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Abstract

The in situ degradation of chlorinated ethenes was assessed in an anaerobic aquifer using stable isotope fractionation approaches,
microcosm studies and taxon specific detection of specific dehalogenating groups of bacteria. The aquifer in the Bitterfeld/Wolfen region
in Germany contained all chlorinated ethenes, benzene and toluene as contaminants. The concentrations and isotope composition of the
chlorinated ethenes indicated biodegradation of the contaminants. Microcosm studies confirmed the presence of in situ microbial
communities capable of the complete dechlorination of tetrachloroethene. Taxon specific investigation of the microbial communities
indicated the presence of various potential dechlorinating organisms including Dehalococcoides, Desulfuromonas, Desulfitobacterium

and Dehalobacter. The integrated approach, using metabolite spectra, molecular marker analysis and isotope studies, provided several
lines of evidence for natural attenuation of the chlorinated ethenes.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The Bitterfeld/Wolfen region in Germany comprises a
contaminated area of about 25 km2, corresponding to
about 200 million m3 of contaminated groundwater. The
area is contaminated as a result of the activities of the for-
mer chemical industry, primarily with chlorinated aliphat-
ics but also BTEX compounds, hexachlorocyclohexane,
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chlorobenzenes and many other contaminants (Popp
et al., 2000; Wycisk et al., 2003; Heidrich et al., 2004b).
The higher chlorinated ethenes, tetrachloroethene (PCE)
and trichloroethene (TCE), are present in high amounts
in many parts of this area. PCE and TCE are also common
groundwater pollutants at other locations, and may have
carcinogenic effects (ATSDR, 2003). The chlorinated
ethenes are highly persistent under aerobic conditions,
but can be completely dechlorinated to the harmless prod-
uct of ethene under anaerobic conditions (Maymo-Gatell
et al., 1997).
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For the clean-up of contaminants, appropriate remedia-
tion strategies need to be considered. Due to the sheer size
of the contamination in Bitterfeld, natural attenuation or
monitored natural attenuation, relying on the natural de-
gradation processes in the aquifer, need to be considered as
part of an integrated remediation strategy (Wycisk et al.,
2003; Heidrich et al., 2004a; Heidrich et al., 2004b). For
this purpose, suitable tools are needed to monitor the
in situ degradation and prove on-going microbial processes
at the site. A previous study showed presence of dechlori-
nation products, dichloroethenes and vinyl chloride, at
the site indicating in situ degradation (Heidrich et al.,
2004a). Additionally, concentrations of PCE and TCE
decreased over the estimated groundwater flow path, but
concentrations may not reflect degradation processes
in situ appropriately due to dilution and mixing of ground-
water flow paths. In recent years, stable isotope fraction-
ation approaches have been developed for the assessment
of in situ biodegradation processes (Meckenstock et al.,
2004; Schmidt et al., 2004). Stable carbon isotope fraction-
ation of chlorinated ethenes has been shown to occur in situ

(Hunkeler et al., 1999; Sherwood Lollar et al., 2001; Vieth
et al., 2003). Stable isotope approaches are based on the
observation that during biodegradation by microorgan-
isms, the lighter isotope (12C or 1H) is preferentially used
over the heavier isotope (13C or 2H). During degradation,
the residual fraction of the substrate (pollutant) becomes
enriched in the heavy stable isotope while the products
are relatively light and depleted in heavy isotope. In order
to estimate biodegradation, stable isotope fractionation
may be used but requires an appropriate stable isotope
fractionation factor (a). During toluene degradation, it
was found that the extent of fractionation correlated with
the degradation pathway used under the various redox
conditions (Morasch et al., 2001). In this example, for the
selection of a correct fractionation factor, it may be suffi-
cient to know the prevalent redox condition in situ. Our
previous studies showed a significant difference in stable
isotope fractionation of PCE depending on the dechlori-
nating microorganism (Nijenhuis et al., 2005). In this case
it is therefore important to know which microorganisms
are present and active in situ for the application of the
stable isotope fractionation concept for assessment of
the reductive dechlorination of chlorinated ethenes. One
approach to investigate the microbial population is by
use of microcosms. Microcosm studies provide valuable
information into the potential for biodegradation at a
specific site, but since these investigations are performed
in the laboratory they may not represent the activity in
the field accurately. Furthermore, microcosm experiments
are usually labour intensive and require long incubation
times. For a more representative result, molecular markers
can be used to investigate the in situ microbial community
potentially involved in pollutant conversion. Previously, it
was observed that the specific detection of Dehalococcoides

type organisms correlated with the complete dechlorination
of chlorinated ethenes to ethene while the absence of this
group of organisms correlated with an incomplete dechlo-
rination resulting in the in situ accumulation of cis-dichlo-
roethene (DCE) (Hendrickson et al., 2002).

