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Stable isotope fractionation analysis of an aquifer heavily
contaminated with benzene (up to 850 mg L-1) and
toluene (up to 50 mg L-1) at a former hydrogenation plant
in Zeitz (Saxonia, Germany) has suggested that significant
biodegradation of toluene was occurring. However, clear
evidence of benzene biodegradation has been lacking at this
site. Determining the fate of benzene is often a determining
factor in regulatory approval of a risk-based management
strategy. The objective of the work described here was the
demonstration of a new tool that can be used to provide
proof of biodegradation of benzene or other organics
by indigenous microorganisms under actual aquifer conditions.
Unique in situ biotraps containing Bio-Sep beads, amended
with 13C-labeled or 12C nonlabeled benzene and toluene,
were deployed at the Zeitz site for 32 days in an existing
groundwater monitoring well and used to collect and enrich
microbial biofilms. Lipid biomarkers or remaining substrate
was extracted from the beads and analyzed by mass
spectrometry and molecular methods. Isotopic analysis of
the remaining amounts of 13C-labeled contaminants
(about 15-18% of the initial loading) showed no alteration
of the 12C/13C ratio during incubation. Therefore, no
measurable exchange of labeled compounds in the beads
by the nonlabeled compounds in the aquifer materials
occurred. Isotopic ratio analysis of microbial lipid fatty acids
(as methyl ester derivatives) from labeled benzene- and
toluene-amended biotraps showed 13C enrichment in several
fatty acids of up to δ (13C) 13400‰, clearly verifying
benzene and toluene biodegradation and the transformation
of the labeled carbon into biomass by indigenous organisms
under aquifer conditions. Fatty acid profiles of total

lipid fatty acids and the phospholipid fatty acid fraction
and their isotopic composition showed significant differences
between benzene- and toluene-amended biotraps,
suggesting that different microbial communities were
involved in the biodegradation of the two compounds.

Introduction
The most important mechanism of natural attenuation
leading to destruction of the contaminants in groundwater
is intrinsic bioremediation. It has now been clearly established
that BTEX hydrocarbons are amenable to microbial degra-
dation even in the absence of oxygen under suitable
conditions with respect to geochemistry, environmental
parameters, and microbial ecology (1-6). More recently, it
has been shown that aliphatic hydrocarbons are also
susceptible to anaerobic biodegradation (7, 8). When clear
proof of natural attenuation exists and environmental
receptors will not be threatened during the life of a
hydrocarbon plume, a risk-based management approach can
be both cost-effective and protective of human health and
ecological receptors. However, gathering the necessary
evidence for natural attenuation can itself be a costly
undertaking since operative mechanisms and rates of intrinsic
bioremediation can be site specific. Conventional indicators
of intrinsic bioremediation include the distribution of
hydrocarbons and metabolites and the correlation of tem-
poral trends with the concentrations and distributions of
geochemical parameters (electron acceptors, products of
reduction of electron acceptors, DO, redox potential, hy-
drogen, etc.). Another indicator of contaminant biodegrada-
tion may be the application of the stable isotope fractionation
analysis along the groundwater flow path as shown for some
aromatic compounds (9, 10). All these data are typically
collected over the entire plume and in suitable control areas
over a period of time at significant cost. The actual extent
of site characterization required to support a risk-based
management strategy varies from site to site depending on
the regulatory environment. However, the goals remain the
same: to deduce the prevalent bioprocesses in the subsurface
and to determine whether natural attenuation will prevent
exposure of environmental receptors to the hydrocarbon
plume. With respect to the prevalent bioprocesses, the key
word here is “deduce”; that is, these data amount to
circumstantial evidence of intrinsic bioremediation.

More direct evidence of biodegradation potential and the
operative degradation pathways may be obtained from ex
situ microcosms using groundwater or soils and sediments
from the site as source material. In batch cultures (ex situ)
stable isotope-labeled tracer compounds such as toluene (1,
11) or phenanthrene (12) have been used to prove the
degradation processes and to link microbial activity directly
to organism groups or even specific organisms by detection
of the label in biomolecules such as phospholipid fatty acid
(PLFA)sor using 13C-labeled phenolseven in RNA (13). More
applications of stable isotope-labeled compounds and
biomarkers in microbial ecology can be found elsewhere (14-
16). However, ex situ microcosms require lengthy incubations
and extensive analytical efforts and suffer from the criticism
that the in situ environment may not necessarily be
represented by the microcosms. Clear evidence of bio-
degradation of target compounds by indigenous microor-
ganism under in situ conditions has the potential of
significantly reducing the cost of site characterization.

