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Abstract

In experiments involving anaerobic biodegradation of trichloroethylene (TCE), d13C values for residual TCE

changed from ÿ30.4- to values more enriched than ÿ16-. All data exhibit a consistent correlation between d13C
value of the residual TCE and the extent of biodegradation of TCE, described by a fractionation factor (a ) of
0.9929. In contrast, during aerobic biodegradation of toluene by two separate mixed consortia, no change in d13C
value of the residual toluene was observed within analytical uncertainty (0.5-). Stable carbon isotopes have the
potential to be a useful indicator for identi®cation and monitoring of intrinsic bioremediation of chlorinated
hydrocarbons such as TCE. Conversely, for aromatic hydrocarbons such as toluene, more conservative isotopic

values may instead be more applicable as a means of source di�erentiation at sites with a history of multiple
spills. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Intrinsic bioremediation refers to the action of

microorganisms to degrade contaminants in situ under

natural conditions. Recently it has gained widespread

attention as o�ering a potentially more e�cient and

cost e�ective contaminant remediation strategy than

more highly engineered groundwater and soil cleanup

technologies (National Research Council, 1993;

Hinchee et al., 1995). Current protocol for proving

that biodegradation is actually occurring in the ®eld,

however, relies on accumulation of a broad basis of

evidence from a variety of di�erent scienti®c

approaches, including microbiological and chemical

®eld measurements, ®eld experiments, and modeling

experiments. This paper investigates the potential to

use carbon isotopic analysis of hydrocarbon contami-

nants to provide more direct evidence of intrinsic bio-

remediation.

Stable carbon isotope analysis involves measurement

of the two stable isotopes of carbon, 12C and 13C to

establish d13C signatures where:
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d13C � �Rsample=Rstandardÿ 1� � 1000

�in units of-�
�1�

Rsample is the 13C/12C ratio in a given compound,
which is normalized to Rstandard, the 13C/12C ratio in
a standard reference material. In this study all d13C
values are reported relative to the V-PDB standard
(Craig, 1957). The application of stable carbon isotope
analysis to provide evidence for biodegradation relies

on the fact that processes such as biodegradation may
produce a net change in the d13C value, or fraction-
ation, in the compound being degraded. Fractionation
during microbial oxidation of CH4 is well-established

(Barker and Fritz, 1981; Coleman et al., 1981). Due to
preferential degradation of the 12C-containing CH4

molecules, the residual CH4 pool becomes enriched in
13C-containing CH4, resulting in a progressively more
positive d13C value as a result of this kinetic isotope
e�ect. In contrast, for other organic compounds (par-

ticularly those of high molecular weight), no fraction-
ation has been documented. For instance, despite
extensive degradation, compounds such as polycyclic

aromatic hydrocarbons (O'Malley et al., 1994; Trust et
al., 1995) and C13±C35 n-alkanes (Mansuy et al.,
1997) show no change in d13C values. Very little infor-
mation has been available on fractionation resulting

from biodegradation of priority pollutants such as the
chlorinated solvents and aromatic hydrocarbons. The
®rst objective of this study is to determine whether

stable carbon isotope fractionation occurs during bio-
degradation of two compounds, trichloroethylene
(TCE) and toluene, representative members of these

two major groups of contaminants. The second objec-
tive is to assess the applicability of using such carbon
isotope fractionation to provide evidence of intrinsic

bioremediation of these compounds in the ®eld.

2. Experimental methods

2.1. Anaerobic TCE biodegradation experiment

Biodegradation of TCE was carried out anaerobi-
cally in two laboratory batch vial experiments carried
out at General Electric Research and Development
Centre using a mixed consortium of bacteria cultured

from contaminated soil at the Pinellas site. The
Pinellas consortium is facultatively anaerobic, but does
contain obligate anaerobes such as sulphate reducing

bacteria. For each experiment, ®ve 250 ml serum bot-
tles were ®lled with mineral media (RAMM) (Shelton
and Tiedje, 1984), and with TCE at a concentration of

10 mg/l. Lactate was added to serve as an electron
donor. The bottles were then inoculated with N2

purged Pinellas culture, capped with Te¯on faced

crimp seal septa and allowed to degrade over 17 days.

