30 microcosms (figs. 17 and 18).  In 
contrast, the percentage of VC remained constant along the 
upward flowpath at site WB23, although the percentage of 
TeCA removed before a depth of 46 to 69 cm was reached 
was about the same at the two sites (fig. 39).  The amount of 
TeCA lost along the flowpath at site WB23 was not account-
ed for by an equivalent increase in daughter products (fig. 
39).  If a higher percentage of 12DCA was produced at this 
site from TeCA degradation as observed in the microcosms, 
the 12DCA was degraded as rapidly as it was produced.  
Overall, field measurements indicated a lower prevalence of 
12DCA in the wetland porewater than of 12DCE or VC 
(Lorah and others, 1997).  Molecular analyses of the micro-
bial communities with depth in the wetland sediment at these 
sites would provide a better understanding of the spatial het-
erogeneity in the biodegradation processes and of the corre-
lation between laboratory and field results.                   

Microbial Communities
All the bacterial peaks that were identified from the 

microcosm analyses as potentially involved in the degrada-
tion pathways of TeCA were present in the surficial wetland 
sediment samples collected from the contaminated sites 

along transects A-A′  and C-C ′ (fig. 40) and at the back-
ground site WB19 (fig. 41).  These include bacterial species 
or groups at base pair sizes 86, 90, 170, and 198 (figs. 40 and 
41).  Bacterial diversity and biomass were substantially 
higher in transect A-A′ compared to transect C-C ′ in March 
and August 1999 (fig. 40).  Concentrations of chlorinated 
VOCs in shallow wetland porewater were lower in transect 
A-A′ compared to transect C-C ′ , whereas methane concen-
trations were higher in transect A-A′ (Lorah and others, 
1997).  Microcosm experiments showed that higher micro-
bial biomass and higher methanogen activity were associated 
with higher TeCA and daughter compound degradation rates 
in the wetland sediments, indicating that the lower VOC 
concentrations along transect A-A′ could be at least partly 
due to higher degradation rates.  Hydrogeologic factors, 
including the thinner wetland sediments and the occurrence 
of a focused discharge area that cause lower residence time 
of the contaminants, likely contribute to the higher VOC 
concentrations along transect C-C ′ (Lorah and others, 1997; 
Lorah and Olsen, 1999b).  It is possible that toxic effects of 
the generally higher contaminant concentrations along 
transect C-C ′  than transect A-A′  reduced the biomass and 
diversity of the microbial community in this area of the wet-
land (fig. 40).      

The frequency and depth of tidal flooding on the wetland 
sediments also could affect the microbial diversity and 
biomass along the transects.  Restriction of oxygen influx 
and other physiochemical effects on the sediment with more   
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frequent and higher flooding levels could decrease microbial 
biomass and diversity.  In addition, relatively low concentra-
tions of VOCs (maximum of 50.2 µg/L) that could have a 
toxic effect on the microbial community were measured in 
the surface water (Phelan and others, 2001).  Chloroform, 
the most common surface-water contaminant at this site, has 
been shown to be highly toxic to methanogenic and dehalo-
respiring microorganisms (Scholten and others, 2000; 
Weathers and Parkin, 2000; Maymó-Gatell and others, 
2001).  Except for site WB26, the land-surface elevation of 
the wetland was higher along transect A-A′ than transect    
C-C ′ (Olsen and others, 1997; Spencer and others, 2000), 
which would result in less frequent and lower tidal inunda-
tion along transect A-A′  (fig. 40).  Field observations have 
shown that transect C-C ′  is more consistently flooded at all 
piezometer sites in the wetland.  Site WB26, which is on the 
bank of the creek channel and has the lowest land-surface 
elevation, was the only site along transect A-A′  that showed 
bacterial biomass and diversity as low as those measured 
along transect C-C ′ (fig. 40).

