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Abstract—Lake Hartwell is a U.S. Army Corps of Engineers reservoir system located on the state line between South Carolina
and Georgia, USA. The lake was contaminated with an estimated 200 metric tons of polychlorinated biphenyls ([PCBs]; mainly
Aroclor 1016 and 1254), and the entire Twelve Mile Creek watershed and the Seneca River arm of Lake Hartwell were placed
on the National Priorities List. Monitored natural attenuation was chosen as a remedy for the contaminated sediment. The
relatively warm temperature of Lake Hartwell and lack of significant cocontaminants along with the PCBs distinguish this site
from others that have been studied for microbially mediated reductive dechlorination. Microcosm studies were conducted with
sediment from two locations in the Twelve Mile Creek arm and confirmed the presence of indigenous microorganisms capable
of reductively dechlorinating Aroclor 1254, which contains predominantly tetra-, penta-, and hexachlorobiphenyl. The average
number of total chlorines per biphenyl decreased from 4.8 to 4.9 to 2.9 to 3.0, following 250 to 260 d of incubation. The
maximum observed dechlorination rates were 0.29 to 0.87 mg-atoms Cl2 per gram sediment dry weight per week. The onset of
dechlorination activity correlated strongly with maximum methanogenesis, which occurred without a lag in samples from the
site that showed signs of in situ fermentation activity. Dechlorination occurred primarily at the meta and para positions (58–
63% removal), with no apparent decrease in ortho chlorines. This most closely resembles pattern M, characterized by preferential
removal of unflanked and flanked meta chlorines. The microcosm results are consistent with sediment cores analyzed from the
same locations, which indicate accumulation with depth of the same ortho- and para-substituted congeners. It therefore appears
that the success of monitored natural attenuation for Lake Hartwell will hinge on covering the recalcitrant PCBs with a sufficient
amount of uncontaminated sediment to isolate them from the food chain.
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INTRODUCTION

Reductive dechlorination of PCBs has been studied exten-
sively at numerous locations, including the Hudson River (NY,
USA), Silver Lake (MA, USA), Sheboygan River (WI, USA),
Waukegan Harbor (IL, USA), New Bedford Harbor (MA,
USA), and Acushnet Estuary (MA, USA) [1]. Documentation
of in situ PCB dechlorination activity prompted an increased
interest in applying monitored natural attenuation (MNA) as
a treatment approach for many of these sites, especially in
light of the substantial cost savings that this strategy affords
[2,3]. However, recent decisions to require dredging of the
upper Hudson River [4] and Fox River (WI, USA) [5] have
signaled a shift away from relying on MNA for cleanup of
PCB-contaminated sediments. At this point in time, Lake Hart-
well is the only location in the United States where MNA has
been chosen as a remedy for PCB-contaminated sediment.
Lake Hartwell is a U.S. Army Corps of Engineers reservoir
system located on the state line between South Carolina and
Georgia, USA, on the Savannah, Tugaloo, and Seneca Rivers
(Fig. 1). The lake was contaminated with an estimated 200
metric tons of PCBs (mainly Aroclor 1016 and Aroclor 1254)
from Sangamo Weston, a capacitor manufacturing company
in Pickens, South Carolina, that operated between 1955 and
1978 [6,7]. As a result of PCB contamination, the entire Twelve
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Mile Creek watershed and the Seneca River arm of Lake Hart-
well were placed on the National Priorities List in 1990 [8].