For each experiment, 3 control bottles were also set

up, consisting of 10 mg/l TCE in sterilized mineral

media (RAMM).

Throughout the experiment, one sample bottle was

analyzed for TCE concentration to monitor degra-

dation progress. Concentrations of TCE and degra-

dation products were determined by removing 1 ml of

liquid for analysis by GC/MS at General Electric.

When the monitoring bottle indicated the reaction had

Fig. 1. (a) Concentrations of TCE (in mg/l) in control and

sample vials over time during the course of the anaerobic bio-

degradation experiments. Each point represents a separate

independently degrading microcosm vial. Error bars represent

25% on concentrations. (b) d13C values of residual TCE vs

the fraction of TCE ( f ) remaining undegraded. Initial d13C of

TCE before biodegradation is ÿ30.4- at f = 1. The Rayleigh

closed system evolution curve is based on a value of

a=0.9929 calculated by least squares regression of all data

points on a plot of lnf vs ln((d13CTCE/1000+1)/(d13Co/

1000+1)) after Mariotti et al. (1981) (see text). Error bars

represent an accuracy and reproducibility of <0.5- on d13C
values. d13C values for controls are shown in Table 1 and are

always within error (0.5-) of the initial d13C value for TCE

of ÿ30.4-.
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degraded 30% of the TCE, a sample vial was analyzed
to determine both the concentration and the isotopic

composition of the residual TCE. The same procedure
was followed at 60, 80 and 90% degradation for each
of the 3 remaining sample vials. Sampling consisted of

removing 1 ml of liquid for analysis of TCE concen-
tration as described above. This was followed by
releasing of excess pressure from the bottle, opening it

and using a sterile 0.22 micron syringe ®lter to quickly
transfer 40 ml of liquid into 50 ml serum bottles con-
taining 15 g of NaCl. This bottle was capped with a

Te¯on crimp seal septa and kept cold and dark during
transport to University of Toronto for carbon isotope
analysis. At 14 days and 17 days, (80 and 90% degra-
dation, respectively) the samples were frozen to ensure

all biodegradation stopped while samples were in tran-
sit to the University of Toronto for isotope analysis.
Controls indicate that this step introduced no change

in the isotopic composition of the TCE. Furthermore,
each step in the sampling and sample transfer pro-
cedure was rigorously tested prior to the experiment to

ensure no sample handling artifacts a�ected either the
concentrations or the isotopic data. Fig. 1(a) and (b)
shows the results of the 2 experiments carried out

using the above protocol.

2.2. Aerobic toluene biodegradation

Biodegradation of toluene was carried out in a lab-
oratory batch vial experiment at the University of

Toronto using sand from a Saskatchewan aquifer that
had been previously shown to contain microbes
capable of aerobic biodegradation of toluene

(Richards, 1997). Three 160 ml sample vials were ®lled
with 60 g of this sand (at 15% moisture content). To
provide su�cient nitrogen and phosphorus to the
microorganisms present in the sand, inorganic nutri-

ents (1.02 � 10ÿ5 moles of KNO3, 1.03 � 10ÿ6 moles
of K2HPO4 and 1.03 � 10ÿ6 moles of KH2PO4) were
added to each sample bottle in the form of a nutrient

solution prepared in distilled water. 6 mg of pure
phase toluene was added to each sample vial to pro-
duce a starting headspace concentration of approxi-

mately 32 mg/l. Vials were then sealed with a Mininert
valve. The microcosms were manually shaken for 1 min
to ensure partitioning between the air, water and solid
phases. In order to simulate natural groundwater con-