The proportion of Methanosarcinaceae, the group that 
includes all acetate-utilizing methanogens, was between 10.8 
and 14.9 percent of the total methanogens in surficial wet-
land sediment samples collected along transect A-A′ in 
March 1999 (table 6).  Increases in the proportion of Metha-
nosarcinaceae in microcosms constructed with WB30 sedi-
ment compared to those constructed with WB23 sediment 
were linked to greater VC degradation.  As observed in the 
microcosm sediments, the percent of Methanosarcinaceae 
was higher in the surficial wetland sediment samples from 
site WB30 than site WB23 (table 6).  The percent Methano- 
sarcinaceae was similar at site WB30 and the background 
site WB19, indicating that the relative proportion of these 
methanogens is not related to the presence of the contami-
nants.  Although data are available for only two sites along 
transect C-C ′, it is interesting to note that the lowest percent 
Methanosarcinaceae measured for both transects occurred at 
one of these sites (table 6).  Site WB36 had 6.1 percent             

    

Methanosarcinaceae, compared to 10.8 to 14.9 percent in 
other samples from transects A-A′ and C-C ′ (table 6).  It is 
possible that the generally higher concentrations of daughter 
products, especially VC, observed in the wetland porewater 
along transect C-C ′ compared to transect A-A′ (Lorah and 
others, 1997; Olsen and others, 1997; Spencer and others, 
2002) could be due in part to the lower proportion of Metha-
nosarcinaceae in the methanogen community.  Additional 
molecular analyses of sediment samples along transect C-C ′ 
would be needed to confirm this association, however.

Implications for Natural Attenuation and Remediation
Understanding TeCA and TCE degradation pathways is 

necessary in determining whether natural attenuation, or      
in situ bioremediation, of the chlorinated VOCs discharging 
to the wetlands sediments is a feasible ground-water remedi-
ation method.  The rapid TeCA degradation rates in wetland 
sediments observed in this study indicate that natural attenu-

Table 6.  Abundance of Methanosarcinaceae as a 
percentage of the total methanogen 
community in surface grab samples of 
wetland sediment, March 1999
 [Transect and site locations are shown in fig. 1]

Transect
Site
number

Percent
Methanosarcinaceae

Background site WB19 14.1

A-A ′ WB23 10.8

A-A ′ WB24 11.5

A-A ′ WB30 14.9

C-C ′ WB35 13.2

C-C ′ WB36 6.1
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ation is a feasible remediation method in the anaerobic wet-
land sediments.  The general consistency between TeCA and 
TCE degradation rates calculated from laboratory micro-
cosm experiments and from field data indicates that the rapid 
anaerobic degradation rates measured in the laboratory are 
reasonable.  The first-order rate constant of 0.053 per day 
(half-life of 13 days) estimated for the TeCA-amended 
microcosms without MeOH is high compared to biodegrada-
tion rates reported in the literature for chlorinated solvents in 
sand aquifers.  Although no other TeCA degradation rates 
from field measurements are reported in the literature, degra-
dation rates are available for TCE under a range of condi-
tions.  For example, anaerobic TCE biodegradation in 
microcosms constructed with sandy aquifer sediments at 
Picatinny Arsenal, New Jersey, and at a Superfund site at   
St. Joseph, Michigan, ranged from 0.0001 to 0.003 per day, 
which corresponds to half-lives of 230 to 6,930 days (Rifai 
and others, 1995).  Because of the commonly slow degrada-
tion of chlorinated solvents in sand aquifers, Wiedemeier 
and others (1998) recommend that batch microcosm studies 
should last from 12 to 18 months to evaluate rates for natural 
attenuation studies, compared to the 1 to 1.5 months used in 
this study with wetland sediments.  The high degradation 
rates in the wetland sediments reported from the initial study 
at this APG wetland site led to the construction or plans for 
construction of wetlands at several sites for the purpose of 
remediation of chlorinated VOCs (Richard and others, 2002; 
Kassenga and Pardue, 2002; Lorah and others, 2002).