The principal basis for selecting MNA as the record of
decision for Lake Hartwell in 1994 was the expectation that
ongoing deposition of clean sediment would cap the PCB-
contaminated material and thereby isolate it from the food
chain [9]. Microbially mediated reductive dechlorination was
not considered in this strategy, in part because of the lack of
compelling evidence for in situ reductive dechlorination in
Lake Hartwell sediment. This is a potential shortcoming since
deposition may not occur in all parts of the lake, while in other
areas where it does occur, environmental conditions may be-
come more favorable for dechlorination. Several features of
this ecosystem make it distinct from other PCB-contaminated
sites, suggesting that the rate, extent, and pattern of PCB de-
chlorination may not be the same as what has been observed
previously. First, Lake Hartwell is considerably warmer than
other freshwater environments in which in situ dechlorination
has been evaluated, having an annual water temperature rang-
ing from 14 to 308C. Laboratory studies with contaminated
and spiked sediments have shown that temperature can exert
an impact on the nature and extent of PCB dechlorination [10–
13]. Second, PCBs are the only major contaminant in Lake
Hartwell sediment [14] in contrast to other sites where PCBs
are present with other contaminants, such as oils or polynuclear
aromatic hydrocarbons [1,15–17]. The presence of cocontam-
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Fig. 1. Location of Lake Hartwell, the Twelve Mile Creek arm of the lake, and sampling points for this study (G30 and G33), South Carolina
and Georgia, USA.

inants affects the rate and extent of PCB dechlorination [17]
in part because of a decrease in PCB bioavailability [1].

The objective of this study was to determine if Lake Hart-
well sediments contain microbial communities capable of me-

diating Aroclor 1254 dechlorination and, if so, to compare the
rate, extent, and pattern of PCB dechlorination in Lake Hart-
well sediments with colder sites that also contain significant
levels of cocontaminants.
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MATERIALS AND METHODS

Sediment collection

Sampling locations (G30 and G33) are shown in Figure 1.
Sediment cores were collected in July 1998 using a Wildco
sediment corer containing a Lexany tube (5-cm diameter, 76
cm long; Polymer Plastics, Mountain View, CA, USA) and
5.1-cm eggshell core catcher. The Lexan tubes were washed
in a hot detergent bath, rinsed with hot water, and rinsed several
times with distilled water. The cores were transported to the
L.G. Rich Environmental Research Laboratory (Clemson Uni-
versity, Clemson, SC, USA) and stored in the dark prior to
sectioning. The top layer (about 5 cm) of the core samples
was removed, and the remaining portion was transferred to a
glass jar, topped with site water, and stored at 48C prior to use.

Microcosms

Triplicate microcosms for each treatment were set up in an
anaerobic chamber (Coy Laboratory, Grasslake, MI, USA)
with a 95% N2 and 5% H2 atmosphere. The sediment from the
cores was first homogenized with a blender (Hamilton Beach
8-speed, Richmond, VA, USA) and then mixed with revised
anaerobic minimal medium [18] at a 15:50 ratio (wet wt, g:
volume, ml). Resazurin (1 mg/L) was added to the medium
as a redox indicator. While continuing to mix, 50 ml of sed-
iment slurry (containing 5.0–5.5 g of sediment, dry wt) were
transferred to sterile serum bottles (125 ml total volume),
which were then crimp sealed with Teflont-faced butyl rubber
septa. The bottles were removed from the anaerobic chamber,
purged (1 min) with a 70% N2 and 30% CO2 gas mixture (to
remove H2 and equilibrate bicarbonate in the minimal medium
with CO2, resulting in a pH of 7.0), and resealed.

A concentrated stock solution of Aroclor 1254 (Accu-
Standard, New Haven, CT, USA) dissolved in acetone was
added to the sediment slurry (using a syringe) to a final con-
centration of approximately 500 mg/g (sediment dry wt). Ar-
oclor 1254 was chosen instead of Aroclor 1016 because its
higher chlorine content afforded the greatest opportunity to
determine the potential for reductive dechlorination. To ensure
homogeneous distribution of Aroclor 1254, the serum bottles
were shaken overnight. They were then incubated in an in-
verted position in the anaerobic chamber at room temperature
(22–248C). Killed controls were prepared identically except
that the bottles were autoclaved (1218C, 15 min) for three
consecutive days and then spiked with Aroclor 1254. Two live
controls were also established in triplicate. One contained sed-
iment, medium, and acetone but no Aroclor 1254, and the other
contained medium, acetone, and Aroclor 1254 but no sediment.