ditions and to slow down the rate of biodegradation,
the microcosms were kept in a refrigerator at 9218C
throughout the course of the experiment. The three

vials were allowed to degrade for approximately 150 h
and each vial was sampled at 8 sampling points to
determine the carbon isotope value and concentration

of the residual toluene vapor.
Two types of controls were set up for this exper-

iment. Control 1 consisted of duplicate vials of 60 g of

autoclaved, sterile, acid washed 250 mm glass beads

and 6 mg toluene. Control 1 was used to determine if

any isotope e�ects were associated with the vial or

Mininert septa, or developed over time in the system

due to leakage, sorption to the glass, etc. Control 2

consisted of duplicate vials of 60 g of autoclaved, ster-

ile sand, combined with 5 ml HgCl (as a biocide) and

6 mg toluene. Control 2 was used to determine if, in

the absence of biodegradation, sorption onto the or-

Fig. 2. (a) Concentrations of toluene (in mg/l) in control and

sample vials over time during the course of the aerobic biode-

gradation experiment. Results for each control are the mean

of duplicate vials. For sample vials, results are shown for

each of the 3 vials separately. All vials are measured repeat-

edly over the course of the experiment. Error bars represent

25% on concentrations. (b) d13C values of residual toluene

vs the fraction of toluene remaining undegraded. Initial d13C
of toluene before biodegradation is ÿ28.0- at f= 1. Error

bars represent an accuracy and reproducibility of <0.5- on

d13C values. d13C values for controls are shown in Table 2

and are always within error (0.5-) of the initial d13C value

for toluene of ÿ28.0-. The fraction of toluene remaining ( f )

is calculated by assuming the concentration in each of the

sample vials at t = 0 is equal to that of Control Vial C2

(32.5 mg/l25%).
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ganic carbon of the soil would cause any isotopic frac-
tionation. All controls were handled in a manner iden-

tical to the sample vials, and were analyzed for
concentrations and isotopic compositions throughout
the course of the experiment. This experiment was

repeated 3 times with identical results so Fig. 2(a) and
(b) show the results of only one of the 3 experiments.

2.3. Analytical methods

Toluene concentrations were analyzed at the
University of Toronto on a Varian 3300 gas chromato-
graph equipped with a 30 m � 0.53 mm i.d. DB-624

column and FID (¯ame ionization detector). Toluene
samples were run isothermally at 808C. TCE concen-
trations were analyzed at General Electric by head-

space GC/MS with a Tekmar 7000 Headspace
Analyzer in tandem with a HP 5890 GC and a Fisons
Trio 1000 Mass Spectrometer equipped with a GS-Q

(30 m � 0.32 mm i.d.) fused silica capillary column.
Reproducibility on concentrations measurements for
TCE and toluene are 25%. Compound speci®c carbon
isotope analysis of toluene and TCE was done at the

University of Toronto using a gas chromatograph/
combustion/isotope ratio mass spectrometer (GC/C/
IRMS). This technology and recently developed sample

extraction techniques are the key to routine application
of d13C isotopic analysis to dissolved organic contami-
nants typically present at ppm to ppb concentrations

in groundwater (Dempster et al., 1997; Dias and
Freeman, 1997; Slater et al., 1999). The University of
Toronto system consists of a Varian 3400 gas chro-

matograph equipped with a 30 m � 0.25 mm i.d. DB-
624 column and Finnigan MAT 252 gas source isotope
ratio mass spectrometer. For toluene the column was
held isothermally at 808C. For TCE the temperature

was held at 408C for 4 min, followed by a ramp to
908C at 108C/min, with a ®nal holding time at 908C of
3 min.