For the assessment of in situ biodegradation at large field
sites, it may be necessary to use multiple methods providing
more than one line of evidence. A combined approach may
be of additional benefit in particular when only a limited
number of monitoring wells are accessible for investigation
and convincing evidence is needed. Here, we used stable
isotope techniques, microcosms studies and molecular
biomarkers in combination to study the natural attenuation
of chlorinated ethenes. Each approach provided evidence
of the in situ biodegradation of chlorinated ethenes at the
large field site in Bitterfeld which has a limited number of
monitoring wells. The concentration and carbon stable
isotope composition of the chlorinated ethenes was
analysed to study the in situ contaminant degradation,
laboratory microcosms were prepared anaerobically from
groundwater to investigate the potential for biodegrada-
tion, and molecular markers (16S rDNA) were used to
study the potential members of the in situ microbial com-
munity involved in the degradation of chlorinated ethenes.
2. Materials and methods

2.1. Field site

The field site used in this study has been described pre-
viously in (Heidrich et al., 2004a). The studied site is
located in the city of Bitterfeld in Eastern Germany and
covers an area of approximately 2 km2 (Fig. 1). In Fig. 2,
W-E cross section is shown with the geological setting of
the investigated area. The hydrogeological situation in this
area is characterized by a shallow Quaternary aquifer sys-
tem and a deeper Tertiary aquifer partly separated by a lig-
nite layer partially overlain by a thin Miocene clay layer
both acting as regional aquitards (Table 1 and Fig. 2).
Until August 2002 the water flow direction was directed
to the East due to the lowering of the groundwater table
by the open pit mining which had generated a steep
hydraulic gradient in the East direction. Thus, the plume
of chlorinated ethenes stretches down the former gradient
towards the East. Today, the open pit mines are flooded
and the hydraulic gradient is directed to river Mulde com-
parable to the pre-mining period. At present, the plume is
probably slowly migrating (up to 30 m y�1) in the North-
East direction.

2.2. Selection of wells and collection of groundwater

samples

For the survey, 34 wells were selected for sampling, and
16 and 18 wells each were chosen to investigate the upper
and the lower Tertiary aquifer respectively. The relative
location of the wells is depicted in Fig. 1 and wells used
are listed in Tables 2 and 3. The groundwater samples were



Fig. 1. Map of the sample area in Bitterfeld with well numbers and relative locations. The location of the wells is indicated: (+) lower or (h) upper
Tertiary aquifer. Labels next the markers indicate well numbers with, if applicable, the well in the upper aquifer listed on the top, the well in the lower
aquifer at the bottom. The line indicates the investigated transect depicted in Figs. 2 and 3.

Fig. 2. Geological setting of the W–E cross section indicated in Fig. 1. The units are described in Table 1. (1) Anthropogenic soil; (2) Flood plain gravel;
(3) glaciofluvial gravel (obere Niederterrasse); (4) Silt, peat, org. rich sediments (Periglacial); (5) glaciofluvial gravel (untere Niederterrasse); (6) Channel
sediments; (7) Lignite partially overlain with a thin clay layer; (8) Upper mica sand; (9) Breitenfeld layer; (10) Lower mica sand; (11) Glaukonite sand; (12)
Glaukonite silt; (13) Rupelian clay. ( ) position of filter, label indicates the well.
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Table 1
Hydrogeological units in Bitterfeld

Geological unit Hydrogeological characteristic Mean kf-value [m s�1] Stratigraphical unit

Anthropogenic soil aquifer/aquitard �10�5 1 Anthropogenic Quaternary
Flood plain gravel (Auenkiese) aquifer 0.5–4 · 10�3 2 Holocene
Glaciofluvial gravel (obere Niederterrasse) aquifer 0.5–1 · 10�3 3 Weichsel glazial
Silt, peat, org. rich sediments (Periglacial) aquitard 1 · 10�5–2 · 10�9 4
Glaciofluvial gravel (untere Niederterrasse) aquifer 0.5–1 · 10�3 5
Channel sediments (gravel) aquifer 0.5–2.5 · 10�3 6

Clay aquitard < 1 · 10�8 7 Lower Miocene Tertiary
Lignite seam aquitard 1–2.6 · 10�7

Upper mica sand aquifer 1–3 · 10�4 8
Breitenfeld layer horizontal: aquifer,

vertical: aquitard
1 · 10�4 9

Lower mica sand (or
micacious sand)

aquifer 5 · 10�5 (upper)
to 2 · 10�5 (lower) layers

10

Glaukonite sand aquitard 0.5–2 · 10�5 11 Upper-Oligocene
Glaukonite silt aquitard 1–2 · 10�10 12
Rupelian clay aquitard < 1 · 10�10 13 Middle-Oligocene

The geological setting along a cross section of the investigation site is depicted in Fig. 2.
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collected using submergible pumps (Submergible pump
Type MP1, Grundfos, Bjerringbro, Denmark). To ensure
representative sampling, the groundwater was pumped for
multiple volumes of the groundwater well before collection
of the water for the described analyses. During pumping,
pH, temperature, redox potential and oxygen concentration
were monitored. These parameters and the concentrations
of the contaminants were determined by the laboratory of
SGS Institute Fresenius GmbH in Espenhain, Germany.

2.3. Analytical methods

For the microcosm study, gas chromatography with
flame ionization detection (GC-FID) was applied to ana-
lyze methane, ethene and the chlorinated ethenes (gas chro-
matograph:Varian Chrompack CP-3800, Middelburg, The
Netherlands) equipped with a 30 m · 0.53 mm GS-Q col-
umn (J& W Scientific, Waldbronn, Germany). The temper-
ature program used was as follows: 1 min at 100 �C, 50 �C/
min to 225 �C, hold 2.5 min. The FID was operated at
250 �C and helium was used as carrier gas (0.69 · 105 Pa;
11.5 ml min�1). Air and hydrogen flow were set at 300
and 30 ml min�1, respectively. This method allowed the
separation of methane, ethene, vinyl chloride, 1,1-, trans-
and cis-DCE, TCE and PCE. Authentic standards were
used for identification. The injection was automated using
an HP 7694 headspace autosampler, injecting 1 ml head-
space from 10 ml headspace vials containing 500 ml of
sample (Hewlett Packard, Palo Alto, USA). The data were
recorded using the Varian STAR software.