Sediment slurry was sampled at various time points to an-
alyze for PCBs. After headspace analysis for CH4 and H2 (see
the following discussion), serum bottles were returned to the
anaerobic chamber, mixed vigorously, and opened, and 1 ml
of slurry was withdrawn with an autoclaved wide-bore pipette.
The aliquots were transferred to 4-ml sample vials capped with
Teflon-faced septa and stored at 48C until extraction and anal-
ysis. Another 1 ml of slurry was transferred to a 3-ml syringe
equipped with a 0.45-mm filter (Nylon Acrodisct, Pall Gelman,
Ann Arbor, MI, USA) to remove the suspended solids. Filtrate
was stored in 2-ml vials for acetone and organic acid analysis.
The serum bottles were resealed, purged with the N2:CO2 gas
mixture, and returned to the anaerobic chamber for incubation.

PCB extraction and analysis

Polychlorinated biphenyls were extracted from sediments
samples with acetone and isooctane under ultrasonication
(Fisher 300 Sonic Dismembrator, Fisher Scientific, Atlanta,
GA, USA) using previously developed methods [19], modified
to minimize the volume of solvents used [7,20]. Samples were
spiked with octachloronaphthalene as a recovery standard to
determine the extraction efficiency, which averaged 79%
(617.4%).

Polychlorinated biphenyl analysis was performed on a gas
chromatograph (Hewlett-Packard 6890, Palo Alto, CA, USA)
equipped with a 63Ni electron-capture detector (3258C), au-
tosampler, splitless injector (2508C), a computerized data ac-
quisition system (HPChem Station, Hewlett-Packard), and a
30-m fused silica capillary column with a 0.25-mm diameter
and a film thickness of 0.25 mm (ZB5, Phenomenext, Tor-
rance, CA, USA). Helium (2 ml/min) was used as a carrier
gas, with the same temperature program as described in Dun-
nivant and Elzerman [19], except the initial hold time was
changed to 2.5 min.

The PCB congeners were identified and quantified using
aldrin as an internal standard [19] in order to minimize run
time [7]. Daily working standards contained a 1:1 mixture of
Aroclor 1016 and 1254. Peaks were identified and calibrated
according to relative response factors assigned by Germann
[20]. The analysis resolves 63 peaks representing 96 PCB con-
geners. Individual PCB congeners are referred to by listing the
substituted position on each ring and using a hyphen to sep-
arate both rings; for example, 2,29,3,39,4 chlorobiphenyl
(IUPAC 82) is represented by 234-23 chlorobiphenyl. Cali-
bration standards (250 pg/ml in isooctane) were run after every
12 samples to confirm the response factors for each peak as
part of a quality assurance/quality control program. When re-
sponse factors for an individual congener varied more than
615%, recalibration was conducted.

Reductive dechlorination was quantified on the basis of the
weight percentage of each identified PCB-containing peak and
the homologue distribution or relative proportion of di-
through heptachlorobiphenyl. The average number of
meta1para, ortho, and total chlorines per biphenyl was cal-
culated as the product of the average number of chlorines and
molar concentration of each peak divided by the total molar
concentration summed over all peaks [21]. Coeluting conge-
ners were assumed to be present in equal proportions, and the
biphenyl moiety was assumed to remain intact [15,16,21].

Other analytical methods

Filtered samples were analyzed for acetone with a gas chro-
matograph (Hewlett-Packard 5890 series II) equipped with a
flame ionization detector and a 60-m fused silica capillary
column (0.53-mm diameter and 3-mm film thickness; ZB-624,
Phenomenext). The column, injector, and detector tempera-
tures were held at 40, 200, and 2508C, respectively; tert-bu-
tanol was used as an internal standard.

Acetic acid was monitored by high-performance liquid
chromatography (Waters 717, 600E, Milford, MA, USA) using
an Aminext HPX-87H column (300 3 7.8 mm, BIO-RAD,
Hercules, CA, USA) and a Micro-Guard cartridge (30 3 4.6
mm; BIO-RAD), a 0.005 M H2SO4 mobile phase, and an ul-
traviolet-Vis detector (210 nm; Waters 490E). The detection
limit was approximately 2 mg/L. Acetoacetic, propionic, and
other organic acids were also detectable with this method, but
none were identified.
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Fig. 2. Homologue distribution of Aroclor 1254 (AccuStandard, New
Haven, CT, USA) in microcosms prepared with sediments from sites
G30 (A live, C control) and G33 (B live, D control). Results are
averages of triplicate microcosms.

