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In recent decades, our understanding of biogeochemical
processes has benefited enormously from the information

encoded in the stable carbon isotopic composition, δ13C, of
organic molecules that is now easily accessible for a wide range of
molecules through accurate and precise online techniques (e.g.,
Hayes et al. 1990). For example, isotopic studies have provided
valuable insight into the global methane budget. In this context,
stable isotope ratios of methane have been used extensively to
identify and quantify methane sources and sinks (e.g., Rosenfeld
and Silverman 1959, Whiticar et al. 1986, Avery and Martens
1999, Avery et al. 1999, Whiticar 1999, Hornibrook et al. 2000,
Krüger et al. 2002, Conrad 2005, Sowers 2006). The two major
biochemical pathways of methanogenesis, i.e., reduction of CO2

and acetate fermentation, are associated with distinct kinetic
isotope effects and the relative importance of these two
methanogenic pathways can be estimated on the basis of δ13C
values of methane (Whiticar et al. 1986; Whiticar 1999). Likewise,
biological consumption of methane leads to strong 13C-
enrichment in residual methane (e.g., Barker and Fritz 1981), and
the effects are detectable in environmental methane samples,
e.g., in plumes of methane in the ocean (Valentine et al. 2001).

Similar to methane, the isotopic composition of acetate and
other volatile fatty acids (VFAs), i.e., crucial substrates, prod-
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Abstract
Volatile fatty acids (VFAs) are central intermediates of anaerobic metabolism and present in aquatic environ-

ments such as marine sediments. Conceptually, the isotopic composition of volatile fatty acids is presumed to be
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report the development and application of a new protocol for compound-specific carbon isotopic analysis of
VFAs in marine porewaters and other aqueous liquids. This new protocol involves reversed-phase separation of
volatile fatty acids with an aqueous mobile phase by high performance liquid chromatography (HPLC) combined
with chemical oxidation of the effluents by the FinniganTM LC IsoLink interface (Krummen et al. 2004) and sub-
sequent online transfer of the resulting CO2 into an isotope ratio mass spectrometer. We obtained reproducible
and accurate results for pure Na-acetate dissolved in artificial seawater at concentrations as low as 2 μM, where-
as minimum concentrations in marine porewaters were 10 μM. Our technique extends the previously accessible
concentration range and the fully automated online operation allows for systematic analysis of large sample sets.
These technical improvements make carbon isotopic analysis of selected VFAs a realistic perspective for many
sedimentary environments. Our initial survey of acetate in porewaters and fluids obtained from incubations of
marine sediments has revealed an unexpectedly large range of isotopic compositions from –5‰ to –85‰ and
provides strong support for process-specific information encoded in the isotopic compositions of VFAs.
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ucts, and intermediates of anaerobic microbial metabolism, is
likely to provide insight into the relative importance of sources
and sinks and the associated processes. However, the investiga-
tion of stable carbon isotopic compositions of acetate is severely
hampered by labor intensive analytical procedures and high
detection limits (Table 1). So far, isotopic data on acetate and
other VFAs are rare because these methods are  not suitable for
systematic analysis at typical natural concentrations (i.e., μmolar
in sediment porewaters). Improved methods for carbon iso-
topic analysis of VFAs are needed to advance our understand-
ing of substrate use and reaction networks during the degrada-
tion of organic matter. The potential of carbon isotopic
compositions of VFAs as proxies for biogeochemical processes
is particularly relevant for the investigation of extreme envi-
ronments such as the deep marine biosphere, where cultiva-
tion-based process studies are at the limit of their applicability.