Sample extraction from solution was by headspace
equilibration following the protocol described in Slater
et al. (1999). Samples are transferred from sample vials

by gas-tight syringe and injected into a split/splitless
injector on the GC/C/IRMS where samples are run
against external CO2 isotopic standards. A range of
split settings on the split/splitless injector was required

to control the moles of carbon entering the system and
to avoid over-saturating the source. While internal
reproducibility based on triplicate sample injection is

generally <0.3-, di�erences between samples (error
bars) are assigned a value of no less than 0.5- to in-
corporate not only variation due to reproducibility but

variation due to di�erent split settings. Errors of 0.5-
for carbon isotope values thus incorporate both repro-
ducibility and accuracy of the measurement.

3. Results

Fig. 1 shows the results of the 2 experiments on an-

aerobic biodegradation of TCE. At day 1, the starting

concentration and d13C value for TCE were 10.1 mg/l

and ÿ30.4-, respectively. In Fig. 1(a), each data point

represents one of the 8 independently degrading micro-

cosm vials or 6 control vials involved in the 2 exper-

iments. No change in either concentration (Fig. 1(a))

or isotopic composition (Table 1) occurred in the con-

trols. In contrast, in both experiments, the concen-

tration in the sample vials decreased by an order of

magnitude over the course of the biodegradation ex-

periment from 10.1 mg/l to 1.0 and 1.3 mg/l, respect-

ively (Fig. 1(a)). Isotopic values for the residual TCE

changed from ÿ30.4 to ÿ15.2- (at 90% degradation

in experiment 1) and ÿ16.1- (at 87% degradation in

experiment 2) respectively. This trend of increasing iso-

topic enrichment in 13C in the residual TCE re¯ects

the preferential biodegradation of 12C-12C vs 12C-13C

containing TCE molecules.

Fig. 1(b) indicates the highly reproducible nature of

the kinetic isotope e�ect associated with anaerobic bio-

degradation of TCE by the Pinellas consortium. The

relationship between the concentration of the residual

TCE (or fraction of TCE remaining, f ) and the isoto-

pic composition of the residual TCE (d13CTCE) can be

described by a simple Rayleigh closed system set of

equations expressed in d- notation after Mariotti et

al. (1981):

Table 1

Concentration (in mg/l) and d13C values (in -) for TCE in

control and sample vials vs sampling time over the course of

the anaerobic biodegradation experimentsa

Vial Time (d) Concentration (mg/l) d13C (-)

Experiment 1

Sample A1 3 7.1 ÿ27.5
Sample A2 9 4.8 ÿ24.0
Sample A3 14 2.4 ÿ19.8
Sample A4 17 1.0 ÿ15.2
Control A1C 3 10.5 ÿ30.4
Control A2C 9 10.8 ÿ30.6
Control A3C 17 9.9 ÿ30.4
Experiment 2

Sample B1 3 7.3 ÿ27.4
Sample B2 9 4.3 ÿ23.7
Sample B3 14 2.1 ÿ19.5
Sample B4 17 1.3 ÿ16.1
Control B1C 3 9.9 ÿ30.4
Control B2C 9 10.1 ÿ30.4
Control B3C 17 9.4 ÿ30.5

a Errors in concentration are 25%. Accuracy and reprodu-

cibility for d13C values is <0.5-. No controls were run at

sampling interval t = 14 d.

B. Sherwood Lollar et al. / Organic Geochemistry 30 (1999) 813±820816



�aÿ 1�lnf � ln��d13CTCE=1000� 1�=�d13Co=1000� 1��
�2�

where a is the isotopic fractionation factor and d13Co

is the initial isotopic composition of the TCE (ÿ30.4-
). Fig. 1(b) shows f (x axis) vs d13CTCE ( y axis) and a

Rayleigh closed system evolution curve based on
a=0.9929. Expressed as an enrichment factor, this cor-
responds to E=ÿ7.1 where E=1000 (aÿ1). This value

for a is calculated by plotting the data for the 2 exper-
iments on a plot of lnf vs ln((d13CTCE/1000+1)/(d13Co/
1000+1)) after Mariotti et al. (1981) and determining

the slope (aÿ1) by least squares regression of the data.
An r 2 value of 0.98 for this ®t attests to the strength
of the correlation. All eight independently degrading
microcosms vials for the 2 experiments exhibit the

same correlation between d13C value of the residual
TCE and the extent of biodegradation of that TCE,
described by the fractionation factor a=0.9929.