Fig. 3. Comparison of G30 and G33 microcosms in terms of the
average number of total Cl per biphenyl (A and B), acetate levels (C
and D), methanogenesis (E and F), and acetone consumption (G and
H); (V), autoclaved controls with Aroclor 1254 (AccuStandard, New
Haven, CT, USA); (v), live treatments with Aroclor 1254; (.), live
treatments without acetone or Aroclor 1254. Error bars are standard
deviation of triplicate bottles; where not shown, the deviations were
smaller than the size of the symbols.

Total methane formation per bottle was monitored by gas
chromatographic analysis (Hewlett-Packard, 5890 series II) of
headspace samples (0.5 ml, obtained with a gas-locking sy-
ringe; Supleco, Bellefonte, PA, USA), using a flame ionization
detector and a Supleco 1% SP 1000 60/80 Carbopack B column
(2.4 m 3 3.2 mm; Supleco) held at 608C. The injector and
detector were held at 2008C. The detection limit was approx-
imately 2 mmol per bottle (8.0 3 1024 atm).

Hydrogen was also monitored by gas chromatographic anal-
ysis of headspace samples, using a high-sensitivity thermal
conductivity detector and a 10% SP1000 100/120 Carbosieve
column (3.0 m 3 3.2 mm; Supleco) held at 1058C, with the
injector and detector set at 2008C. The detection limit was
approximately 0.4 mmol per bottle (1.6 3 1024 atm).

RESULTS AND DISCUSSION

Rate and extent of dechlorination

Microcosm results with sediment from the G30 and G33
sites in the Twelve Mile Creek arm of Lake Hartwell confirmed
the presence of indigenous microorganisms capable of reduc-
tively dechlorinating Aroclor 1254, which contains predomi-
nantly tetra-, penta-, and hexachlorobiphenyl (Fig. 2). After
two to three months of incubation, a marked shift was observed
toward lesser chlorinated congeners in the live treatments (Fig.
2A and B). Notably, a decrease was observed in the hexa- and
pentachlorobiphenyls with a corresponding increase in tri- and
dichlorobiphenyls. Additional incubation further increased the
relative proportion of lower chlorinated biphenyls, especially
dichlorobiphenyls. The congener distribution remained un-
changed in autoclaved controls (Fig. 2C and D).

In the live treatments, a corresponding decrease was ob-
served in the average number of total chlorines, from 4.8 6
0.01 to 2.9 6 0.05 in the G30 bottles (Fig. 3A) and from 4.9
6 0.05 to 3.0 6 0.16 in the G33 bottles (Fig. 3B), resulting
in an overall removal of approximately 40%. The extent of
dechlorination in the G30 and G33 microcosms was statisti-
cally equivalent (Student’s t test, a 5 0.05). No change in
chlorine content occurred in the autoclaved controls. A mass
balance on the total moles of PCBs indicated recoveries of
93.4 6 19.0% and 100.1 6 14.2% in the live and autoclaved
controls, respectively, when comparing initial and final
amounts over the period of incubation.

The maximum observed dechlorination rate for the G30
microcosms was 0.87 6 0.14 mg-atoms Cl2 per gram sediment
dry weight per week, calculated on the basis of linear regres-

sion of the data from days 77 to 112 (nine data points). The
rate for G33 bottles was 0.29 6 0.064 mg-atoms Cl2 per gram
sediment dry weight per week, based on the interval of days
26 to 67 (five data points), which is statistically lower than
for the G30 bottles (Student’s t test, a 5 0.05). Previous results
have indicated that the rate and extent of dechlorination is site
specific, suggesting possible differences in the dechlorinating
population from site to site [1,15,16]. Nevertheless, the rates
for G30 and G33 are within the same order of magnitude and
are similar to the maximum rate of 0.22 6 0.02 mg-atoms Cl2

per gram sediment dry weight per week observed in Hudson
River microcosms exposed to the same Aroclor mixture [15].