Previously reported data indicate considerable variability in
the carbon isotopic composition of acetate (Table 1). The data
result from three lines of investigation: analysis of samples
from natural environments, incubations of soil and sediment
samples, and incubation experiments with pure microbial cul-
tures. Analyses of environmental porewaters have revealed δ13C
values of acetate ranging from –2.8‰ to –20.7‰ (n = 33)
(Blair et al. 1987, Blair and Carter 1992, Gelwicks et al. 1994,
Krüger et al. 2002). Similar δ13C values have been reported for
acetate in oil field waters (+0.6‰ to –19.3‰) (Franks et al.
2001) and landfill leachate (–16.9‰) (Mohammadzadeh et al.
2005). Similarly, incubation experiments with rice field soils
have yielded acetate with δ13C values ranging from 0‰ to
–33‰ (n = 54) (Sugimoto and Wada 1993, Conrad et al. 2002,
Fey et al. 2004). The observed isotopic variability of acetate does
not correspond to variations in δ13C values of total organic car-
bon (TOC) in the investigated soils and sediments (Table 1).
Instead, data from both natural environments and incubation
experiments suggest that the carbon isotopic composition of
acetate is controlled by isotopic fractionations during produc-
tion (i.e., organic matter fermentation, homoacetogenesis) or
consumption (i.e., acetoclastic methanogenesis, sulfate reduc-
tion) and the relative importance of these processes. Support
for this concept comes from the observation of carbon isotope
effects in incubation experiments with pure microbial cultures
(Table 1). Fermentation of glucose by Escherichia coli produced
acetate that was enriched in 13C by 12.3‰ relative to the car-
bon source (Blair et al. 1985). By contrast, homoacetogenesis
by pure cultures of Acetobacterium woodi yielded acetate with
δ13C values ranging from –52.5‰ to –89.5‰ (Gelwicks et al.
1989, Preuss et al. 1989), and representing a 13C-depletion rel-
ative to CO2 of 39.7‰ to 58.6‰. Acetate consumption by
methanogens, on the other hand, leads to 13C-enrichment of
the residual acetate pool. Carbon isotopic fractionation during
acetoclastic methanogenesis has been documented based on
δ13C values of the produced methane, which shows on average
13C-depletion of 25.9‰ relative to acetate for pure cultures of
Methanosarcina barkeri (Krzycki et al. 1987; Gelwicks et al.

1994) but less than 5‰ depletion in Methanosaeta thermophila
(Valentine et al. 2004). In contrast, only minor isotopic frac-
tionation has been observed for consumption of acetate by
the sulfate reducing bacteria Desulfobacter hydrogenophilus and
Desulfobacterium autotrophicum (Londry and Des Marais 2003).

Traditionally, carbon isotopic analysis of dissolved acetate
has been a demanding task because the liquid phase needed to
be removed prior to sample combustion and transfer of the gen-
erated CO2 into an isotope ratio monitoring mass spectrometer
(irm-MS). Reported analytical protocols have three principal
steps in common (see Table 1 for more details). (1) Acetate is
separated from the liquid phase of the aqueous sample and sub-
sequently purified. (2) The purified acetate is combusted in a gas
chromatography combustion system (or alternatively pyrolyzed
for separate carbon isotopic analysis of the methyl carbon in
acetate). (3) The resulting CO2 is analyzed by irm-MS, either
offline from collected CO2 using a dual-inlet mass spectrometer
or online by continuous-flow mass spectrometry.

The previously reported methods for carbon isotopic analy-
sis of acetate vary in their degree of automation and in their
requirements for sample volume and acetate concentration
(Table 1). For all protocols, it is important to note that the ini-
tial separation steps require special caution, because incom-
plete recovery of acetate from the aqueous sample may cause
isotopic fractionation. This is of particular concern for extrac-
tion of acetate by solid-phase microextraction (SPME) (Dias
and Freeman 1997, Franks et al. 2001). However, with careful
calibration, the SPME method is suitable for the analysis of
small samples (3 to 5 mL) if acetate concentrations are suffi-
ciently high (> 700 μM). The methods established by Gelwicks
and Hayes (1990) and Blair and Carter (1992) allow carbon iso-
topic analysis of acetate at concentrations down to 20 μM and
30 μM, respectively, but require large sample volumes (> 40 mL).
The demanding analytical protocols impede generation of
large data sets and the required sample size is in conflict with
the small sample volumes that are usually available for pore-
water analysis. Therefore, none of these methods is suitable
for systematic carbon isotopic analysis of acetate in natural
sediment/porewater systems.