We have demonstrated that biofilms characteristic of
aquifer conditions can be rapidly and efficiently collected
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using a biofilm-sampling system or biotrap-based porous
polymer beads impregnated with powdered activated carbon
(PAC) (17, 18). The feasibility of using Bio-Sep biotraps
suspended down-well for microbial biofilm formation and
collection under in situ conditions has been successfully
tested at PCE-contaminated sites, at a site where uranium
reduction and precipitation was affected by acetate injection
(19), and in BTEX-contaminated aquifers where sulfate was
being injected (K. Sublette, unpublished results) (20). Biotraps
amended with 13C-labeled contaminants and exposed under
in situ conditions in a contaminated aquifer may provide
more reliable data than ex situ microcosm studies and with
less effort.

Here we describe the results of the incubation of biotraps
based on Bio-Sep beads amended with 13C-labeled benzene
and toluene exposed in situ in a benzene- and toluene-
contaminated anaerobic aquifer. An existing groundwater
monitoring well at the test site was selected for the biotrap
exposure on the basis of previous stable isotope fractionation
surveys that indicated toluene degradation (21). After ex-
posure, lipids extracted from biofilms which developed in
the beads were enriched in 13C, proving biodegradation under
aquifer conditions.

Materials and Methods
Chemicals. All chemicals used were of the highest available
purity. Stable isotope compounds [13C6]benzene (>98 atom
%) and [13C]-R-toluene (14 atom %), both with a chemical
purity >99%, as well as nonlabeled benzene and toluene,
were purchased from Sigma-Aldrich (St. Louis, MO).

Site Description. The site used in these experiments was
a benzene- and toluene-contaminated plume in the Zeitz
aquifer (Saxony, Germany) resulting from contamination
from a former hydrogenation plant. The aquifer is virtually
free of dissolved oxygen and contains benzene concentrations
of up to 850 mg L-1 and toluene concentrations of up to 50
mg L-1. Biodegradation of toluene has been demonstrated
at the site by isotope fractionation analysis along the
groundwater flow path (21, 22). However, clear evidence of
biodegradation of benzene has been lacking. Sulfate is
considered to be the most likely terminal electron acceptor
at the site due to its abundance (20-1930 mg L-1) compared
to nitrate (0-90 mg L-1) and Fe3+ (0-1.3 mg L-1) (23). The
multilevel well Zz 32/02, located downstream of the con-
tamination source but within the plume (Figure 1), was used
to test the in situ biofilm sampling. The location at the edge
of the plume was selected (i) to avoid a codegradation of
toluene and benzene by accumulating both contaminants

from the plume and (ii) to exclude alterations of the isotopic
ratio of benzene and toluene in the plume at the test site.
The groundwater in the well area contained approximately
44 mg L-1 benzene but less than 0.05 mg L-1 toluene at the
time of incubation. The average concentrations of SO4

2-,
NO3

-, and Fe3+ were 586 ( 235, 30 ( 14, and 0.25 ( 0.21 mg
L-1, respectively, measured at depths between 10 and 20 m.
The groundwater table was 9.9 m below the surface, and the
groundwater flow rate was around 2 m day-1 in this area.