Although both laboratory and field data showed that deg-
radation rates are slower in the wetland sediments in the 
summer compared to late winter/early spring and fall, TCE 
and TeCA degradation rates that were calculated using wet-
land porewater samples collected in the summer gave half-
lives in the range of 60 to 100 days, which still is consider-
ably faster degradation than reported for TCE in sand aqui-
fers (Rifai and others, 1995).  The observation of lower 
summer degradation rates is contrary to the previously 
hypothesized lower degradation rates in the winter because 
of the colder temperatures (Lorah and others, 1997).  Field 
measurements of temperature and VOC concentrations with 
depth in the wetland sediment indicate that winter tempera-
ture decreases are substantial only in the upper 0.15 m, 
whereas concentrations of TeCA and its anaerobic daughter 
compounds have decreased to below or near detection levels 
before this shallow depth is reached (Lorah and others, 
2000).  Temperature, therefore, apparently is not a major fac-
tor affecting degradation rates in these wetland sediments.  
Based on field measurements, the higher concentrations of 
daughter VOCs in the summer (without increase in break-
through of parent VOCs to the wetland porewater) is due to a 
higher mass flux of parent VOCs from the aquifer to the wet-
land sediments, which occurs as a delayed effect of high 
spring-time recharge to the aquifer upgradient of the wetland 
(Lorah and others, 2000).  The seasonal laboratory micro-
cosm experiments presented earlier in this report indicate 
that lower biodegradation rates, caused by a lower microbial 
biomass, also could be a factor in the relatively high concen-

trations of VOCs in the wetland porewater in the summer.  
Because the microcosm experiments and microbial commu-
nity analyses were conducted using surficial wetland sedi-
ments (from the upper 25 cm), it is unknown whether the 
lower biodegradation rates also occur at greater depths.  
However, the relatively slow degradation rates, lower micro-
bial biomass, and higher daughter compound concentrations 
observed in the summer compared to late winter/early spring 
and fall indicate that monitoring during the summer months 
would be especially crucial in long-term monitoring plans.

The microbial groups or species represented by the 
TRFLP peaks that were identified as potentially involved in 
degradation of TeCA and its daughter products in the micro-
cosm experiments were present at all sites where wetland 
sediment samples were collected for molecular analyses (fig. 
40).  Although microbial biomass and diversity were sub-
stantially lower along transect C-C ′ than transect A-A′, all of 
the identified microbial groups or species were present along 
transect C-C ′.  Field data along both transects have shown 
that natural attenuation is effective in reducing VOC concen-
trations to below detection levels before the wetland surface 
is reached (Lorah and others, 1997; Lorah and Olsen, 1999a, 
b).  In addition, degradation of TeCA in microcosms con-
structed with sediment from the background site (WB19,  
fig. 23) occurred without a lag and at a similar rate as micro-
cosms constructed with sediment from the two contaminated 
sites (fig. 5).  Field data showed that the same identified 
TRFLP peaks were present at the uncontaminated and con-
taminated sites (figs. 40 and 41).  The combined microcosm, 
field, and microbial analyses, therefore, indicate that the 
capacity to degrade TeCA is widespread in these wetland 
sediments and that similar degradation could be expected if 
contaminants discharged to a previously uncontaminated 
area of the wetland.  In previous studies, the abundance of 
organic matter (and thus of substrates to support dechlorina-
tion) has been hypothesized to be a relatively ubiquitous 
characteristic of wetland sediments that could result in an 
ubiquitous ability of wetland sediments at APG and else-
where to degrade chlorinated solvents like TeCA and TCE 
(Lorah and others, 1997; Lorah and Olsen, 1999a, b).  How-
ever, TeCA and TCE degradation rates in wetland sediments 
from this site at APG were compared to freshwater wetland 
sediments in a forested swamp in the New Jersey Pine 
Barrens in a recent field and laboratory study (Lorah and 
others, 2002).  In anaerobic laboratory microcosms amended 
with the same initial TeCA or TCE concentration, the TeCA 
or TCE degraded to below the detection level in less than   
25 days in the APG wetland sediment, whereas degradation 
was negligible over a 35-day period in the New Jersey wet-
land sediment (Lorah and others, 2002).  Although 12DCE 
was detected in field samples of the New Jersey wetland 
porewater, VC was not detected.  TeCA and TCE degrada-
tion, therefore, were substantially lower and incomplete in 
the New Jersey wetland sediments, which contained a higher 
organic carbon content than the APG wetland sediments 
(Lorah and others, 2002).  Differences in the microbial com-
munities are the likely cause of the differences in degrada-
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tion rates and completeness (Lorah and others, 2002).  
Although the abundance of organic substrates is an impor-
tant factor in increasing the rates of degradation compared to 
sand aquifers, the occurrence of degradation is dependent on 
the presence of specific microorganisms.  Similarly, addition 
of organic substrates and nutrients to an anaerobic sand  
aquifer at a test site at Dover Air Force Base, Delaware 
could not stimulate the indigenous microorganisms to 
degrade TCE beyond cDCE (Harkness and others, 1999; 
Ellis and others, 2000).  TCE dechlorination beyond cDCE 
was achieved only after injection to the aquifer test site of a 
microbial enrichment culture that was originally started with 
sediment from another site where dechlorination to ethene 
did occur (Harkness and others, 1999; Ellis and others, 
2000).   Evaluation of microbial communities by the molecu-
lar techniques used in this study would be an effective 
method of evaluating the feasibility of natural attenuation at 
new wetland sites that are natural discharge areas for chlori-
nated solvents, and in designing constructed wetlands for 
remediation of these contaminants.  Definitive identification 
of the important species/groups noted in this study and con-
struction of gene probes would simplify use of these molecu-
lar techniques.