Here we report a new analytical protocol for sensitive, accu-
rate, and precise carbon isotopic analysis of dissolved acetate
and other VFAs by isotope ratio monitoring liquid chromatog-
raphy/mass spectrometry (irm-LC/MS). This technique is
based on the FinniganTM LC IsoLink interface that couples
high-performance liquid chromatography (HPLC) directly to a
commonly used irm-MS system (Krummen et al. 2004). In
contrast to previously available methods, the liquid phase is not
removed from the sample prior to oxidation. Instead, the tar-
get compounds are separated by liquid chromatography and
chemically oxidized while still in the aqueous mobile phase.
The generated CO2 is separated online from the solvent stream
through a gas-exchange membrane into a stream of He, sub-
sequently dried by Nafion tubes, and finally introduced into
the irm-MS. Our protocol allows fully automated online
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Table 1. Compilation of δ13C-acetate values reported for (a) samples from natural environments; (b) incubation experiments with soil
and sediment samples; (c) incubation experiments with acetate producing microbial cultures; (d) incubation experiments with acetate
consuming microbial cultures

(a) Natural environments

δ13C-TOC δ13C-acetate (n)a Acetate Sample
Environment (‰ PDB) (‰ PDB) concentration size Method Reference
Anoxic coastal sediment -19.0±0.3 -11.6±0.4 to ≥ 80 µM 100 mL A Blair et al., 1987

(Cape Lookout Bight, -16.2±0.4 (5)

North Carolina, USA)

Anoxic coastal sediment -19.08±0.26 -2.8±1.6 to > 30 µM 40 mL A Blair and 

(Cape Lookout Bight, -17.6 (7) Carter, 1992

North Carolina, USA)

Freshwater lake sediment -18.1±0.1 (1) > 20 µM B Gelwicks et 

(Wintergreen Lake, al., 1994

Michigan, USA)

Rice field soil (Vercelli, -26.5 to -27.3 -16.2±0.3 to 5-10 µM 1 mL C Krüger et al., 2002

North Italy) -20.7±2.3 (20)

Oil field waters (San -23.6 to -29.4b +0.57 to > 700 µM 3-5 mL D Franks et al., 2001 

Joaquin Basin, -19.25 (17) Dias and 

California, USA) Freeman, 1997

Landfill leachate -16.9±0.1 (3) 958-1042 µM 18 ml E Mohammadzadeh 

et al., 2005

Murchison meteorite +22.7±0.2 (1) 1730 µmol/kg 23.5 g A Yuen et al., 1984

-7.7±0.2 (1) 770 µmol/kg ca. 10 g D Huang et al., 2005

(b) Incubation experiments

δ13C-TOC δ13C-acetate (n)a Acetate Sample 
Environment (‰ PDB) (‰ PDB) concentration size Method Reference

Rice field soil (Konosu, Japan) -26.5 -22.2 to -32.9 (7) ca. 1.9–4.2 mM 100 mL A Sugimoto and 

Wada, 1993

Rice field soil (Vercelli, -26.70±0.39 0 to -33 (13) 0.2 to 16 mM 1-2 µL C Conrad et al., 2002

North Italy)

Rice field soil (Vercelli, -26.0±0.3 -7.5 to -27.5 (34) < 0.1 to 1.5 mM 1 mL C Fey et al., 2004

North Italy)

(c) Acetate production in pure microbial cultures

δ13C-substrate δ13C-acetate (n)a Acetate Sample 
Organism (n)a (‰ PDB) (‰ PDB) concentration size Method Reference

Escherichia coli Glucose: -9.0±0.1 +3.3±0.9 (1) 10 mL A Blair et al., 1985

Acetobacterium woodii CO2: 34.2 to  -52.51 to 200 mL B Gelwicks et

-13.93 -70.28 (13) al., 1989

Acetobacterium woodii CO2: -47.6/-49.8 -87.2/-89.5 (2) E Preuß et al., 1989

(d) Acetate consumption in pure microbial cultures

Organism δ13C-acetate δ13C-product (n)a Acetate Sample 
(n)a (‰ PDB) (‰ PDB) concentration size Method Reference

Methanosarcina barkeri Total: -17.7 (2) CH4: -43.6/-43.3 200 mM A Krzycki et al., 1987

CH3-: -22.4/-22.1

Methanosarcina barkeri Total: -20.42  CH4: -51.80 to ca. 18-487 µM 83 mL B Gelwicks et 

to -35.76 (10) -57.02 al., 1994

CH3-: -22.1 to -37.4 (10)
Continued
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analysis of aqueous samples with minimal or no prior treat-
ment and thus minimizes the required sample volume (0.3 to
3 mL, for triplicate analysis), the risks of isotopic fractionation
during sample preparation, and labor.

To assess our method, we have systematically analyzed sam-
ples from a variety of natural environments and from laboratory-
based incubations of natural sediments. The generated database
indicates wide variations of the isotopic composition of acetate
and other VFAs that appear to be linked systematically to bio-
geochemical processes that produce and consume them.