In Situ Biotraps. Bio-Sep beads (University of Tulsa, Tulsa,
OK) were employed as a substrate and amended with
isotopically labeled contaminants. Bio-Sep consists of 3-4
mm diameter spherical beads engineered from a composite
of 25% aramid polymer (Nomex) and 75% PAC with a porosity
of 75%. The beads have an internal surface area greater than
600 m2 g-1 and are surrounded by an ultrafiltration-like
membrane with pores of 1-10 µm. The beads were heated
to 300 °C for at least 4 h for sterilization and to render the
beads free of fossil biomarkers. The efficiency of biofilm
formation in the beads has been attributed to the high internal
surface area, low-shear conditions within the bead, and the
concentration of limiting nutrients by the PAC (17, 18).
Perforated Teflon tubes were filled with 50 beads each and
plugged at both ends with glass wool. Assembled biotraps
were autoclaved at 121 °C for sterilization and hydration of
the beads and then air-dried for 24 h. The biotraps with
beads were amended with benzene or toluene by vapor
exposure under partial vacuum by placing prepared biotraps
in small glass containers together with 200 µL of either labeled
or nonlabeled benzene or toluene. The gas phase in the
containers was removed by a vacuum pump until the organics
started boiling at approximately 60 mbar, and the outlet valve
was then closed. Microcosms were held under these condi-
tions until deployed (at least for 48 h). Biotraps, containing
beads amended with [13C]benzene, [13C]toluene, [12C]ben-
zene, or [12C]toluene, and control biotraps containing nona-
mended beads were prepared in triplicate. Replicates were
fastened to a tether with 20 cm of space between differently
amended biotraps (total of 15) and suspended down well Zz
32/02 to between 14 and 15 m depth (4 m below the
groundwater table) for a period of 32 days.

Analysis. Benzene and toluene were extracted from
biotrap beads in triplicate with dichloromethane (5 mL per
trap) and were quantified by headspace GC-MS. The isotopic
composition of the 13C-enriched organics was determined
by comparing the abundance of the respective molecular
ions of the labeled and the nonlabeled compound. Gas
chromatography coupled to isotopic ratio monitoring mass
spectrometry (GC-IRM-MS) was not applicable for a direct
[13C]benzene and [13C]toluene analysis given the high 13C
enrichment of >98 and 14 atom %, respectively, but was
used to measure 13C incorporation into total lipid fatty acid
(TLFA) as described below.

Beads from amended biotraps and nonamended controls
were lyophilized and then lipids extracted with a single-phase
chloroform-methanol-buffer system (24), as modified by
White et al. (25). The chloroform phases (after phase
separation by addition of water and chloroform) were dried
under a gentle stream of nitrogen and subjected to deriva-
tization with trimethylchlorosilane (TMCS) in methanol,
yielding fatty acid methyl esters (FAMEs) (26).

For the fatty acids derived from the total microbial lipid
extracts, isotope compositions were determined using a gas
chromatography-combustion isotope ratio monitoring mass
spectrometry (GCsC-IRM-MS) system. The system con-
sisted of a gas chromatograph (6890 series, Agilent Technol-
ogy, Palo Alto, CA) coupled via a Conflo III interface
(ThermoFinnigan, Bremen, Germany) to a MAT 252 mass
spectrometer (ThermoFinnigan). The performance and
experimental details of this system have been described

FIGURE 1. BTEX-contaminated plume in the Zeitz aquifer. The toluene
concentration was below 0.05 mg L-1 at the monitoring well.
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elsewhere, showing that the systematic error due to non-
linearity of the instrument was e0.1 δ unit (9). Aliquots of
1-4 µL of n-hexane containing the FAMEs were injected
into a split/splitless injector held at 280 °C. On the basis of
the expected concentrations, the injection mode was set to
splitless or the split ratio was adjusted up to 1:5. A BPX-5
column (50 m length × 0.32 mm i.d., 0.5 µm film thickness;
SGE, Darmstadt, Germany) was used for chromatographic
separation with helium as carrier gas at a flow rate of 1.5 mL
min-1. The temperature program was 2 min at 60 °C
isothermally, then heat at a rate of 20 °C min-1 to 120 °C, and
then heat at a rate of 2 °C min-1 to 300 °C with a terminal
20 min isothermal hold (27).

The carbon isotope ratio of fatty acids is reported in the
δ notation (per mil) relative to Vienna Pee Dee Belemnite
standard (PDB) according to eq 1. The natural abundance

of 13C is 1.11% (28) and (13C/12C)standard ) 0.0112372 (
0.0000090. The δ(13C) values of the fatty acids reported here
are the average of at least three individual measurements
and are corrected for the methyl group introduced during
derivatization although it was negligible compared to the
high enrichment of 13C in the substrate and the FAMEs.