Fig. 2 shows the results for one representative exper-
iment of the 3 experiments carried out on aerobic bio-
degradation of toluene using a mixed consortia of

toluene degraders. At 8 sampling points, all controls
and all three sample vials were analyzed for concen-
trations and carbon isotopic composition. At the ®nal
sampling point (t = 97 h), only toluene concentrations

were determined in the sample vials as toluene levels
were by this point below detection limit for isotopic
analysis. Table 2 shows the concentration and d13C
value for Controls 1 and 2 based on the mean of dupli-
cate vials. The concentration and d13C value of re-
sidual toluene in each of the 3 sample vials are shown

individually for vials 1, 2 and 3. A small decrease in
concentration levels in both controls in the ®rst few
hours of the experiment (Fig. 2(a)) is due to continuing

partitioning of toluene from the vapor to the aqueous
phase. After approximately 20±30 h, equilibrium parti-
tioning is reached and concentrations in the controls

remain constant within reproducibility (25%). The iso-
topic compositions of the control vials show no signi®-
cant change over the course of the experiment (Table
2). In contrast, the sample vials degraded steadily, with

concentrations decreasing to R0.05 mg/l in approxi-
mately 97 h. Despite this extensive biodegradation,
Fig. 2(b) shows that the isotopic composition of the re-

sidual toluene remained identical within analytical
uncertainty to its starting composition of ÿ28.0-. At
97 h, the d13C value of vials 1, 2 and 3 are ÿ27.5,
ÿ27.5 and ÿ27.3-, respectively, all still within error
of the starting isotopic composition of ÿ28.0-. Thus
unlike TCE, residual toluene showed no signi®cant iso-

topic fractionation associated with biodegradation.
Identical results were found during aerobic biodegra-
dation of toluene carried out in our laboratory using a
second mixed consortia containing toluene degraders

cultured from a clean unsaturated zone sand
(Mulcahy, 1996). Based on 6 sets of experiments on 2
di�erent mixed consortia of toluene degraders, aerobic

biodegradation of toluene involves no signi®cant frac-
tionation of d13C values.

4. Discussion

Application of stable carbon isotope analysis to pro-
vide direct evidence for intrinsic bioremediation by
indigenous microbial populations in the ®eld is depen-

dent on a number of criteria.

1. Systematic changes in d13C values, or fractionation,
must occur during biodegradation.

Table 2

Concentration (in mg/l) and d13C values (in -) for toluene in control and sample vials vs sampling time over course of aerobic

degradation experiment. Results for controls 1 and 2 each represent the mean of duplicate vials. For samples, individual results are

shown for each of the 3 vials measured repeatedly over the course of the experimenta

Controls Samples

C1 C2 Vial 1 Vial 2 Vial 3

Time (h) Conc. (mg/l) d13C (-) Conc. (mg/l) d13C (-) Conc. (mg/l) d13C (-) Conc. (mg/l) d13C (-) Conc. (mg/l) d13C (-)

5 35.6 ÿ28.1 32.5 ÿ28.0 31.1 ÿ28.3 31.1 ÿ28.3 31.1 ÿ28.2
27 32.2 ÿ27.9 28.8 ÿ28.0 28.5 ÿ27.8 28.7 ÿ27.9 28.2 ÿ27.7
46 30.8 ÿ28.0 28.2 ÿ28.0 24.5 ÿ28.0 24.6 ÿ28.0 24.6 ÿ28.1
71 29.9 ÿ28.3 26.9 ÿ27.9 14.6 ÿ28.0 16.1 ÿ28.0 14.5 ÿ27.8
80 NA NA 26.9 ÿ27.8 10.5 ÿ27.6 11.6 ÿ28.0 10.2 ÿ28.0
83 NA NA 28.2 ÿ27.9 8.0 ÿ27.9 9.1 ÿ28.0 7.3 ÿ28.2
86 NA NA 28.4 ÿ28.3 4.7 ÿ27.5 6.0 ÿ27.5 3.8 ÿ27.3
97 29.6 ÿ27.9 26.5 NA 0.05 NA < 0.006 NA < 0.006 NA