Materials and procedures
Instrumentation—Our method for carbon isotopic analysis of

VFAs by irm-LC/MS utilizes the FinniganTM LC IsoLink interface
(Krummen et al. 2004), which couples a ThermoFinnigan Sur-
veyor HPLC to a continuous-flow ThermoFinnigan Delta Plus
XP irm-MS. Because all carbon-bearing compounds are
detected, organic solvents, organic buffers, or other carbon-
bearing compounds (incl. inorganic carbon) must be absent. We
took care to avoid contamination of the HPLC pumps by
organic solvents and bleeding of the HPLC column. Such fac-
tors increase the analytical background and limit the precision
attainable for small samples. Columns that were shipped in
methanol/water mixtures were only used after thorough equili-
bration with MilliQ water on a separate HPLC system.

HPLC—For liquid chromatography, we used a Reprosil-Pur
C18-AQ column (250 mm length; 4.0 mm i.d.; 5 μm particle

size; Wicom) equipped with a guard column (CC8/4 Nucleosil
100-5 C8 ec, Macherey-Nagel) and a ThermoFinnigan Sur-
veyor HPLC system, consisting of a temperature-controlled
autosampler and column holder, a pulsation-free MS pump,
and a photodiode array (PDA) detector. During analytical
sequences samples were stored at 10°C and injected via needle
port, 50-μL sample loop, and 6-port valve (with a syringe and
loop loading speed of 2.0 μL s–1 operated in no-waste-mode).
After each injection, the autosampler syringe was flushed
with 500 μL of MilliQ water. As mobile phase, we used an
aqueous phosphate buffer (pH 2.5) made up of 13.8 g
NaH2PO4·H2O (p.a., Merck) and 1 mL H3PO4 (85 wt-%, ACS
reagent, Aldrich) in 500 mL of MilliQ water. The buffer was
freshly prepared every day and stored in an amber coated 1 L
glass bottles (Schott) while in use. To obtain a CO2-free
mobile phase, the buffer solution was degassed under vacuum
in an ultrasonic bath (10 min at 40°C) and purged with a con-
stant flow of He during operation. In this study, the mobile
phase was pumped isocratically at a steady flow rate in the
range of 300 to 500 μL min–1, and the column was kept at a
constant temperature between 10°C and 35°C for analysis
times of 70 to 90 min, depending on sample type. For pore-
water samples from the natural environment, we used a com-
bination of low flow rates and low temperatures to optimize
separation of lactate and acetate. When chromatographic sep-
aration of acetate and lactate was unproblematic in certain
sample sets, e.g., in incubation experiments, flow rates and

TABLE 1. Continued

Methanosaeta thermophila Total: ca. -30 to -20   CH4:-28 to -35 31-34 mM F Valentine et 

CH3-: -28.3 to -31.0 al., 2004

Desulfobacter hyrogenophilus
Desulfobacterium autotrophicum Total: -34.2 Biomass: -35.0 G Londry and Des 