Gas chromatography combustion isotope ratio mass
spectroscopy (GC-C-IRM-MS) was applied to determine
the stable carbon isotope composition in the groundwater
samples (Vieth et al., 2003). All samples were measured in
at least three replicates. Analysis of the carbon isotope ratio
of the chlorinated ethenes, benzene and toluene were done
via headspace analysis. Aliquots (50–1000 ll) of head space
samples were injected into a gas chromatograph (Agilent
6890; Palo Alto, USA) in split mode (split ratio was set at
1:3 to 1:100) using a split/splitless injector at 250 �C.
The isotope composition of the various contaminants could
be determined if concentrations were >100 lg l�1 for
ethene, VC, DCE and TCE, and >150 lg l�1, >50 lg l�1

and >10 lg l�1 for PCE, benzene and toluene, respectively,
but only if complete peak separation could be achieved. For
identification, we used authentic standards. For chromato-
graphic separation of PCE, TCE, cis- and trans-DCE,
benzene and toluene, a capillary column (BPX5 50 m ·
0.32 mm ID; 0.5 lm film; SGE GmbH, Darmstadt,
Germany) was used. The temperature programme was
as follows: starting temperature: 40 �C; increase with
1 �C min�1 to 50 �C; then increase with 4 �C min�1 to
100 �C; increase with 20 �C min�1 to 250 �C; isotherm for
2 min. For carbon isotope analysis of VC and ethene, a
Poraplot Q column (25 m · 0.32 mm ID, 1 lm film; Chrom-
pack, Middelburg, The Netherlands) was used. For the
separation on a Poraplot column, the temperature was
initially set to 40 �C; increased at a rate of 1 �C min�1 to
50 �C; then increase with 20 �C min�1 to 130 �C; increase
with 1 �C min�1 to 140 �C; ending with an increase with
20 �C min�1 to 200 �C with 2 min isotherm.

2.4. Laboratory microcosms

Laboratory microcosm studies were employed to ana-
lyse the potential for reductive dechlorination at the site
based on the protocol of Fennell et al. (2001) using various
electron donor amendments.

Microcosms were prepared from two different source
materials. One set was prepared with groundwater derived
from well BVV 3051 located at the fringe of the PCE and
TCE plume but with high DCE concentrations; the 2nd
set was prepared from a mixture of the groundwater from
groundwater wells which were located in the north of the



Table 2
Analysis of groundwater derived from the lower Tertiary aquifer

Well ETH
(lg l�1)

d13C-
ETH

VC
(lg l�1)

d13C-
VC

trans-DCE
(lg l�1)

d13C-trans-
DCE

cis-DCE
(lg l�1)

d13C-cis-
DCE

TCE
(lg l�1)

d13C-
TCE

PCE
(lg l�1)

d13C-
PCE

Benzene
(lg l�1)

d13C-
Benzene

Toluene
(lg l�1)

d13C-
Toluene

Taxon
specific
detection

BVV
1241

200 �39.9 280 �35.2 490 �27.0 1500 �24.6 35000 �27.5 16000 �39.1 68 67 �21.7 +++Dhc

+++Dhb
++Dsb

BVV
1251

<50 5 0.5 120 102 0.05 32 <1 Nt

BVV
3031

<50 5 0.5 31 0.6 0.05 4 <1 Nt

BVV
3041

<50 5 0.5 25 960 �34.3 0.05 7080 �23.3 1490 Nt

BVV
3051

2000 �47.1 5400 �35.0 4200 �2.0 33000 �18.3 10 1.2 7100 �21.1 13 Nt

BVV
3061

<50 760 510 2600 �33.5 16000 �34.4 3500 �39.4 310 22 Nt

BVV
3071

2600 �23.3 40 56 2.9 1 0.3 60 <1 Neg

BVV
5231

<50 1 2 16 3.1 0.6 2.1 <1 Nt

BVV
5241

<50 1 2 3 0.8 0.5 0.7 <1 Nt

BVV
5251

1200 �25.9 120 �10.0 2 41 1 0.6 13 <1 +++Dhc
++Dhbb

++ Dsb
BVV

5261
1600 �63.9 4000 �38.5 1700 �34.7 6300 �25.4 170 0.7 11000 �25.3 770 �15.7 +++++Dhc

++++Dhb
++Dsb
+++Dsm

BVV
5982

5100a �34.5 630 �9.3 2 330 6.2 1 65 1.3 Nt

BVV
6051

100 �21.7 34 30 110 800 670 �32.0 31000 �23.0 1500 �24.9 Neg

BVV
6082

<50 6 3 37 140 150 �22.6 46000 �21.9 890 �22.2 Neg

GOI
813

<50 5 0.5 210 �20.5 2 0.05 26.0 �20.1 <1 Nt

GOI
897

<50 5 0.5 0.5 1 0.05 0.5 <1 Nt

Listed are well numbers (see location in Fig. 1), ethene and chlorinated ethenes concentration and isotope signature and summary of the results of taxon specific 16S rDNA-based PCR amplification.
Dhc = Dehalococcoides, Dhb;= Dehalobacter, Dsb = Desulfitobacterium, Dsm = Desulfuromonas, Neg = no signal; Nt = not tested. ETH = ethene. The relative intensity of the signals is indicated and
ranged from weak (+) to strong (+++++).