The G30 microcosms required a longer acclimation time
than the G33 microcosms before the onset of PCB dechlori-
nation (Fig. 3A and B). Although the reasons for this are not
yet known, the onset of dechlorination did correlate well with
the initial concentration of acetate. No other organic acids were
detected. The G33 sediment contained 5,300 6 240 mg/L of
acetate (Fig. 3D), while initially none occurred in G30 (Fig.
3C). The presence of acetate is indicative of fermentative ac-
tivity and the availability of a readily biodegradable electron
donor. The start of PCB dechlorination also correlated strongly
with methanogenic activity (Fig. 3E and F), which took several
months to initiate in the G30 microcosms but started imme-
diately in the G33 bottles. The G33 live controls (no PCB or
acetone added) also exhibited rapid and significant levels of
methane formation, while the G30 live controls produced al-
most none. Sediment typically supplies the electron donor
needed by PCB dechlorinators as well as substrates for non-



1218 Environ. Toxicol. Chem. 22, 2003 U. Pakdeesusuk et al.

Fig. 4. The average number of meta1para Cl per biphenyl (A and
B) and the average number of ortho Cl per biphenyl (C and D) in
G30 and G33 microcosms; (V), autoclaved controls with Aroclor 1254
(AccuStandard, New Haven, CT, USA); (v), live treatments with
Aroclor 1254.

dechlorinators that likely provide the dechlorinators with
growth factors [22]. Variations in sediment movement and
deposition history leads to differences in composition in terms
of carbon and energy sources, especially in a water body such
as Lake Hartwell, where sediment movement varies greatly
with location. These differences appear to extend to the initial
population of Aroclor dechlorinators, possibly resulting in the
different lag periods for the onset of PCB dechlorination.

Although methanogenesis and PCB dechlorination activity
were strongly correlated in this study, the specific role of me-
thanogens in PCB dechlorination is not yet known. Concom-
itant methane production has been observed with dechlori-
nation of PCBs in previous studies [23–26], and methanogens
are among the physiological groups of anaerobic PCB-de-
chlorinating organisms in Hudson River sediments [27].

Acetone, which was used as the PCB carrier in this study,
was consumed in both sets of microcosms (Fig. 3G and H).
Use of acetone as an electron donor during reductive dechlo-
rination of PCBs has been noted previously [25]. In the G30
microcosms, acetate accumulated during acetone consumption.
This is consistent with one of the known fermentation path-
ways for acetone, which is initiated by carboxylation to ace-
toacetate, followed by cleavage to acetate, without release of
hydrogen [28]. Acetate consumption was accompanied by
methane formation in bottles from both sites (Fig. 3C and D).
Hydrogen never accumulated noticeably in either set of mi-
crocosms, with only occasional levels observed just above the
detection limit. This suggests that significant amounts were
not formed during fermentation of acetone or degradable or-
ganics in the sediment, or the rate of H2 consumption equaled
or exceeded its rate of formation. Hydrogen does not appear
to be a ‘‘universal’’ electron donor for PCB dechlorination, in
contrast to its central role in halorespiration of chlorinated
alkenes [29]. However, the effect of hydrogen on the rate of
PCB dechlorination and the pathway used has been noted
[30,31].

The net amount of methane formation attributable to ace-
tone was similar in both sets of live microcosms (total methane
formed minus the methane from the live sediment controls),
an average of 1.4 mmol per bottle. Net methane formation was
also equivalent in live controls fed acetone but no PCBs (data
not shown), indicating that the presence of PCBs did not inhibit
methanogenesis. This amount of methane formation accounts
for approximately 50% of the electron equivalents from the
acetone consumed. Less than 1% of the electron equivalents
available from acetone were used for PCB dechlorination
(based on an average decrease of 2 mol of Cl per mol of PCB
and 2 electron equivalents consumed per mol of Cl removed).
The disposition of the remaining electron equivalents from
oxidation of acetone is not yet known. Some was undoubtedly
consumed for biosynthesis, although this typically represents
less than 15% of the donor used in methanogenic systems [32].
The balance may reside with fermentation products. However,
the concentrations of acetate, acetoacetate, and propionate
were below detection at the point when methane accumulation
leveled off. It is possible that other fermentation products (such
as alcohols and longer-chain organic acids) accumulated but
were not measured.