The feasibility of natural attenuation as a remediation 
method depends on the fate of 12DCE and VC, the toxic 
compounds that laboratory experiments and field measure-
ments show are the predominant, persistent daughter prod-
ucts (figs. 7–9 and 39).  Although substantial spatial 
variation in degradation rates of TeCA was not observed in 
the laboratory experiments or in field estimates, both labora-
tory and field data indicate that spatial variation in the pro-
duction and degradation of VC does occur.  The substantially 
higher production of VC at site WB30 compared to site 
WB23 could hinder the use of natural attenuation as a reme-
diation method, if the conditions leading to higher VC      
production were widespread in the wetland.  The fact that the 
same sediments that produced high VC also showed a 
greater capacity to degrade VC, however, alleviates this 
problem.  Geochemical analyses of the microcosm experi-
ments indicated that VC production from both 112TCA and 
12DCE is linked to methanogenic activity, although micro-
bial community analysis indicated that bacteria rather than 
methanogens were associated with the 112TCA degradation 
reaction.  Microcosm experiments amended with BES and 
enrichment culture experiments also indicated that VC pro-
duction from 112TCA and 12DCE could occur without 
methane production.  However, because the enrichment    
cultures were inoculated with methanogenic microcosm 
slurry, the possibility that methanogens enhance degradation 
of these compounds without producing methane cannot be 
excluded.  VC degradation seemed to be more strongly asso-
ciated with methanogenesis than was VC production, as 
shown by the negligible VC degradation in the BES-
amended microcosms and the rapid VC degradation in meth-
anogenic VC/sediment enrichments compared to BES- and 
FeOOH-amended enrichments.  The strong relation 
observed between VC degradation and relatively high abun-

dance of acetotrophic methanogens suggests that complete 
degradation of TeCA requires methanogenesis.  However, 
during periods of lower methanogenic activity, there was an 
increase in significance of other VC degradation pathways.  
This is evidenced by the fact that VC degradation occurred 
in the summer when low methanogenic activity was 
observed, although TeCA degradation rates were lower (figs. 
5, 8, and 13).  This non-methanogenic VC degradation most 
likely was through the action of dehalorespiring bacteria, 
such as the Dehalococcoides or Desulfuromonas species that 
were detected at this site using specific primers.  Seasonal 
shifts in the microbial species or groups that seem to be 
involved in degradation also occurred for the production of 
VC from 112TCA dichloroelimination.  Thus, the adaptable 
and diverse microbial community of the wetland sediments 
seems to provide compensation for changing spatial and sea-
sonal conditions and allows for continued effective natural 
attenuation throughout the year.