Marais, 2003

Desulfotomaculum acetoxidans Total: -34.2 Biomass: -25.4 G Londry and Des 

Marais, 2003

an denotes the number of data points reported
bcarbon isotopic value of the accompanying kerogen and oil
MMeetthhoodd  AA:: (1) extraction of VFA fraction by distillation of the acidified water sample and subsequent drying of the basified distillate; (2) separation of
acetate from the distillate by preparative liquid chromatography and additional purification by distillation; (3) combustion of acetate or pyrolysis of
acetate and combustion of the resulting CH4 for carbon isotopic analysis of total carbon and methyl-carbon, respectively, using a gas chromatography
combustion system; (4) online or offline analysis of the resulting CO2 by irm-MS. MMeetthhoodd  BB::  (1) drying of the basified sample; (2) extraction of acetic
acid after addition of oxalic acid to the residue and heating (100°C); (3) purification of acetate followed by combustion or pyrolysis and combustion of
the resulting CH4 using a gas chromatography combustion system; (4) online or offline analysis of the resulting CO2 by irm-MS. MMeetthhoodd  CC:: (1) drying
of the basified sample; (2) addition of formic acid and n-propanol to the residue; (3) separation of acetate followed by combustion using a gas chro-
matography combustion system; (4) online analysis of the resulting CO2 by irm-MS. MMeetthhoodd  DD:: (1) extraction of VFAs from the water sample by solid-
phase microextraction (SPME); (2) thermal desorption and separation of acetate followed by combustion or pyrolysis and combustion of the resulting
CH4 using a gas chromatography combustion system; (3) online analysis of the resulting CO2 by irm-MS. MMeetthhoodd  EE: (1) separation of acetate from
the water sample by preparative HPLC; (2) chemical oxidation of acetate to CO2 in the liquid phase; (3) online analysis of purged CO2 by irm-MS.
MMeetthhoodd  FF::  (1) separation of acetate from the culture medium by diethylether extraction and distillation of the extract; (2) combustion and precipita-
tion of the resulting CO2 as BaCO3; (3) carbon isotopic analysis of the precipitate by elemental analyzer. MMeetthhoodd  GG:: (1) separation of acetate from the
culture medium by preparative HPLC followed by drying of the basified acetate fraction; (2) combustion of acetate or pyrolysis of acetate and com-
bustion of the resulting CH4; (3) online analysis of the resulting CO2 by irm-MS.
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column temperatures were increased to reduce retention times
of less polar VFAs, such as propionate and butyrate. We veri-
fied the accuracy of the carbon isotopic analysis for individ-
ual flow rates and used a fixed flow rate for each sample type
and for the corresponding calibration because flow rates can
influence the sensitivity and accuracy of the irm-MS analysis.
The PDA detector is not obligatory for the quantification of
analytes since both carbon isotopic analysis and quantitative
analysis can be achieved by irm-MS. However, PDA analysis
offers the additional option to monitor, identify, and quan-
tify eluting sample constituents before they are oxidized to
CO2 in the interface. The pump head of the MS pump was
rinsed with water at least once a day to avoid crystallization
of buffer. In addition, all lines of the HPLC system were thor-
oughly purged with water once a week to prevent contami-
nation from microbial growth.

LC IsoLink Interface—The outlet of the PDA detector was
coupled to the FinniganTM LC IsoLink interface, where eluents
and mobile phase are mixed with an oxidation reagent and
acid (Krummen et al. 2004). To avoid premature degradation
of the final oxidation mixture, oxidation reagent and acid
were pumped separately by two-head pumps and combined in
a T-piece just before entering the HPLC eluent flow. This mix-
ture flowed through a heated capillary oxidation reactor where
organic compounds are quantitatively converted to CO2 at
99.9°C. After passing the oxidation reactor, the liquid phase
was cooled and individual CO2 peaks were separated from the
liquid phase by a membrane exchanger and transferred into a
counter flow of helium (1 mL min–1). As reagents, we used
sodium peroxidisulfate as oxidant and ortho-phosphoric acid.
In contrast to previous reports (Krummen et al. 2004), no
AgNO3 was added as catalyst because the oxidation potential
of Na2S2O8 is high enough for complete oxidation of the inves-

tigated substances, and chloride-containing samples would
cause precipitation of AgCl in connecting tubes and mem-
branes, resulting in damage of the system. The oxidation
reagent was prepared from 60 g Na2S2O8 (p.a., Merck) in 200 mL
MilliQ water, and acid that was mixed from 30 mL H3PO4

(85 wt-%, ACS reagent, Aldrich) with 200 mL MilliQ water.
Both reagents were freshly prepared for prompt consumption
and stored in amber-coated 500-mL glass bottles (Schott) while
in use. To eliminate CO2, both solutions were degassed under
vacuum in an ultrasonic bath (10 min at 40°C) and purged
with a constant flow of He during operation. In this study, the
oxidation reagent and acid were added to the mobile phase
with flow rates of approximately 30 to 70 μL min–1. We
adjusted optimal flow rates at the beginning of each analytical
sequence by monitoring O2 entering the mass spectrometer.
Ideally, the oxidation reaction produced enough O2 to yield a
voltage of 9 to 12V when monitored as m/z 32 on cup nr 2
(resistor of 3·108 Ω). Due to mechanical constraints, the com-
bined flow of mobile phase, oxidation reagent, and acid must
be kept below 700 μL min–1. The pump heads of the oxidant
and acid pumps were rinsed with water at least twice a day to
avoid crystallization of reagents.