Dechlorination pattern

Dechlorination of Aroclor 1254 in the G30 and G33 mi-
crocosms occurred primarily at the meta and para positions.
About 63 and 58% of the average number of meta1para chlo-

rines were removed in the live G30 and G33 microcosms,
respectively, with no dechlorination observed in autoclaved
controls (Fig. 4A and B). No dechlorination was apparent at
the ortho positions in live microcosms from either site (Fig.
4C and D).

The dechlorination pattern for Aroclor 1254 was similar in
terms of the parent congeners that underwent dechlorination—
234-245 (138) 12346-34 (158), 234-236 (132) 1245-245
(153) 1234-34 (105) 1246-345 (168) 1345-35 (127), 236-
245 (149) 12345-3 (106) 1245-34 (118), 234-24 (85) 1245-
35 (120) 1236-236 (136), 234-25 (87), 245-23 (97) 1345-4
(81), 236-35 (113) 1245-24 (99) 134-35 (79), 245-25 (101),
235-25 (92) 1236-23 (84), and 246-35 (121) 1236-24 (91)
1234-3 (55) chlorobiphenyls—and in terms of the daughter
congeners that accumulated in G30 (Fig. 5) and G33 micro-
cosms (Fig. 6). The major products were 2-2 (4) 126 (10)-
chlorobiphenyls and 26-2 (19) 135 (14)-chlorobiphenyls. In
addition, accumulation of para-substituted PCB congeners,
such as 24-24 (47) 1246-4 (75) 1245-2 (48), 24-4 (28), 4-4
(15) 124-2 (17), and 2-4 (8) chlorobiphenyls, suggests that
para chlorines were more resistant to dechlorination than meta
chlorines. The dechlorination activity observed in these mi-
crocosms resembles pattern M, which is characterized by pref-
erential removal of unflanked and flanked meta chlorines from
the biphenyl molecule [1]. Pattern M was selected rather than
N based on the disappearance of 25-25 (52) chlorobiphenyl.
While process N is characterized by the removal of flanked
and doubly flanked meta chlorines, depletion of 25-25 chlo-
robiphenyl suggests that dechlorinating organisms from these
sediments are capable of removing unflanked meta chlorines,
which is a characteristic of process M [1].

CONCLUSIONS

The results of this study confirm that Lake Hartwell sedi-
ments in the vicinity of the highest levels of PCB contami-
nation contain microbial communities capable of mediating
meta and para dechlorination. While the lag time prior to PCB
dechlorination and the maximum observed rates differed be-
tween the two sites tested, the extent and pattern of dechlo-
rination were similar. Furthermore, the rate, extent, and pattern
of dechlorination were within the range of what has been ob-
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Fig. 5. Weight percentage of Aroclor 1254 (AccuStandard, New Ha-
ven, CT, USA) congeners in G30 microcosms. Error bars are standard
deviations of triplicate bottles; where not shown, the deviations were
smaller than the size of the symbols.

Fig. 6. Weight percentage of Aroclor 1254 (AccuStandard, New Ha-
ven, CT, USA) congeners in G33 microcosms. Error bars are standard
deviations of triplicate bottles; where not shown, the deviations were
smaller than the size of the symbols.

served for other freshwater ecosystems located in colder cli-
mates and containing cocontaminants [15]. The microcosm
results are consistent with analysis of sediment core samples
collected from the G30 and G33 sites, which indicates accu-
mulation with depth of the same ortho- and para-substituted
PCB congeners (U. Pakdeesusuk, Clemson University, Clem-
son, SC, USA, unpublished data). Taken together, the micro-
cosm and field results have implications for the use of MNA
as a remediation strategy for PCBs in Lake Hartwell. Since
dechlorination appears to have stalled with the accumulation
of ortho-substituted congeners, the success of MNA hinges on
covering the remaining PCBs with a sufficient amount of un-
contaminated sediment to isolate them from the food chain.