The diversity of microorganisms involved in degradation 
of TeCA in these wetland sediments provides options to 
increase biodegradation rates in areas such as seeps, where 
high concentrations of VOCs (up to 50,000 µg/L) have been 
measured near the wetland surface (Phelan and others, 
2001).  Possible enhancements to increase biodegradation 
include “biostimulation,” which  involves adding substances 
such as nutrients to stimulate indigenous microorganisms 
present at a site, and “bioaugmentation,” which involves 
adding microorganisms to a site that is lacking in one or 
more microbial species/groups needed for biodegradation.  It 
is unclear from the laboratory and field data presented here 
whether the acetrotrophic methanogens are directly involved 
in VC degradation or are indirectly involved by enhancing 
the degradation capability of dehalorespiring bacteria or of 
acetogens, as Bradley and Chapelle (2000) suggested.  If 
acetotrophic methanogens are indirectly involved, enhancing 
either their population or enhancing the bacteria that they are 
supporting could be a possible remediation option.  Molecu-
lar analysis of the microbial communities in the VC-degrad-
ing enrichment experiments could provide definitive 
evidence of whether their role is direct or indirect.  VC/sedi-
ment enrichment experiments showed that WB23 and WB30 
wetland sediments had equally great capacities to degrade 
high concentrations of VC after pre-exposure to the contami-
nants and prolonged incubation under methanogenic condi-
tions.  The presence of microorganisms necessary for 
degradation, therefore, may be widespread in the wetland 
sediment, but populations may need to be enhanced in some 
cases.  Enhancing the acetotrophic methanogen population 
in the wetland sediments where enhanced degradation rates 
might be needed could be more practical than enhancing the 
population of dehalorespiring bacteria.
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Summary and Conclusions

Defining biodegradation rates and processes is a critical 
part of assessing the feasibility of monitored natural attenua-
tion as a remediation method for ground water containing 
organic contaminants because biodegradation is commonly 
the primary destructive process for these contaminants.   
During 1998–2001, the U.S. Geological Survey conducted a 
microbial study at a freshwater tidal wetland at Aberdeen 
Proving Ground (APG), Maryland, where an ongoing inves-
tigation of natural attenuation of chlorinated volatile organic 
compounds (VOCs) in the wetland sediments began in 1992.  
In this microbial study, a combination of geochemical analy-
ses and molecular biology techniques were used to investi-
gate factors controlling the occurrence of the different 
anaerobic degradation pathways of 1,1,2,2-tetrachloroethane 
(TeCA) and to characterize the microbial communities that 
potentially are important in these degradation reactions.  
Laboratory microcosm and enrichment experiments were 
used to investigate the effects of spatial and seasonal vari-
ability, redox conditions, substrate type, and toxicity on the 
degradation reactions.  Field measurements then were used 
to compare degradation rates, distributions of daughter prod-
ucts, and microbial community profiles to laboratory results 
and to discuss the implications on natural attenuation in the 
wetland.  Geochemical analyses included measurements of 
VOCs and redox-sensitive constituents.   Microbial analyses 
included terminal-restriction fragment length polymorphism 
(TRFLP) analysis of PCR (polymerase chain reaction)-
amplified bacterial 16S rDNA and mcrA (methylcoreductase 
gene) to obtain profiles of the bacterial and methanogen 
communities, respectively.  These genetic analyses com-
monly are referred to as “DNA fingerprinting.”  An intense 
microbial study to support the natural attenuation investiga-
tion at this site was warranted because of the expected com-
plex pathways of TeCA degradation, the limited previous 
information available on degradation of this contaminant in 
ground water, and the expected large variability in biodegra-
dation rates and processes in a dynamic, surficial wetland 
system.  A better understanding of factors controlling pro-
duction and degradation of toxic intermediate daughter com-
pounds, particularly vinyl chloride (VC), was needed to 
evaluate the effectiveness of natural attenuation in the wet-
land sediments.