Absolute concentrations of TLFAs were determined by
parallel injections on a Hewlett-Packard 6890 gas chromato-
graph, coupled to a Hewlett-Packard 5970 mass spectrometer
containing a BPX-5 column (30 m × 0.32 mm × 0.25 µm,
splitless injection at 280 °C). The temperature program was
4 min at 120 °C, heat at 4 °C min-1 to 250 °C, then heat at
20 °C min-1 to 300 °C, hold for 10 min. FAME 21:0 (54.9 pmol
(µL of hexane)-1) was added as internal standard to the
samples prior to measurement.

The fatty acid nomenclature used here is of the form “A:
BωC” where A designates the total number of carbon atoms,
B the number of double bonds, and C the distance of the
closest double bond (unsaturation) from the aliphatic end
(ω-nomenclature) of the molecule. The suffixes “c” for cis
and “t” for trans refer to double bond isomers. The prefixes
“i” and “a” refer to iso and anteiso methyl branching,
respectively, whereas “br” assigns an undetermined position
of the methyl branching; “cy” assigns a cyclopropyl FA (29).

Membrane-derived PLFAs were obtained from total lipid
extracts by fractionation into neutral lipids, glycolipids, and
polar (mainly phosphoglycero) lipids by silicic acid column
chromatography with chloroform, acetone, and methanol
(25). The PLFAs were transesterified and acyl chains meth-
ylated to the respective FAMEs with TMCS in methanol (1:9,
v/v) at 60 °C for 1 h. The solvent was evaporated with a
gentle stream of nitrogen, and residues were dissolved in
hexane containing 2.5 pmol µL-1 21:0 FAME as an internal
standard. FAMEs were analyzed by GC-MS (Agilent 6890
gas chromatograph, coupled to an Agilent 5973 mass

spectrometer) with a 60 m nonpolar column (DB-1, Agilent,
0.25 mm i.d., 0.25 µm film thickness), with a temperature
program of 100 °C initial temperature for 1 min, heat at 10
°C min-1 to 150 °C, hold for 1 min, heat at 3 °C min-1 to 282
°C, and hold for 5 min, an injector temperature of 270 °C,
and a detector temperature of 230 °C. This column and
temperature program resolved FAMEs according to their
carbon chain length and, within a group containing the same
number of carbons, in the following order: terminally
branched, polyunsaturated, monounsaturated (i.e., retention
time 18:1ω12 < ω9 < ω7 < ω5 fatty acids, and cis < trans
fatty acids), normal saturated, midchain methyl-branched
fatty acids. FAMEs eluted in an order comparable to that of
the BPX-5 column used for GC-MS analysis of total lipids.
Absolute and relative amounts of fatty acids in the samples
were determined according to the concentration of the added
internal FAME standard. GC-MS of bacterial PLFA has a
limit of quantification (LOQ) of approximately 25 pmol or 2
× 105 cells, whereas 107 to 109 cells are necessary to obtain
results that include some rare PLFAs with sufficient signal-
to-noise ratios and standard deviations of less than 5% (30-
32).

Results and Discussion
Reliable assessment of microbial in situ activity requires that
the transformation of a target compound occurs under aquifer
conditions by indigenous organisms. The decrease in con-
centration of the target compound can be linked to an
increase in microbial biomass if the carbon was used as a
substrate for growth. Stable carbon isotope-labeled com-
pounds (i.e., toluene) have been used as substrates with
biodegradation demonstrated by measuring the resulting
isotopic abundance in microbial fatty acids (1, 11, 12). The
application of this approach under in situ aquifer conditions
requires the deployment of labeled compounds in a manner
in which the substrates are available to microorganisms, not
exchanged with aquifer material, and microbial biomass is
retained for analysis of isotopic abundance in microbial
biomarkers. The beads used here will be shown to be an
ideal material from which to fabricate an in situ biotrap with
these characteristics.