a NA=not analyzed. Errors in concentration are25%. Accuracy and reproducibility for d13C values are <0.5-.
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2. Fractionation must be greater than analytical uncer-

tainty.

3. Under a given set of conditions, the fractionation

must be reproducible.

4. The e�ects of isotopic fractionation during biode-

gradation must be readily discernable from isotopic

e�ects associated with other subsurface processes of

mass attenuation such as volatilization, dissolution,

and sorption.

Transport processes such as advection/dispersion/di�u-

sion have not been shown conclusively to produce sig-

ni®cant isotopic fractionation e�ects in the ®eld even

for low molecular weight hydrocarbons such as CH4

(Stahl, 1977; Ricchuito and Schoell, 1988; Pernaton et

al., 1996). Based on these results the assumption was

made that transport processes are unlikely to produce

an isotope e�ect for the larger molecular weight com-

pounds that are the subject of this study. In previously

published work, any isotopic e�ects associated with

equilibrium volatilization and dissolution of TCE have

been shown to be <0.5- (Slater et al., 1999).

Similarly, results from experiments carried out at the

University of Toronto show no signi®cant isotopic

fractionation associated with sorption under equili-

brium conditions. In contrast, as shown in Fig. 1(b),

experiments on anaerobic biodegradation of TCE

involve systematic fractionation (Criteria 1) more than

an order of magnitude greater than both analytical

uncertainty (Criteria 2) and greater than isotopic frac-

tionation associated with processes such as volatiliz-

ation, dissolution and sorption (Criteria 4).

Furthermore, this fractionation is highly reproducible

(Criteria 3). Based on a least squares regression

(r 2=0.98) all data can be modelled using a simple

Rayleigh closed system set of equations and a fraction-

ation factor of a=0.9929. While the application of

these results to either column experiments or to the

®eld will involve modi®cation of the model to incor-

porate open rather than closed system behaviour, the

essential criteria is the highly reproducible correlation

of d13C values of the residual TCE to the extent of

biodegradation of TCE under this set of experimental

conditions. Similar trends of isotopic enrichment with

increasing biodegradation have been found in exper-

iments carried out on anaerobic biodegradation of

PCE in our laboratory. Results indicate a smaller

degree of fractionation overall, with a change in isoto-

pic composition of PCE from an initial isotopic com-

position of ÿ30- to a ®nal composition of ÿ20.8- at

greater than 75% degradation. Slater et al. (1997) and

Dayan et al. (this volume) reported that similar

Rayleigh models with larger fractionation factors can

be used to describe the isotopic fractionation associ-

ated with abiotic dechlorination of TCE with zero

valent iron. For chlorinated hydrocarbons such as

TCE, the large, reproducible fractionation involved in

anaerobic biodegradation demonstrates the clear po-

tential of stable carbon isotope analysis as a means of

identifying and monitoring intrinsic bioremediation.

In ®ndings similar to those for chlorinated hydrocar-

bons, studies focusing on aromatic hydrocarbons have

established that at equilibrium, processes such as vol-

atilization, dissolution and sorption (Criteria 4) involve

no fractionation of carbon isotope values >0.5-
(Slater et al., 1999; Harrington et al., this volume).

Taking advantage of the greater precision (<0.1-) as-

sociated with conventional carbon isotope mass spec-

trometry, Harrington et al. (this volume) was able to

identify fractionation of <0.2- associated with vol-

atilization of benzene, toluene and xylene.