Anaerobic microcosm experiments conducted with wet-
land sediment collected from two different sites (WB23 and 
WB30) and during three different seasons (March–April 
1999, July–August 1999, and October–November 2000) 
showed little spatial variability but high seasonal variability 
in TeCA degradation rates.  Seasonal evaluations of degrada-
tion rates included microcosms incubated at 19 °C (degrees 
Celsius) during the three periods and a duplicate set of 
microcosms in March–April 1999 that was incubated at 5 °C.  
For the March–April 1999 and October–November 2000 
microcosms incubated at 19 °C, initial first-order rate con-
stants (generally calculated from TeCA loss in the first 12 
days) ranged between 0.10±0.01 and 0.16±0.05 per day 

(half-lives of 4.3 to 6.9 days) for degradation of TeCA, 
whereas rate constants of 0±0.03 and 0.06±0.03 per day 
were obtained in the July–August 1999 microcosms.  Micro-
bial community profiles showed that low microbial biomass 
and microbial diversity in the summer could account for 
these unexpectedly low degradation rates.  Although it is 
unknown if these low summertime rates are a recurrent 
event, competition for nutrients by growth of the Phragmites 
(common reed) that dominates wetland vegetation could 
reduce microbial biomass during the summer.  Degradation 
of TeCA also was observed in the March–April 1999 micro-
cosms incubated at 5 °C, indicating that biodegradation 
would continue during cold winter temperatures in the wet-
land sediment.  About 50 percent of the initial TeCA in solu-
tion was converted to daughter products within the 35-day 
incubation period at 5 °C, whereas complete loss of the 
added TeCA occurred within 21 days in duplicate micro-
cosms incubated at 19 °C.

Simultaneous production of 1,2-dichloroethene (12DCE) 
and 1,1,2-trichloroethane (112TCA) from dichloroelimina-
tion and hydrogenolysis of TeCA, respectively, occurred 
without a lag in all live microcosm experiments that were 
conducted.  Although this initial TeCA degradation occurred 
at a similar rate in the microcosms constructed with WB23 
and WB30 sediments, VC production and degradation in the 
microcosms showed substantial spatial variability (variabil-
ity associated with the location from which the sediment was 
collected for microcosm construction).  The two major path-
ways of VC production were from dichloroelimination of 
112TCA and from hydrogenolysis of 12DCE that was pro-
duced by dichloroelimination of TeCA.  Abiotic production 
of trichloroethene (TCE) was not higher than 11 percent, 
indicating that hydrogenolysis of TCE is not a substantial 
source of VC in the wetland porewater.  The TeCA- and 
112TCA-amended microcosms constructed with WB30 sedi-
ment showed approximately twice as much VC production 
from 112TCA dichloroelimination as those constructed with 
WB23 sediment.  VC degradation, however, also was sub-
stantially higher in the TeCA-amended microcosms con-
structed with WB30 sediment than those constructed with 
WB23 sediment.  In microcosms constructed with WB30 
sediment, between 30 to 96 percent of the VC was degraded 
within the 35-day incubation period, whereas 0 to 14 percent 
of VC was degraded in the microcosms constructed with 
WB23 sediment.  Addition of methanol to microcosms 
enhanced VC degradation in both WB23 and WB30 wetland 
sediments.  Enrichment experiments amended with VC 
showed that the spatial difference in VC degradation was 
negligible after prolonged incubation under methanogenic 
conditions at high initial VC concentrations.  Production of 
VC in enrichment cultures with 112TCA was linear, whereas 
production of VC in enrichment cultures with 12DCE was 
exponential and occurred after a lag.

Addition of an inhibitor of methanogenic activity (BES, 
or 2-bromoethanesulfonic acid) slightly lowered TeCA deg-
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radation rates but did not inhibit production of 112TCA, 
12DCA, and 12DCE.  VC and chloroethane production, 
however, were substantially inhibited in the BES-amended 
microcosms.  The lower VC production in the BES-amended 
microcosms is consistent with the association noted between 
onset of methane production and of VC production from 
112TCA dichloroelimination in many of the microcosms.  
Inhibition of methanogenesis by addition of BES also com-
pletely inhibited 12DCE and VC degradation in the micro-
cosms and inhibited VC degradation in enrichment 
experiments with VC-amended sediment.  VC degradation 
in enrichment experiments with VC-amended sediment also 
was inhibited under iron-reducing conditions.