Exchange of Benzene and Toluene with the Aquifer.
Vapor-phase adsorption of benzene and toluene by the beads
resulted in loadings of 44 mg of benzene or 56 mg of toluene
per biotrap (50 beads) with less than 5% standard deviation.
Following 32 days of incubation in the Zeitz aquifer, 7.90
((0.03) mg of benzene and 8.45 ((0.69) mg of toluene
remained in the biotraps (Table 1). This represents 18% and
15% of the initial loading, respectively. The nonamended
control biotrap contained a total of 0.226 mg of benzene, but
no measurable toluene. Benzene accumulation due to the
PAC in the control microcosm was influenced by equilibrium
sorption in the water phase and may have affected the
degradation processes within the developing microbial
biofilm in the nonamended beads. As shown in Table 1 the

TABLE 1. Concentrations and 13C Abundance of Contaminants in Amended in Situ Biotraps before and after Exposure in Well Zz
32/02

before in situ deployment after 32 days in situ
13C abundance

(atom %)
load

(mg biotrap-1)
13C abundance

(atom %)
load

(mg biotrap-1)
loss
(%)

benzene 0.1 44 ( 0.5 0.1 7.9 ( 0.1 82
toluene 0.1 56 ( 0.5 0.1 8.4 ( 0.7 85
[13C6]benzene 98.0 44 ( 0.1 98.0 7.9 ( 0.1 82
[13C]-R-toluene 14.0 56 ( 0.6 14.0 8.9 ( 0.7 84
control N/Ab 0.0 0.1 0.23 (benzene)a N/A

a Accumulation from the aquifer contaminant plume, represents 0.5% of the maximum achieved with amendment. b N/A ) not applicable.

δt(
13C) (%) ) ( (13C/12C)sample

(13C/12C)standard

× 1) × 1000 (1)
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13C isotopic composition (atom %) of residual benzene and
toluene remained unchanged, indicating that there was
neither a measurable exchange with the aquifer nor cross-
talk between biotraps.

13C Incorporation into Total Lipid Fatty Acids. In the
[12C]benzene-amended biotraps the isotopic ratios of carbon
in extracted fatty acids were between δ(13C) -40‰ and
-10‰, which is comparable with δ(13C) -31.7 ( 2.8‰ for
fatty acid 21:0 added as an internal standard (25). Similar
natural δ(13C) values have been reported for nonlabeled
microbial fatty acids in aquifer microcosms (-28.9 ( 2.8‰)
(11), for fatty acids produced during growth on a range of
different nonlabeled carbon sources (33), and for growth on
benzene (with a natural 12C/13C ratio of -26.6 ( 0.2‰) (34).
Positive δ(13C) values in microbial fatty acids were detectable
only if assimilation of labeled carbon occurred from a source
artificially enriched in 13C. In another study the in situ
deployment of bacteria enriched in 13C resulted in increased
δ(13C) values of fatty acids in the samples, allowing specific
and sensitive detection and enumeration of the bacteria of
interest (35).

Our [13C]benzene-amended biotraps showed significant
incorporation of the 13C isotope into several microbial lipid
fatty acids. This undoubtedly verifies the in situ biodegrada-
tion of the 13C-labeled compound (Table 2). The highest 13C
enrichments were found in the 16:0 and 16:1ω7c fatty acids
with δ(13C) of 998‰ and 13410‰ vs PDB, respectively, in
the IRMS trace. The relative mass abundances within all
detected fatty acids were 26.5% and 3.2%, respectively. Fatty
acids 14:0, 18:1ω9c, and 18:0 were characterized by high mass
abundance but lower 13C incorporation (Table 2). Fatty acid
12:0 had no 13C incorporation despite a high abundance of
21.5%. Both 12:0 and 14:0 are typical fatty acids in lipid A of
Gram-negative bacteria (29). The 18-carbon fatty acids, typical
of membrane-derived polar lipids, showed a greater abun-

dance for the ω9c than for the ω7c form in the benzene
biotrap. Concentrations of the longer fatty acids and ter-
minally branched fatty acids were insufficient for obtaining
isotopic ratio values.