a Indicates ethene concentrations outside of the linear range of the instrument.
b Indicates positive signals which could not be confirmed by sequencing (Table 4).
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Table 3
Results from the analysis of groundwater derived from the upper Tertiary aquifer

Well ETH
(lg l�1)

d13C-
ETH

VC
(lg l�1)

d13C-
VC

trans-DCE
(lg l�1)

d13C-
trans-
DCE

cis-DCE
(lg l�1)

d13C-cis-
DCE

TCE
(lg l�1)

d13C-
TCE

PCE
(lg l�1)

d13C-
PCE

Benzene
(lg l�1)

d13C-
Benzene

Toluene
(lg l�1)

d13C-
Toluene

Taxon specific
detection

BVV1242 580 �25.9 110 �40.4 18000 �35.9 55000 �33.7 410000 �31.2 6000 �37.1 150 150 Neg
BVV1252 100 �23.9 140 19.5 16 330 4.7 0.3 25 1 Neg
BVV3032 <50 1 2 0.50 1 0.6 1 <1 Nt
BVV3042 210 �40.9 390 �22.0 1200 �3.9 4400 �11.7 1800 �24.3 4 73 1.4 Nt
BVV3052 6900a �33.1 2800 �15.8 7700 �9.6 85000 �21.3 5300 �11.9 1400 �28.2 17000 �20.2 52 �19.3 Nt
BVV3062 630 �29.1 300 �22.8 43 440 63 0.4 12 <1 ++Dhc
BVV3072 920 �39.3 1300 �18.4 5200 �18.1 31000 �23.6 11000 �21.2 200 �30.7 850 �19.4 13 �19.8 +Dhc
BVV5232 <50 1 2 4.6 1.5 0.4 2 <1 Nt
BVV5242 <50 1 2 0.5 0.9 0.4 0.9 <1 Nt
BVV5252 <50 1 2 0.5 0.8 0.4 0.7 <1 +++Dhc

+Dhbb

BVV5262 170 �39.0 300 �36.6 2700 �24.1 7900 �25.4 37000 �25.6 2000 �32.7 1200 �16.8 73 ++Dhc
BVV538 130 �26.3 180 7.7 15 230 2.3 0.4 3.1 <1 Neg
BVV6052 60 220 �23.2 1300 �16.5 2800 �15.0 4900 �29.5 0.9 53 �22.3 3 ++Dhc

++Dsb
BVV6083 <50 1 2 0.90 2.7 1.3 9.4 <1 Neg
GOI898 290 �47.0 3100 �29.8 46 8000 �18.8 3.9 0.3 930 �20.6 <1 Nt
LK 342 <50 5 374 �11.8 1680 �21.9 13600 �21.6 0.05 250 �21.9 <1 Nt
GOI 662 <50 5 0.5 17 6 0.05 0.5 <1 Nt
GOI 814 <50 5 0.5 5 0.5 0.05 2 <1 Nt

Listed are well numbers (see location in Fig. 1), ethene and chlorinated ethenes concentration and isotope signature and summary of the results of taxon specific 16S rDNA-based PCR amplification.
Dhc = Dehalococcoides, Dhb = Dehalobacter, Dsb = Desulfitobacterium, Dsm = Desulfuromonas, Neg= no signal; Nt= not tested. ETH = ethene. The relative intensity of the signals is indicated and
ranged from weak (+) to strong (+++++).

a Indicates ethene concentrations outside of the linear range of the instrument.
b Indicates positive signals which could not be confirmed by sequencing (Table 4).
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investigated area wells, BVV 092 and BVV 1251. In each
case, groundwater was amended with the redox indicator
resazurin to a final concentration of 1 mg l�1. Forty ml
of the mixture was dispensed into 50 ml vials under strict
anaerobic conditions in an anaerobic glovebox, closed with
Teflon coated butyl rubber septa and crimped. Out of each
set, 2 microcosms were autoclaved 3 times on consecutive
days to serve as negative controls. Several microcosms were
amended with an electron donor (lactate or butyrate) and
all received PCE. Yeast extract and vitamin B12 were also
added to lactate and butyrate amended microcosms. The
final concentrations of the additions were: yeast extracts
25 mg l�1; vitamin B12 62.5 lg l�1; lactate 3 mM; butyrate
3 mM; PCE or TCE 100 lmol l�1. Concentrations of the
chlorinated ethenes and methane were followed over time
using GC-FID as described above.