irm-MS—The outlet of the LC IsoLink interface was coupled
to a ThermoFinnigan Delta Plus XP irm-MS via a routine open
split. The ion source was held at a pressure of 2·10–6 Torr, and
ions were generated by electron impact at 150 eV. Primary
standardization of CO2 isotope analyses on the Delta Plus XP
is based on multiple (three to seven) injections of reference
CO2 (δ13C = –28.0‰ ± 0.1‰, 4.5 ± 0.5 V at m/z 44) from a
tank before and after the analysis of each sample. Isotope
ratios are reported in δ13C notation (permil, ‰) relative to the
Vienna peedee belemnite standard (VPDB) (Slater et al. 2001),
with δ13C = [(Rsample – RVPDB)/RVPDB]·103, where R = 13C/12C and

Table 2. δ13C values of pure VFAs in artificial seawater measured by irm-LC/MS

irm-LC/MS irm-EA/MS
Concentration Injected δ13C ± 1 95% δ13C ± 1 Δδ13C

range carbon Retention Sensitivity SSD (n), Confidence SSD (n), ‰ 
Compound (μmol) (ng) index (Vs⋅ng–1 C) ‰ VPDB interval ‰ VPDB VPDB

Acetate 10 to 1670 12.5 to 2000 1 0.23 ± 0.02 –32.1 ± 0.7 (24) 0.2 –32.1 ± 0.0 (3) 0.0

Butyrate 21 to 833 50 to 2000 5.89 to 6.09 0.48 ± 0.04 –27.3 ± 0.4 (15) 0.2 –27.1 ± 0.8 (5) –0.2

Formate* 418 to 2500 250 to 1500 0.72 0.21 ± 0.01 –22.8 ± 1.5 (33) 0.5 –20.8 ± 0.3 (3) –2.0

Lactate 28 to 1110 50 to 2000 0.77 to 0.80 0.22 ± 0.02 –24.8 ± 0.4 (6) 0.3 –24.5 ± 0.2 (3) –0.3

Malic acid 21 to 833 50 to 2000 0.81 to 0.83 0.24 ± 0.05 –25.4 ± 0.6 (6) 0.5 –25.4 ± 0.1 (2) 0.0

Malonate 28 to 1110 50 to 2000 0.82 to 0.83 0.24 ± 0.02 –24.4 ± 0.6 (10) 0.5

Oxalate 42 to1670 50 to 2000 0.66 –24.5 ± 0.5 (8) 0.3 –23.9 ± 0.4 (3) –0.6

Propionate 28 to 1110 50 to 2000 2.06 to 2.13 0.20 ± 0.02 –20.6 ± 0.5 (19) 0.3 –20.5 ± 0.1 (3) –0.1

Pyruvate 28 to 1110 50 to 2000 0.77 to 0.80 0.19 ± 0.01 –24.0 ± 0.4 (16) 0.2 –24.0 ± 0.0 (3) 0.0

Succinate 21 to 833 50 to 2000 1.42 to 1.44 0.23 ± 0.03 –31.2 ± 0.7 (19) 0.3 –31.7 ± 0.3 (4) 0.5

SSD denotes sample standard deviation (1 sigma), n denotes the number of replicate analysis. Retention index: RI = Rt(VFA)/Rt(Acetate) where Rt refers
to the respective retention time.
*Note that no baseline separation was achieved for the formate peak using the described HPLC method.
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RVPDB = 0.0112372 ± 2.9·10–6.
Instrument control and data acquisition—The HPLC system,

LC IsoLink pumps, irm-MS, and data acquisition system were
controlled using software Isodat 2.0 SP 2.38 supported by
Xcalibur 1.4 (both Thermo).

Standard solutions of VFAs—We tested the applicability of
our method for qualitative, quantitative, and carbon isotopic
analysis with aqueous standard solutions prepared from
sodium salts of VFAs (Aldrich) in sulfate-free artificial seawater
(26.4 g L–1 NaCl, 11.3 g L–1 MgCl2·6H2O, 0.682 g L–1 KCl, and
0.099 g L–1 KBr; degassed under vacuum in an ultrasonic bath
for 10 min at 40°C). Standard solutions were acidified to pH 1.5
using H3PO4 (85 wt-%, ACS reagent) to eliminate dissolved
inorganic carbon (DIC). For qualitative analysis, we identified
peaks by retention time and calculated retention indices by
dividing retention times of individual VFAs through that of
acetate (Table 2). For quantitative analysis, we calibrated the
relationship between peak area and VFA concentration in the
standard solution. To assess the precision and accuracy of our
carbon isotopic analysis, we performed multiple analyses of
dissolved VFA standards and compared the δ13C values obtained
by irm-LC/MS to those of the corresponding salts determined
via irm-elemental analyzer-MS (irm-EA/MS). For each VFA, we
assessed the accuracy and precision of our method for a con-
centration range that corresponds to a total of 50 to 2000 ng
carbon delivered to the irm-LC/MS. For acetate, lower concen-
trations were tested as well (12.5 ng C injection). For formate,
only higher concentrations (> 250 ng C injection) were ana-
lyzed successfully and included in the method assessment.
The investigated VFAs, their δ13C values, retention times, and
the tested concentration ranges are listed in Table 2.