Acknowledgement—We gratefully acknowledge support from the U.S.
Environmental Protection Agency, Ecosystems Research Divisions,
National Exposure Research Laboratory, Athens, Georgia, USA. We
also gratefully acknowledge the Savannah River Site, South Carolina,
USA, for use of the anaerobic chamber and James L. Myers for as-
sistance in collecting Lake Hartwell sediments.

REFERENCES

1. Bedard DL, Quensen JF III. 1995. Microbial reductive dechlo-
rination of polychlorinated biphenyls. In Young LY, Cerniglia CE,
eds, Microbial Transformation and Degradation of Toxic Or-
ganic Chemicals. Wiley-Liss, New York, NY, USA, pp 127–216.

2. Keeley AA, Keeley JW, Russell HH, Sewell GW. 2001. Monitored
natural attenuation of contaminants in the subsurface: Processes.
Ground Water Monit Remediation 21:97–107.

3. Lee MD, Odom JM, Buchanan RJ Jr. 1998. New perspectives on
microbial dehalogenation of chlorinated solvents: Insight from
the field. Annu Rev Microbiol 52:423–452.

4. Hogue C. 2001. New cleanup criteria planned for Hudson PCBs.
Chem Eng News 79:11.

5. Sandin J. 2001. Fox River cleanup may start in 2003: Plan dredges
for PCBs, lets some dissipate naturally. Milwaukee Journal Sen-
tinel, October 2.

6. South Carolina Department of Health and Environmental Control.
1976. Data package for EPA Lake Hartwell Superfund Study
(PER 34). Clemson University Library, Clemson, SC, USA.

7. Farley KJ, Germann GG, Elzerman AW. 1994. Differential weath-
ering of PCB congeners in Lake Hartwell, South Carolina. In
Baker LA, ed, Environmental Chemistry of Lakes and Reservoirs.
American Chemical Society, Washington, DC, pp 575–600.

8. Elzerman AW, Dunnivant FM, Germann GG. 1991. PCBs and
related compounds in Lake Hartwell. Report 131. South Carolina
Water Resources Research Institute, Clemson, SC, USA.

9. U.S. Environmental Protection Agency. 1994. Final record of
decision for the Sangamo Weston/Twelve Mile Creek/Lake Hart-
well PCB Contamination Superfund Site Operable Unit Two,
Pickens, Pickens County, South Carolina. EPA/ROD/R04-94/178.
Athens, GA.

10. Tiedje JM, Quensen JF III, Sanford JC, Schimel JP, Boyd SA.
1993. Microbial reductive dechlorination of PCBs. Biodegrada-
tion 4:231–240.

11. Wu Q, Bedard DL, Wiegel J. 1996. Influence of incubation tem-
perature on the microbial reductive dechlorination of 2,3,4,6-te-
trachlorobiphenyl in two freshwater sediments. Appl Environ Mi-
crobiol 62:4174–4179.

12. Wu Q, Bedard DL, Wiegel J. 1997. Temperature determines the
pattern of anaerobic microbial dechlorination of Aroclor 1260
primed by 2,3,4,6-tetrachlorobiphenyl in Woods Pond sediment.
Appl Environ Microbiol 63:4818–4825.

13. Wu Q, Bedard DL, Wiegel J. 1997. Effect of incubation temper-
ature on the route of microbial reductive dechlorination of 2,3,4,6-
tetrachlorobiphenyl in polychlorinated biphenyl (PCB)-contami-
nated and PCB-free freshwater sediments. Appl Environ Micro-
biol 63:2836–2843.