2.5. Molecular biological investigations

Groundwater samples were centrifuged (40 ml sample,
14000 · g for 30 min) and DNA was isolated from the
resulting pellet. The extraction was carried out by DNeasy
kit (Qiagen, Hilden, Germany) for Gram positive bacteria
according to the manufacturer’s recommendation, includ-
ing a bead beating step (Fast Prep System, Qbiogene,
Irvine, CA) after the lyzozyme treatment. Taxon-specific
16S rDNA-based PCR amplification was used to test the
presence of the genera Dehalococcoides, Dehalobacter,
Desulfuromonas, and Desulfitobacterium as described previ-
ously (Löffler et al., 2000; Lanthier et al., 2001; Hendrick-
son et al., 2002; Schlotelburg et al., 2002). To increase the
sensitivity of our molecular detection a nested PCR
approach was used with Dehalococcoides-specific primers,
which was modified from the strategy described by
Hendrickson and co-workers (Hendrickson et al., 2002).
Instead of using universal Bacteria primer sets, we used
Dehalococcoides-specific primers (Fp DHC 1 and Rp
DHC 1377) for the first round of PCR, then the second
PCR was carried out with a nested Dehalococcoides-specific
primer set (Fp DHC 774 and Rp DHC 1212) using 2 ll
product from the previous PCR as a template in a final vol-
ume of 50 ll. Due to the lack of nested primers, a second
PCR was carried out with the same primers for the detec-
tion of other genera. DNA was sequenced from PCR prod-
ucts purified using Qiaquick spin columns (Qiagen).
Sequencing reactions were carried out with the PCR prim-
ers used for the PCR amplification using the ABI PRISM
BigDye Terminator Cycle Sequencing Kit V. 3.0 (Applied
Biosystems) according to the manufacturer’s protocol.
Sequencing reaction mixtures were separated with an ABI
PRISM 3100 DNA Analyzer (Applied Biosystems). Analy-
sis of sequences and homology searches were completed
using the BLAST algorithm with BLAST server of the
National Centre for Biotechnology Information (Altschul
et al., 1998). The partial sequences determined in this study
have been deposited in the NCBI database under accession
numbers AM399022 to AM399028.
3. Results

3.1. Field-study

Previous monitoring campaigns in Bitterfeld have
shown that the aquifer was strictly anaerobic and that
the various chlorinated ethenes and BTEX compounds
were present as contaminants. The decrease in the degree
of chlorination and presence of products along the former
groundwater flow path indicated biodegradation and con-
version of the chlorinated ethenes at the field site (Heidrich
et al., 2004b). Here, we investigated the concentrations and
isotope composition of the chlorinated ethenes, benzene
and toluene, as summarized in Tables 2 and 3, as indicators
for in situ biodegradation.

3.2. Upper tertiary aquifer

In the upper tertiary aquifer, the pH was mostly between
6 and 7 with exception at groundwater well BVV 1241 and
BVV 6082 with an acidic pH of 3.7 and 3.8, respectively.
The aquifer was anaerobic as indicated by low oxygen con-
centrations (mostly <1 mg l�1), low NO�3 and presence of
ammonia. SO2�

4 was present in high concentrations up to
1236 mg l�1 (BVV 3041), decreasing to 206 and 289 mg
l�1 in BVV 1241 and BVV 5982, respectively suggesting sul-
phate reduction. Regional background sulphate concentra-
tions were previously over 1000 mg l�1 (Heidrich et al.,
2004a). A summary of the observed concentrations and iso-
tope signatures of the chlorinated ethenes, ethene, benzene
and toluene is shown in Table 2. PCE and TCE formed
mostly overlapping plumes. Well BVV 1241 is located in
the apparent source area with the highest concentrations
of PCE and TCE. A further contamination centre is sug-
gested at well BVV 3061 with higher concentrations of
PCE and TCE, relative to the surrounding area, but which
are lower relative to concentrations at well BVV 1241. The
contamination centres are potentially derived from sepa-
rate sources since the isotope signature of TCE is different
(d = �27.5& at BVV 1241 and d = �34.4& at BVV 3061).

Since low concentrations of DCE as well as VC
(d = �35.2&) and ethene (d = �39.9&) are found in well
BVV 1241 and the isotope composition of TCE was rela-
tively heavy (d = �27.5&), apparently degradation activity
had been present around the source area.

In wells BVV 5261 and BVV 3051, low amounts of PCE
and TCE were observed but concentrations where too low
to determine an isotope composition. High cis- and trans-
DCE concentrations were observed indicating microbial
dechlorination of PCE and TCE. The DCEs present are
not likely to be derived from a contamination event since
commercial industrial grade DCE usually consists of 30–
40% cis-DCE while microbially produced DCE usually
consist of >80% of the cis isomer (Ullmanns, 1975; Holliger
et al., 2002). In well BVV 5261 and BVV 3051, DCE consist
of 78% and 88% of the cis isomer, corresponding to biolog-
ical production. The plumes of the DCEs are overlapping
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and the isotope signature was relatively heavy suggesting a
further microbial conversion of especially cis-DCE which is
corroborated by the presence of the dechlorination product
VC in this area.

Vinyl chloride was present in the area similarly to the
DCEs. In well BVV 1241, it is relatively light indicating
that it could be the final product and is not further
degraded. In the western region, VC is relatively heavy
(d = �10 to �9& at wells BVV 5251 and BVV 5982) indi-
cating a further degradation. In this area, very low concen-
trations for TCE and cis-DCE were found. Ethene, the
final dechlorination product, was detectable in this area
up to about 5 mg l�1. Ethene was found in the north of
the investigated area as well as on the border areas of
the plumes. Ethene was lightest in well BVV 5261
(d = �63.9&) indicating that complete dehalogenation
was in the initial phase and that only small amounts of
chlorinated ethenes have been transformed yet.