Unfortunately, conventional mass spectrometry and its

greater precision is not routinely feasible for carbon

isotope analysis of contaminants in groundwaters,

where concentrations typically are in the low ppm and

ppb range. For practical applications in the ®eld, the

4±5 orders of magnitude greater sensitivity of continu-

ous ¯ow compound speci®c mass spectrometry is

essential. Hence, for practical applications, the analyti-

cal uncertainty associated with continuous ¯ow mass

spectrometry (0.3- for reproducibility or 0.5- to in-

corporate both accuracy and reproducibility) will be

the measure against which the signi®cance of kinetic

isotope e�ects must be assessed. In this context then,

volatilization, dissolution and sorption of aromatic

hydrocarbons involve no signi®cant carbon isotope

fractionation (Slater et al., 1999; Harrington et al., this

volume).

Results reported by di�erent groups investigating

fractionation associated with biodegradation of aro-

matic hydrocarbons are less conclusive. Aerobic biode-

gradation of toluene by the two mixed consortia used

in this study involved no signi®cant fractionation. Two

other studies report small fractionation signals (R2-
isotopic enrichment in contaminant residual) during

toluene biodegradation under anaerobic conditions

(Kelley et al., 1997) and during benzene biodegrada-

tion under aerobic conditions (Francis et al., 1997) re-

spectively. These results imply that di�erent microbial

communities or environmental conditions may exert

controls on whether or not signi®cant fractionation is

associated with biodegradation of aromatic hydrocar-

bons. Based on results of this study and others how-

ever, a clear pattern is emerging. While degradation of

chlorinated hydrocarbons appear to be characterized

by changes in d13C values of the residual contaminant

on the order of many -, carbon isotope fractionation

associated with biodegradation of aromatic hydrocar-

bons is much more subtle, and in many cases may be

irresolvable within analytical uncertainty.
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5. Conclusions

The application of stable carbon isotopes to provide
direct evidence of the e�ectiveness of intrinsic bioreme-
diation has generated signi®cant interest in the ®eld of

contaminant hydrogeology. In this paper, we summar-
ize the experimental evidence for fractionation of car-
bon isotope values during biodegradation and

emphasize the highly compound speci®c nature of this
application of carbon isotope analysis. Results pre-
sented in this paper indicate that it is premature to

conclude stable carbon isotopes will provide de®nitive
evidence of biodegradation of toluene. While some stu-
dies have shown small fractionation signals associated
with biodegradation of aromatic hydrocarbons

(Francis et al., 1997; Kelley et al., 1997), the lack of
any signi®cant isotopic fractionation signal in the
aerobic biodegradation experiments carried out in this

study indicate that considerably more research is
required before the application of this approach to
identify intrinsic bioremediation of this group of com-

pounds can be fully assessed. If under certain micro-
biological/environmental conditions, the isotopic
values of aromatic hydrocarbons such as toluene are

found to behave conservatively instead of fractionating
during biodegradation, stable carbon isotope signa-
tures may in fact have more applicability as a means
of source di�erentiation at sites where di�erent spills

may contribute to the overall contamination
(Dempster et al., 1997). For chlorinated hydrocarbons
such as TCE, however, large and reproducible frac-

tionation signals associated with biodegradation indi-
cate that stable carbon isotopes indeed provide a new
tool for con®rming that intrinsic bioremediation is tak-

ing place and for monitoring its e�ectiveness. It is not
anticipated that this technique will replace existing pro-
tocols for validating in situ bioremediation. However,
the results presented here indicate that for chlorinated

hydrocarbons, successful application of compound
speci®c stable carbon isotopes may signi®cantly
improve our ability to reliably evaluate the success of

intrinsic bioremediation projects. Protocols under
development for validation of in situ bioremediation
strategies for chlorinated hydrocarbons should con-

sider incorporation of compound speci®c carbon iso-
tope analysis along with the more conventional
microbiological and chemical criteria.
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