14. Bechtel Environmental. 1993. Remedial investigation report for
the Sangamo Weston, Inc./Twelve Mile Creek/Hartwell Lake Site
Operable Unit Two, Pickens, Pickens County, South Carolina.
Contract 68-W9-0058. W.A. 09-4LP4. Oak Ridge, TN, USA.

15. Quensen JF III, Boyd SA, Tiedje JM. 1990. Dechlorination of



1220 Environ. Toxicol. Chem. 22, 2003 U. Pakdeesusuk et al.

four commercial polychlorinated biphenyl mixtures (Aroclors) by
anaerobic microorganisms from sediments. Appl Environ Micro-
biol 56:2360–2369.

16. Sokol RC, Kwon O-S, Bethoney CM, Rhee G-Y. 1994. Reductive
dechlorination of polychlorinated biphenyls in St. Lawrence River
sediments and variations in dechlorination characteristics. Envi-
ron Sci Technol 28:2054–2064.

17. Zwiernik MJ, Quensen JF III, Boyd SA. 1999. Residual petroleum
in sediments reduces the bioavailability and rate of reductive
dechlorination of Aroclor 1242. Environ Sci Technol 33:3574–
3578.

18. Shelton DE, Tiedje JM. 1984. General method for determining
anaerobic biodegradation. Appl Environ Microbiol 47:850–857.

19. Dunnivant FM, Elzerman AW. 1987. Determination of PCBs in
sediments using sonication extraction and capillary column GC/
EC detection with internal standard calibration. J Assoc Off Anal
Chem 71:551–556.

20. Germann GG. 1988. The distribution and mass loading of po-
lychlorinated biphenyls in Lake Hartwell sediments. MS thesis.
Clemson University Clemson, SC, USA.

21. Cho Y-C, Kwon O-S, Sokol RC, Bethoney CM, Rhee G-Y. 2001.
Microbial PCB dechlorination in dredged sediments and the effect
of moisture. Chemosphere 43:1119–1126.

22. Wiegel J, Wu Q. 2000. Microbial reductive dehalogenation of
polychlorinated biphenyls. FEMS Microbiol Ecol 32:1–15.

23. Chang BV, Chou SW, Yuan SY. 1999. Microbial dechlorination
of polychlorinated biphenyls in anaerobic sewage sludge. Che-
mosphere 39:45–54.

24. Morris PJ, Mohn WW, Quensen JF III, Tiedje JM, Boyd SA.
1992. Establishment of a polychlorinated biphenyl-degrading en-
richment culture with predominantly meta dechlorination. Appl
Environ Microbiol 58:3088–3094.

25. Nies L, Vogel TM. 1990. Effects of organic substrates on de-
chlorination of Aroclor 1242 in anaerobic sediments. Appl En-
viron Microbiol 56:2612–2617.

26. Ye D, Quensen JF III, Tiedje JM, Boyd SA. 1992. Anaerobic
dechlorination of polychlorinated (Aroclor 1242) by pasteurized
and ethanol-treated microorganisms from sediments. Appl Envi-
ron Microbiol 58:1110–1114.

27. Ye D, Quensen JF III, Tiedje JM, Boyd SA. 1995. Evidence for
para dechlorination of polychlorobiphenyls by methanogenic
bacteria. Appl Environ Microbiol 61:2166–2171.

28. Platen H, Schink B. 1987. Methanogenic degradation of acetone
by an enrichment culture. Arch Microbiol 149:136–141.

29. Fennell DE, Gossett JM. 1998. Modeling the production of and
competition for hydrogen in a dechlorinating culture. Environ Sci
Technol 32:2450–2460.

30. Sokol RC, Bethoney CM, Rhee G-Y. 1994. Effect of hydrogen
on the pathway and products of PCB dechlorination. Chemo-
sphere 29:1735–1742.

31. Wu Q. 1996. Microbial reductive dechlorination of polychlori-
nated biphenyls (PCBs) in anaerobic freshwater sediments. PhD
thesis. University of Georgia, Athens, GA, USA.

32. Rittmann BE, McCarty PL. 2001. Environmental Biotechnology:
Principles and Applications. McGraw-Hill, New York, NY, USA.