Pre-exposure of the wetland sediment to TeCA was not 
required for degradation of TeCA, as shown by equally rapid 
TeCA degradation rates in microcosms constructed with 
wetland sediment from the contaminated sites WB23 and 
WB30, and from an uncontaminated site WB19.  Pre-expo-
sure of sediments to VC, however, substantially increased 
VC degradation rates in enrichment experiments.

A microbial consortium, rather than one individual 
microorganism or microbial group, is involved in the degra-
dation of TeCA, as indicated by the occurrence of multiple 
degradation pathways and the variability in daughter product 
distributions in the microcosms with the site or season from 
which the sediment was collected.  To identify possible criti-
cal microbial species or groups involved in degradation of 
TeCA, shifts in the TRFLP profiles (DNA fingerprints) of 
the microbial communities in the microcosm sediments over 
time and among different experiments were compared to 
shifts in the daughter product distributions to note consistent 
associations.  Changes in degradation pathways observed 
from spatial and seasonal variability were linked to changes 
in the microbial communities.  A bacterial peak at 90 base 
pair (bp) fragment length was linked to TeCA hydrogenoly-
sis to 112TCA.  Increases in intensity of a few bacterial spe-
cies were observed in killed controls that showed recovery 
from the formaldehyde by the end of the experiment.  The 
only daughter product observed in these killed controls was 
12DCE from TeCA dichloroelimination, and growth of spe-
cies represented by 198 and 170 bp fragment lengths were 
associated with the production of 12DCE.  Dichloroelimina-
tion of 112TCA to VC also was associated with growth       
of this 198 bp bacterial peak in March–April 1999 and   
October–November 2000 microcosms, whereas an 86 bp or 
the 170 bp bacterial peak was associated with 112TCA 
dichloroelimination in the July–August 1999 experiment.  
Hydrogenolysis of 12DCE to VC was associated with a 
CO2-utilizing methanogen at 307 bp in the March–April 
1999 and October–November 2000 microcosm experiments, 
whereas methanogen biomass was low in the July–August 
1999 experiments.

Production of VC that occurred without methane produc-
tion in the July–August 1999 microcosms constructed with 
sediment from WB30 and in 112TCA-amended and 12DCE-
amended enrichment cultures indicated the involvement of 
other microorganisms in VC production in the wetland sedi-

ments.  The immediate, linear production of VC in the 
112TCA-amended enrichment cultures indicated a cometa-
bolic reaction.  In contrast, the exponential increase of VC in 
12DCE-amended enrichment cultures after an initial lag 
indicated growth of a microbial species or group, possibly 
the dehalorespiring bacteria.  Molecular analyses showed the 
presence of known dehalorespiring bacteria of the Dehalo-
coccoides group (Dehalococcoides ethenogenes and Dehalo-
coccoides sp. strain FL2) and of the acetate-oxidizing 
Desulfuromonas group (Desulfuromonas sp. strain BB1 and 
Desulfuromonas chloroethenica) in microcosm slurry from 
WB30, but not WB23.  The lower activity of methanogens in 
the July–August 1999 microcosms may have allowed the 
activity of the dehalorespiring bacteria to increase because 
methanogens compete with dehalorespiring bacteria for 
hydrogen as a substrate.  Both hydrogen, which is a favored 
substrate for Dehalococcoides, and acetate, which is a 
favored substrate for Desulfuromonas, stimulated VC pro-
duction in enrichment experiments with 12DCE-amended 
cultures.  Three times as much VC, however, was produced 
with hydrogen than with acetate in these enrichment experi-
ments, indicating a greater population of hydrogen-utilizing 
than acetate-utilizing bacteria in the sediment.  Ethene, 
which is an end product of dechlorination of VC by Dehalo-
coccoides ethenogenes, was produced only in enrichments 
supplied with hydrogen.