In general, total lipid extracts from beads amended with
[13C]toluene showed incorporation of 13C into roughly the
same fatty acids as found in the [13C]benzene-amended
biotraps. Differences included higher abundance of the 16:
1ω7c fatty acid and much greater isotopic shift for the 18:
1ω7c than for the 18:1ω9c fatty acid in the toluene-amended
biotrap, compared to the benzene-amended biotrap. The
16:0 and 16:1ω7c fatty acids, with isotopic ratios of δ(13C)
6283‰ and 13360‰, respectively, both had a relative
abundance greater than 10% (Table 2), indicating clear
differences compared to the biotraps amended with [13C]-
benzene (26% and 3%). The similar δ(13C) of around 13400‰
in the 16:1ω7c fatty acid indicates that 13C from [13C]-R-
toluene (14 atom %) was incorporated into the microbial
biomass to a greater extent than 13C from [13C6]benzene (98
atom %). We calculated for the fatty acid 16:1ω7c (δ(13C)
13410‰) that approximately 17% of the carbon was derived
from the labeled benzene, and the balance of the carbon was
derived from other sources such as nonlabeled benzene, other
organic substrates from the aquifer, or CO2. However, a
quantitative estimation of benzene and toluene degradation
or a mass balance of the label incorporation into the microbial
biomass was not a focus of the experiment. Last, in the [13C]-
toluene-amended biotraps, the terminally branched 16:0 fatty
acid showed no measurable shift in the 13C isotope ratio
(δ(13C) -24.1‰ for i16:0) and several other terminally
branched fatty acids (i15:0, a15:0, i17:0) showed only a low
abundance and a small isotopic shift. This indicates that
some cell carbon was derived from carbon sources other
than the labeled toluene.

Further studies are needed to obtain more microbial
biomass to investigate the labeling pattern of fatty acids in
more detail and to improve the interpretation of isotope and
fatty acid data. However, our results have clearly demon-
strated that microorganisms indigenous to the aquifer were
able to biodegrade benzene and toluene and use metabolites
as carbon sources under in situ aquifer conditions. Com-
parison of the fatty acid profiles of the benzene- and the
toluene-amended biotraps indicated differences in the
microbial communities grown with benzene or toluene.

PLFA as an Indicator for Viable Cells. Using total lipid
extracts for isotope ratio analysis accesses all possible fatty
acid pools such as free fatty acids and fatty acids from
diglycerides of nonviable microbial biomass (36), from
glycolipids of Gram-negative bacteria, and from microbial
phosphoglycerolipids (37). Therefore, total lipid extraction
yields the highest overall fatty acid concentrations for
detection. However, phthalates, hydrocarbons, and other
organic compounds were also concentrated during the
extraction process and compromised fatty acid profile
comparisons. Therefore, PLFA profiles were analyzed for
comparison of the viable microorganisms (microbial com-
munities) in biotraps amended with benzene or toluene.
PLFAs are biomarkers for microbial membrane phospho-
glycerolipid content, which is an established indicator for
viable cells (38). Total amounts of PLFA were highest in the
[13C]toluene-amended biotraps (8870 pmol per biotrap) and
[12C]toluene-amended biotraps (8480 pmol per biotrap). The
biotraps amended with [13C]- or [12C]benzene and the control
contained 5860, 2410, and 860 pmol of PLFA per biotrap,
respectively. Utilizing the conversion factor of (1.4-4.0) ×
104 cells (pmol of PLFA)-1 (the factor used was 2.5 × 104 cells
pmol-1), these values correspond to 2.3 × 107 to 2.4 × 108

bacteria cells the size of Escherichia coli (30, 32, 36), indicating
a significant microbial colonization in the bead material of
the biotraps.

TABLE 2. Relative Abundance and 13C Incorporation of Total
Lipid Fatty Acids Extracted from [13C]Benzene- or
[13C]Toluene-Amended Biotraps after in Situ Exposure for 32
Daysa

[13C]benzene biotrap [13C]toluene biotrap

fatty
acidb

relative
abundance (%)

isotopic
ratio

δ(13C)c (‰)
relative

abundance (%)

isotopic
ratio

δ(13C)c (‰)