3.3. Lower tertiary aquifer

In the lower Tertiary aquifer, the pH was more neutral
ranging from 5.2 to 7.3 at BVV 1242 and BVV 5232,
respectively. Here also, oxygen concentrations were very
low and sulphate concentrations ranged from 200 to
3610 mg l�1. In the lower aquifer, the highest concentration
of TCE was observed in BVV 1242. Likely, this is the
source area for TCE. At BVV 1242, PCE (d = �37.1&)
and TCE (d = �33.2&) have the lightest isotope composi-
tion of the complete area, suggesting relatively unaltered
contaminant and the high contaminant concentration (up
to 410 mg l�1) may indicate the presence of nearby TCE
phases. Apparently, no degradation has taken place as
industrially produced PCE (d = �37.20 to �23.19&) and
TCE (d = �31.90 to �27.80&) are similar in signature
(van Warmerdam et al., 1995). Contradictory, cis- and
trans-DCE were found in this well in high concentrations
(up to 55 and 18 mg l�1, respectively) as well as VC and
ethene. Potentially, degradation has taken place but is
not reflected in the isotope signature of the educts (PCE
and TCE). The DCEs were relatively lighter in this well
compared to TCE, suggesting dechlorination in the initial
stages and no further transformation to VC or ethene.
The continuous delivery of TCE from the source area
may mask fractionation. Isotope analysis of PCE and
TCE showed the heaviest composition in the southern area
(BVV 3052). DCE is present in the highest concentrations
in this well and again >80% was the cis isomer. Apparently,
the DCEs here also resulted from microbial degradation
(Ullmanns, 1975; Holliger et al., 2002). In the border areas,
also heavier TCE was observed corresponding to presence
of DCEs. In the lower aquifer, the DCEs also have similar
plumes, and two contamination source areas can be
defined: around BVV 1242 and BVV 3052. BVV 1242
had the lightest DCE of the area indicating that possibly
no further degradation takes place. Correspondingly, low
VC concentrations were found. In well BVV 3052, the
DCEs were relatively heavy indicating a further degrada-
tion resulting in an enrichment in 13C. The corresponding
presence of VC suggests a dechlorination.

VC was observed in the major part of the investigated
wells (see Table 3). At the southern border of the investi-
gated area, the highest VC concentrations were observed
(BVV 3052; GOI 898). The lightest VC was found at the
contamination centre (BVV 1242; d = �40.4&) suggesting
VC as final product while at BVV 1252 and BVV 538 VC
was relatively heavy (d = �23.9& and d = �26.3&,
respectively) indicating a further degradation. Ethene was
also found up to �7 mg l�1 in well BVV 3052. In most
other wells, ethene concentrations were low or non-detect-
able. In general, the isotope composition of ethene was
lighter than VC, apparently, VC was dechlorinated to eth-
ene as the final product.

As an example, concentrations and isotope signatures of
the chlorinated ethenes along a transect (see Figs. 1 and 2)
are depicted in Fig. 3. In this case, BVV 1242 was chosen
to represent the source area, wells BVV 5262 and BVV
3072 were approx. 564 and 1256 m downstream of this
source area respectively. Over this transect, PCE and
TCE concentrations decreased with an enrichment of 13C
in the residual fraction, indicating biodegradation. Both
cis- and trans-DCE were present in the 3 wells and overall
the concentrations decrease. In the source area, both DCEs
are relatively lighter compared to TCE suggesting produc-
tion of the DCEs. Along the flowpath, the DCEs become
heavier suggesting a further degradation of these interme-
diates. VC concentrations increase along the transect and,
simultaneously, its isotope signature also increases. This
suggests that VC may be a final product in the source area,
with Dd approx. +9& vs. TCE. Downstream, the isotope
signature increases suggesting a further dechlorination of
VC to ethene. Ethene signatures are correspondingly isoto-
pically light downstream the flowpath. These observations
correspond with the progression of isotope signatures of
the chlorinated ethenes in microcosms and pure culture
studies (Hunkeler et al., 1999; Slater et al., 2001; Nijenhuis
et al., 2005). Here also, the initially formed chlorinated eth-
ene is relatively light in relation to the educt, then, when
the degradation process progresses, the product becomes
heavier again. If the product is further transformed, it
can become heavier compared to the initial educt since
fractionation of the various chlorinated ethenes increases
with the decrease in chlorination (Meckenstock et al.,
2004).

3.4. Isotope composition of benzene and toluene as indicator

for biodegradation

Benzene was present in the upper aquifer in concentra-
tions of up to 46 mg l�1(BVV 6082), while toluene was
present in lower concentrations (1.5 mg l�1 at BVV
6051). Biodegradation could not be investigated using sta-
ble isotope signatures of benzene as the isotope signatures
were variable and non-consistent. Potentially, benzene was
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derived from various sources. In the lower aquifer, the
benzene centre was at BVV 3052 (d = �20.2&), the lower
concentrations in BVV 5262 compared to the source area
corresponded with an enrichment in 13C (d = �16.8&)
but other wells with lower benzene concentrations did
not show this trend. Benzene degradation appears to be
variable but a systematic evaluation was not possible due
to the lack of samples with benzene in the area.