Concentrating samples—If VFA concentrations are below the
limits indicated in Table 2, samples need to be concentrated
prior to analysis. Our approach follows previously reported
techniques (Blair et al. 1987, Gelwicks and Hayes 1990). To
prevent evaporative loss of VFAs, the sample solution was
basified to pH 12 by addition of 2 N KOH and dried by
lyophilization. The resulting residue was dissolved in at least
300 μL of MilliQ water and acidified to pH 1.5 using H3PO4 (85
wt-%, ACS reagent). We have analyzed 2 to 20 μM solutions of
acetate and propionate in artificial seawater after concentrat-
ing them 12.5-fold, i.e., by the maximum factor possible at the
given salinity of the sample matrix. Since contaminants are
amplified by the concentration procedure as well, purity of
reagents and vials is critical. During lyophilization, sample
solutions were kept in pre-combusted glass vials capped with
Teflon-coated septa in open-hole screw-caps. Sterile needles
were inserted into the septa to allow for the exchange of the
gas phase. We obtained best results when the 2 N KOH solu-
tion was prepared just before use from MilliQ water and KOH
pellets (85 wt-%, p.a., Roth) that had been heated to 450°C for
30 min to remove organic contaminants.

Sample collection, processing, and analysis—We applied our
method to two types of “real-world” samples, i.e., natural pore-

water samples and aqueous liquids obtained from anaerobic
incubation experiments with marine sediments. Sediment and
porewater samples resulted from Ocean Drilling Program (ODP)
Leg 201 (Peru Margin, Pacific Ocean, 27 January–29 March
2002), Integrated Ocean Drilling Program (IODP) Expedition
301 (Juan de Fuca, Pacific Ocean, 27 June-20 August 2004),
IODP Expedition 302 (Lomonosov Ridge, Arctic Ocean, 7

Fig. 1. Application of irm-LC/MS for analysis of VFAs in marine sedi-
ment/porewater systems. (A) The chromatogram of a natural porewater
sample obtained from the Black Sea (41°57.26 N 41°16.73 E, 888 m
water depth, 5.53 m sediment depth) shows elution and successful sepa-
ration of an unidentified compound or group of compounds, acetate
(eluting as acetic acid, δ13C = –29.4‰, 71 μM), and DIC. Analytical con-
ditions: no sample acidification prior to analysis, HPLC flow 300 μL min–1,
oxidation reagent and acid flow 30 µL min–1 each, column temperature
15°C. (B) Incubation of surface sediment from a tidal flat of the North Sea
(1:1 slurry incubated under N2 atmosphere for 14 days at 50.5°C) yields
an unidentified compound, acetate (eluting as acetic acid, δ13C = –11.0‰,
809 μM), propionate (eluting as propionic acid, δ13C = –22.4‰, 383 μM),
and butyrate and iso-butyrate (eluting as butyric and iso-butyric acid,
δ13C of the mixture of two isomers = –26.4‰, 82 μM). Analytical condi-
tions: acidification of sample to remove DIC prior to analysis, HPLC flow
500 μL min–1, oxidation reagent flow 70 μL min–1, acid flow 50 μL min–1,
column temperature 35°C. Both analyses were conducted using a
Reprosil-Pur C18-AQ column (250 mm length; 4.0 mm i.d.; 5 μm parti-
cle size; Wicom) equipped with a guard column (CC8/4 Nucleosil 100-5
C8 ec) and an aqueous phosphate buffer (pH 2.5) as mobile phase.
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August–13 September 2004), RV Sonne Cruise So 174 (Gulf of
Mexico, 1 October–12 November 2003), and from field trips to
tidal flats of the coastal North Sea. In the experiments, we incu-
bated 1:1 slurries of sediments and sulfate-free artificial seawa-
ter (26.4 g L–1 NaCl, 11.3 g L–1 MgCl2·6H2O, 0.682 g L–1 KCl, and
0.099 g L–1 KBr) at temperatures ranging from 30°C to 80°C.
Incubations were stopped by freezing the incubation vials. Liq-
uid samples were collected from defrosted samples by centrifu-
gation (10 min at 2000 rpm) and, if necessary, further purified by
filtration (Nylon syringe filters, 0.2 μm, Roth). Porewater sam-
ples were obtained by standard procedures involving whole core
squeezing (e.g., D’Hondt et al. 2003, Shipboard Scientific Party
2004) or sectioning of the core and pressure filtration (Grasshoff
et al. 1999) using regenerated cellulose filters (membrane filter
RC58, 0.2 μm, Schleicher & Schüll). ODP and IODP samples
were processed at room temperature. All other porewater sam-
ples were obtained in cooled shipboard laboratories (4°C) to
minimize metabolic activity during sample collection. Subse-
quently, samples were stored in pre-combusted glass vials at
–25°C. Note that the concentration and isotopic composition of
VFAs may be altered in the course of sample retrieval. We did
not validate the sample collection methods for this application.
For analysis, 1 mL aliquots of the samples were transferred to
pre-combusted 2 mL glass vials (closed with Teflon-coated silica
septa and open-hole screw caps, Rotilabo) and kept at 10°C in
the autosampler in between duplicate runs. All samples from
incubation experiments were acidified to pH 1.5 using H3PO4