12:0 21.55 -24.6 0.18 NDd

14:0 13.56 46.0 1.23 805.0
i15:0 0.04 ND 0.87 60.3
a15:0 0.59 ND 0.72 15.5
15:0 1.13 ND 0.55 7946
br16:1 0.31 ND ND ND
i16:0 0.44 ND 0.67 -24.1
16:1ω7c 3.22 13410 13.44 13360
16:1ω7t 0.58 ND 0.44 ND
16:0 26.49 998.0 11.99 6283
10me16:0 ND ND 0.48 ND
18:2ω6 ND ND 0.32 ND
18:1ω9c 7.24 191.0 2.27 16.0
18:1ω7c 3.03 ND 2.99 9684
18:0 13.38 264.0 5.31 92.9
10me18:0 0.93 ND 0.27 ND

a The δ(13C) values for the isotopic composition of the respective
methyl esters represent the isotopic shift compared to the PDB standard.
b The total amounts were 10510 and 26240 pmol in the benzene and
toluene microcosms, respectively; for the fatty acid nomenclature, see
the Material and Methods. c The isotope ratio is given as δ(13C) on the
basis of the PDB standard; the 21:0 fatty acid methyl ester used as
internal standard (IS) for quantification of abundances showed δ(13C)
-29.2 ( 0.4‰. d ND means the ratio could not be determined because
the concentration was too low to provide adequate material to analyze
the stable carbon isotope ratio (limit of detection approximately 150-
350 pmol for an individual FA).
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Despite different total PLFA concentrations, differences
in the relative abundances of fatty acids were very similar in
the benzene-amended biotraps and the control biotraps,
whereas both were different from those in the toluene-
amended biotraps. With benzene (benzene-amended biotraps
and control biotraps which accumulated low amounts of
benzene from the aquifer) the fatty acid 18:1ω9c had a higher
abundance than 18:1ω7c, and the abundances of both were
in the range of the abundances of 16:1ω7c and 16:0 (Table
3). Fatty acids 14:0 and 12:0 were detectable in the benzene-
amended microcosm, whereas in the control the expected
concentrations were below the detection limit of the analysis.
We propose that in both the benzene-amended and the
nonamended biotraps (controls) a comparable community
developed. With toluene the unsaturated fatty acid 18:1ω9c
was of lower abundance than 18:1ω7c, and relative abun-
dances of both fatty acids were 10 times lower than those of
fatty acids 16:1ω9c and 16:0 (Table 3). These significant
variations in the PLFA composition indicate growth of
different microbial communities in the benzene- and the
toluene-amended biotraps (examples of PLFA profiles are in
Supporting Information Figure 1).

Several sediment cores from the Zeitz aquifer, analyzed
earlier (9B/00, 12A/00, 14/00), typically contained bacterial
fatty acid concentrations of less than 1000 pmol (g of
sediment)-1 in the core layers below 14 m. The sediments
from the more contaminated areas showed higher abun-
dances of 18:1ω9c than 18:1ω7c and low amounts of 16:1 (R.
Geyer, unpublished results) similar to what was found in the
current study in the benzene-amended biotrap. Principal
component analysis of sediment data revealed that hori-
zontally and vertically the bacterial community composition
was determined mainly by the concentration of pollutants
in the aquifer rather than the sediment characteristics. In
addition, some sediment samples had large amounts of long-
chain normal-saturated fatty acids (n-sats) due to a lignite
layer and polyunsaturated fatty acids characteristic of eu-
karyotes (18:2ω6c, 18:3ω6c). Neither of these fatty acid groups
was detectable in our biotrap experiments. The small pore
size in the membrane surrounding the beads generally omits
eukaryotes, and the internal bead structure produces resis-
tance to diffusion that will limit accumulation of free fatty
acids on the activated carbon embedded in the beads.

Therefore, we propose that the in situ biotraps facilitated the
enrichment of bacteria indigenous in the aquifer sediments
although the enrichment of an artificial community usually
developing in the well water itself (39, 40) cannot be
completely excluded. Nevertheless, the biotraps were in-
oculated by indigenous well or aquifer bacteria definitely
able to degrade the labeled toluene and benzene. This
confirms results obtained in the isotopic fractionation survey
with respect to toluene (21). In another study nonamended
biotraps were used to monitor the microbial ecology of a
BTEX-contaminated aquifer receiving injections of sulfate
as a remediation amendment (K. Sublette, unpublished
results). Over a six-month period biotrap biofilms were
compared to well water microbial communities using PLFA
analysis. Throughout this period biotrap community struc-
tures were consistent with changes in aquifer geochemistry
while the well water community structure remained un-
changed.