Toluene could be detected in only a few wells. Again, the
results were not consistent even though in the upper aquifer
with the distance to the contamination source (BVV 6082;
d = �24.9&) the isotope signature shifted towards more
positive values in a few wells (e.g. BVV 5261; d =
�15.7&). In the lower aquifer, concentrations were in
general too low to draw any conclusions about the change
in isotope signature. Nevertheless, isotope signature of
greater than d = �20& are very unusual for benzene and
toluene in oils and the observed enrichment probably
resulted from biodegradation (Dempster et al., 1997; Hun-
keler et al., 2001; Smallwood et al., 2002).
3.5. Laboratory microcosms

Anaerobic laboratory microcosms were prepared from
several groundwater sources in Bitterfeld according to the
set-up by Fennell et al. (2001). After about 100 days of incu-
bation, dechlorination products could be observed in the
microcosms prepared with groundwater from well BVV
3051 amended with an electron donor (lactate or butyrate).
Mostly VC was the final product at this time. After another
25–50 days, the VC was converted to ethene and finally, no
VC was left (data not shown). In the live microcosm with-
out amendments, dechlorination was negligible indicating
that certain nutrients were limiting. Either, electron donor
or possibly trace nutrients such as vitamin B12 was lacking.
Vitamin B12 was found to be essential for reductive dechlo-
rination since in all, except one, studied reductive dehalo-
genases a corrinoid was found in the reactive center
(Holliger et al., 2002). Addition of butyrate or lactate finally
led to a complete dehalogenation of the chlorinated ethenes.
Possibly, in situ the amount of electron donor available for
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reductive dechlorination is also limiting as dechlorination
products DCEs and VC appear to accumulate. Transfer cul-
tures were prepared by 10% dilution of the actively dechlo-
rinating microcosm into defined medium with lactate as
electron donor and either PCE or TCE as electron acceptor.
These transfer cultures dechlorinated the respective chlori-
nated ethene, PCE or TCE, to ethene similarly to the origi-
nal microcosms (data not shown). Interestingly, VC did not
accumulate in these cultures. Apparently, transfer into fresh
medium and availability of vitamins and nutrients sup-
ported a more efficient dechlorination. Alternatively, the
dilution may have attenuated co-occuring inhibitory sub-
stances for biodegradation in the groundwater.

Microcosms were also prepared with a groundwater mix
from two groundwater wells, BVV 92 and BVV 1251. No
products could be observed in these microcosms even after
an extended period of time (>1 year). It should be noted
that in the area of these selected wells, only low concentra-
tions of chlorinated ethenes were present so that the
absence of activity could be caused by the absence of a
reductively dechlorinating microbial community in this
part of the aquifer. Further causes may be the presence
of inhibitory substances, or other unfavourable environ-
mental conditions in our microcosm.

3.6. Investigation of the microbial community using taxon

specific detection

Currently, only microorganisms of the genus
Dehalococcoides have been found capable of complete
dechlorination of the chlorinated ethenes to ethene
(Maymo-Gatell et al., 1997; He et al., 2003). Taxon specific
16S rDNA-based PCR amplification as described by
Hendrickson et al. (Hendrickson et al., 2002) was used to
Table 4
Summary and overview of microbial community by sequences/closest relative

Sequence ID no. Accession
no.

Closest cultured phylogenet
(Accession no.)

Desulfit 1241 AM399025 Desulfitobacterium metallired

Desulfit 5251 AM399026 Propionispora hippei (AJ508
Desulfit 5261 AM399027 Dehalobacterium formicoace

Desulfit 6052 AM399028 Desulfosporosinus orientis (Y

Dehalob 1241 AM399023 Dehalobacter restrictus (Y10
Dehalob 5251

and 5252
– No match

Dehalob 5261 AM399023 Dehalobacter restrictus (Y10

Desulfur 5261 AM399024 Desulfuromonas michiganens

Dehaloc/d 3072 AM399022 Dehalococcoides sp. BAV1 (

Dehalococcoides sp. CBDB1
Dehaloc/n 1241, 3062, 5251,

5252, 5261, 5262, 6052
AM399022 Dehalococcoides sp. BAV1 (

Dehalococcoides sp. CBDB1

The sequence ID indicates the specific primer set used for amplification and t
test for the presence of Dehalococcoides sequences.
Dehalococcoides-like sequences could be detected by direct
or nested PCR in most of the Bitterfeld groundwater sam-
ples (Tables 2 and 3) and in the chlorinated ethene dechlo-
rinating transfer cultures. The PCR product was sequenced
directly without cloning and unambiguous sequences were
obtained which proved to be identical in all cases (Table 4).
These data suggest that the Dehalococcoides population
consisted of or was dominated by only one type of micro-
organism. The almost complete sequence obtained from
well BVV 3072 shared more than 99% similarity with
Dehalococcoides sp. BAV 1 and differed only in an A to
C substitution at position 44 of the sequence. Interestingly,
Dehalococcoides sp. BAV 1 is one of only few isolates
capable of the complete dechlorination of DCE and VC
to ethene (He et al., 2003). In some groundwater samples
(BVV 1241; BVV 5251; BVV 5261; BVV 5252; BVV
6052), a more diverse community appeared to be responsi-
ble for the degradation as other potential dehalorespiring
organisms were also detected. However, a double round
of PCR was necessary to obtain detectable amount of
products sufficient for further sequence analysis. Amplifica-
tion with Dehalobacter-specific primers yielded positive
products with samples from well BVV 1241 and BVV
5261, whose sequences had a 99% similarity to Dehalo-

bacter restrictus. Amplification from samples of wells
BVV 5251 and BVV 5252 also yielded positive signals,
but the sequence was unreadable or the sequence similarity
search did not result in any match in the databases. This
indicates that the double PCR may introduce non-specific
amplification, and further sequencing is necessary for vali-
dation and interpretation of the results.