The higher VC degradation in microcosms constructed 
with WB30 sediment compared to WB23 sediment and in 
microcosms amended with methanol showed a marked asso-
ciation with an increase of acetotrophic methanogens, a 
group of methanogens that can utilize acetate as a substrate.  
The apparent link between VC degradation and acetotrophic 
methanogens observed in these microcosm experiments may 
support the theory that VC mineralization under anaerobic 
conditions begins with oxidation by acetogens and that ace-
totrophic methanogens enhance degradation, although the 
involvement of acetogens in the experiments reported here is 
purely speculative.  The microcosm and enrichment culture 
experiments indicate that VC can be produced and degraded 
by more than one reaction pathway and associated microor-
ganisms in the wetland sediments, and the pathway that is 
dominant can change with changing seasons, location in the 
wetland, redox conditions, or substrate type.

Estimates of TeCA and TCE degradation rates using field 
data of porewater concentrations and flow velocity in the 
wetland sediments showed that the rapid anaerobic degrada-
tion rates measured in the laboratory are reasonable.  Half-
lives for TeCA and TCE estimated from field data were in 
the range of 60 to100 days, which agrees well with labora-
tory estimates considering the inherent differences in the lab-
oratory and field systems.  The relative proportions of 
daughter products in the wetland porewater also are consis-
tent with laboratory microcosm experiments, which showed 
12DCE and VC were the predominant, persistent daughter 
compounds from TeCA degradation.  In addition, the pore-
water chemistry showed higher production of VC in the wet-
land sediment at site WB30 than at site WB23, as was 
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observed in the microcosm experiments.  Molecular analyses 
of grab samples of surficial wetland sediment showed that all 
of the microbial species or groups linked to TeCA degrada-
tion in the microcosm experiments were present in all the 
sediment samples.  Microbial biomass and diversity were 
lowest in an area of the wetland where porewater VOC con-
centrations are highest (transect C-C ′), indicating that the 
higher VOC concentrations could result from lower degrada-
tion rates.  The lower microbial biomass and diversity along 
transect C-C ′ could be caused from toxicity effects of the 
contaminants, or possibly from differences in frequency and 
duration of tidal inundation.  Land-surface elevation is lower 
along transect C-C ′ than along A-A′, causing greater and 
more frequent tidal inundation, which would affect redox 
and other physiochemical conditions in the surficial wetland 
sediments.  A toxicity effect also could be associated with 
tidal inundation because low concentrations of VOCs, 
including chloroform, were measured in the surface water.

The rapid TeCA and daughter product degradation mea-
sured in the wetland sediments observed in this study con-
firm that natural attenuation is a feasible remediation method 
in the anaerobic wetland sediments.  The adaptable and 
diverse microbial community that appears to be involved in 
TeCA degradation in the wetland sediments provides com-
pensation for changing spatial and seasonal conditions and 
allows natural attenuation to be effective throughout the 
year.  The lower degradation rates in the summer, however, 
indicate that ground-water and surface-water monitoring 
during the summertime is especially crucial.  Definitive 
identification of the microbial species involved in TeCA 
degradation by completion of genetic analyses of the enrich-
ment experiments would allow development of gene probes 
that could be used for long-term monitoring of the presence 
of critical microbial species over time in the wetland sedi-
ment, and for evaluating the potential for natural attenuation 
at other contaminated sites.  Definitive identifications also 
would assist in evaluating possible enhancements, including 
“biostimulation” or “bioaugmentation,” that could be used to 
increase biodegradation rates in areas such as seeps where 
higher concentrations of VOCs have been measured at the 
wetland surface.  Because anaerobic TeCA degradation 
encompasses chlorinated ethane and ethene pathways, 
results of this study are transferable to other sites at APG and 
elsewhere that have TeCA, TCE, or their anaerobic degrada-
tion products as contaminants.
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