Last, this method has now been used at a second site, a
BTEX-contaminated aquifer near Ft. Lupton, CO. Biotraps
amended with [13C6]benzene and [12C]benzene in combina-
tion (9 atom % 13C in the mixture) were deployed 15-20 cm
below the water table for 30 and 80 days. Even at this lower
specific activity of 13C in the benzene amendment, fatty acids
were readily detected which were enriched in 13C (δ(13C) from
+36.4‰ to +153.1‰). The enriched fatty acids were
16:1ω7c, 16:1ω7t, 16:0, and 18:1ω7c.

In summary, the in situ biotrap approach described in
this paper can be used to verify the biodegradability of a
variety of 13C-labeled organic compounds under aquifer
conditions by indigenous microorganisms and to evaluate
the natural attenuation potential. The only requirement is
sufficient affinity of the compound for PAC to allow the
compound to be retained in the beads during incubation.
However, many other adsorbents can be incorporated into
the beads during fabrication, and other chemicals such as
nutrients, electron acceptors, or electron donors can also be
incorporated. Such growth-supporting substances produce
slow-release repositories within the biotraps (K. Sublette,
unpublished results). Biofilms will be formed which are
reflective of the available carbon sources as well as prevailing
environmental conditions (e.g., temperature, pH, redox
potential) in the aquifer (17, 20) and may thus be suitable
to delineate operative mechanisms of natural attenuation
and evaluate remediation amendments. Therefore, in situ
biotraps based on these porous, adsorptive beads can
potentially provide much the same type of data as ex situ
microcosms but in less time, with less expense, and without
artificial incubation conditions, providing a more reliable
picture of subsurface processes. The stable isotope approach
may also help to shed light on the complex pathway network
of carbon sharing (41). Analysis of nonlabeled or labeled
nucleic acid biomarkers (RNA, DNA) (13, 16, 42), which may
also be obtained from biotrap biofilms (17), may ultimately
reveal the identity of the actual organisms involved in the
biodegradation of benzene, toluene, and other organics.
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TABLE 3. PLFAs Obtained from the Control Biotrap and
Biotraps Amended with Benzene (n ) 2) or Toluene (n ) 2)
Deployed down Well Zz 32/02 in the Zeitz Aquifer for 32 Days

relative abundance (%)

PLFAb controla benzene toluene

12:0 NDc 0.3 ND
14:0 ND 1.7 ND
16:1ω7c 38.6 44.9 66.7
16:1ω7t 5.5 3.0 1.8
16:1ω5c ND ND 1.0
16:0 11.3 16.3 24.1
i17:0 ND 0.1 ND
a17:0 ND 0.2 ND
cy17:0 ND 0.2 ND
17:0 ND 0.1 ND
18:2ω6 ND 0.4 ND
18:1ω9c 31.1 23.2 1.0
18:1ω7c 13.5 7.1 5.2
18:0 ND 1.2 ND

a Note that the control microcosm accumulated benzene (0.23 mg
microcosm-1) derived from the aquifer contamination (approximately
44 mg L-1), whereas toluene was detectable neither in the aquifer at
well Zz 32/00 nor in the control microcosm. b The amounts of PLFA in
the control, benzene, and toluene microcosms were 933, 4130, and
8770 pmol, respectively, corresponding to 2.3 × 107 to 2.2 × 108 cells
(2.5 × 104 cells (pmol of PLFA)-1) (30, 32). c ND ) not detectable.
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Supporting Information Available
A sample calculation of 13C carbon concentration in fatty
acids from the 13C/12C ratio and Figure 1 giving examples for
GC-MS profiles of fatty acids in total lipid extracts obtained
from (A) nonamended control biotraps, (B) biotraps amended
with natural benzene, and (C) biotraps amended with natural
toluene deployed down-well in the aquifer. This material is
available free of charge via the Internet at http://pubs.acs.org.
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