Amplification with the Desulfuromonas-specific primers
was observed in one groundwater sample from well BVV
s

ic relative Identity %
(identical/total
bases)

Putative Taxon

ucens (AF297871) 97(342/354) Firmicutes; Clostridiales
928) 91(291/318) Firmicutes; Clostridiales
ticum (X86690) 92(294/318) Firmicutes; Bacillales
11571) 97(335/343) Firmicutes; Clostridiales

164) 99(615/617) Firmicutes; Clostridiales
– –

164) 99(648/649) Firmicutes; Clostridiales

is (AF357915) 98(640/650) Deltaproteobacteria;
Desulfuromonadales

AY165308) 99(1325/1326) Chloroflexi;
Dehalococcoidetes

(AJ965256) 99(1324/1326)
AY165308) 100(389/389) Chloroflexi;

Dehalococcoidetes
(AJ965256)

he well number for the source material.
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5261 only. The sequence shared more than 98% similarity
with the one from Desulfuromonas michiganensis strain
BB1, a PCE-reducing acetate-oxidizing anaerobic bacte-
rium. Desulfitobacterium primers produced bands of the
expected size from 4 samples (BVV 1241, 5251, 5261 and
6052) but the product was genus-specific just in case of
sample BVV 1241 (Table 4). Its closest isolated relative
(97% similarity) was Desulfitobacterium metallireducens,
an anaerobic bacterium that couples growth to the reduc-
tion of metals and humic acids as well as chlorinated
compounds.

4. Discussion

We investigated several indicators for the natural atten-
uation of chlorinated ethenes by microbial processes. The
dechlorination products of PCE and TCE were found,
additionally, the isotope signature of the chlorinated eth-
enes indicated biodegradation. The isotope composition
in addition to concentration was found to be useful to
characterize the dehalogenation process. As an indicator,
isotope signatures may be used to assess the extent of bio-
degradation. If a product was found to be relatively light
compared to the educt, biodegradation would be in the ini-
tial phase. Correspondingly, as the biodegradation pro-
ceeds, the product would become heavier and, if it is the
final product, the isotope composition would be similar
to the isotope composition of the educt. If a product is fur-
ther transformed, the isotope signature may become hea-
vier compared to the initial educt but, in the end, the
final product should have a similar isotope signature com-
pared to the initial educt. Similar development of isotope
signatures could be observed in situ as well as in laboratory
studies (Hunkeler et al., 1999; Nijenhuis et al., 2005).

Our laboratory microcosms confirmed the potential of
the in situ microbial community to dechlorinate the
chlorinated ethenes to ethene. The molecular investigation
indicated the presence of a variety of potential dehalore-
spiring microorganisms. Dehalococcoides type organisms
were detected coinciding with the presence of VC and eth-
ene in the field but also in some wells containing ethene and
vinyl chloride, no organisms could be detected (e.g. wells
BVV 1242, BVV 1252). This negative result could have var-
ious causes such as that dechlorination products were pres-
ent in this well due to transport with the groundwater, but
produced further upstream. Or, the amount of organisms
was under the detection limit or inhibitory substances in
the groundwater may have prevented amplification of the
DNA. The aquifer in Bitterfeld contains extensive lignite
layers which could leak substances into the groundwater
inhibitory to PCR reactions, further, the high concentra-
tions of contaminants could have acted inhibitory. Interest-
ingly, the sequences derived from the field were closest
related to Dehalococcoides sp. BAV1. This isolate is capa-
ble of the dechlorination of DCE and VC to ethene (He
et al., 2003) and could therefore be a key microorganism
in the detoxification process in Bitterfeld. Other sequences
corresponding to groups of microorganisms capable of
partial dechlorination of PCE and TCE to cis-DCE were
also detected and may be responsible for the partial dechlo-
rination in the field. It is interesting to note that if the PCR
detection was positive, in all cases Dehalococcoides could
be found. Additionally, other groups were present more
heterogeneously.

Reductive dechlorination requires an electron donor and
carbon source for activity of the respective microorganisms.
High quantities of organics are present in the lignite layers
which could function as electron donor and carbon source
for the overall microbial community. Benzene and toluene
are present in some areas of the aquifer in concentrations
of up to 46 mg l�1 (benzene) in the upper aquifer and the
change in the isotope signatures suggests biodegradation
of these compounds potentially acting as electron donors
for reductive dechlorination. Thus far, various dechlorinat-
ing microorganisms are known to use various volatile fatty
acids (lactate, pyruvate) as electron donors but some iso-
lates are restricted to use of H2 (Dehalobacter restrictus,
Dehalococcoides spp.)(Holliger et al., 2002). The microbial
community then has to degrade these organic aromatic sub-
stances to produce electron donors which could be used by
the reductively dechlorinating community.

Our results show the presence of a complex microbial
community which potentially could be involved in the
reductive dechlorination of the chlorinated ethenes. For
the assessment of biodegradation quantitatively by use of
stable isotope fractionation analysis, we would need to
select an isotope fractionation factor which is representa-
tive for the microbial community in situ. Our previous
results showed significant differences in isotope fraction-
ation comparing two different strains (Nijenhuis et al.,
2005). Since we found a complex microbial community
which potentially is involved in the dechlorination of
PCE and TCE further research is warranted to investigate
stable isotope fractionation of the various reductively
dechlorinating bacterial strains in laboratory studies.
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