(85 wt-%, ACS reagent, Aldrich) and allowed to equilibrate for
at least 12 h to remove DIC. Porewater samples were only acid-
ified if bicarbonate interfered with peaks of VFAs.

Assessment
Compound specific analysis—We successfully separated VFAs

dissolved in marine sediment/porewater systems for com-
pound specific carbon isotopic analysis (Fig. 1). In samples
resulting from porewater squeezing and incubation of marine
sediments, acetate, lactate, propionate, and butyrate were the
most prominent VFAs. For butyrate and iso-butyrate, peak sep-
aration was not sufficient for isotopic distinction of individual
isomers. Therefore, δ13C values of the combined C4-components
are reported. Many chromatograms of natural samples showed
an early eluting, unidentified substance (Fig. 1). This peak
obstructs the analysis of coeluting formate. However, irm-LC/
MS analysis of pure formate in artificial seawater yields precise
and accurate δ13C values (Table 2). The same holds for malate,
malonate, oxalate, pyruvate, and succinate, i.e., compounds
that were not detected in incubations and natural samples.

Accuracy and precision—In general, standard deviations for
repeated carbon isotopic analysis were < 0.7‰, and mean δ13C
values of dissolved VFAs deviated by < 0.6‰ from those deter-
mined by irm-EA/MS (Table 2). Only analysis of formate yielded
a relatively low precision (1.5‰) and accuracy (2‰). This ana-
lytical uncertainty is likely due to the short retention time of
formate using the described method, which impaired baseline

separation essential for precise carbon isotope analysis.
For the concentration ranges reported in Table 2, we

observed a linear correlation between signal area and injected
amount of carbon as reported previously for benzoic acid
(Krummen et al. 2004), angiotensin III, and leucine (Godin et
al. 2005). Therefore, irm-LC/MS can be used to combine stable
carbon isotopic and quantitative analysis of VFAs. Repeated
analysis of aqueous standard solutions shows that the signal
response remains stable over time and relative analytical error
of quantitative analysis is < 5%. For verification of qualitative,
quantitative, and carbon isotopic analysis, we recommend one
calibration per week based on a set of VFA standards that cover
the concentration range of interest, followed by two daily qual-
ity checks via single analysis of a standard resembling the qual-
itative and quantitative composition of the analyzed samples.

Sample size requirements—The sensitivity of the irm-LC/MS
method averages around 0.25 Vs ng–1 C injected on the HPLC
column (Table 2) and is comparable to previously reported val-
ues (Krummen et al. 2004; Godin et al. 2005). During evalua-
tion of our method, peak areas showed a constant signal
response to the injected amount of carbon for a given flow rate.
However, peak areas decreased with increasing flow rate as has
been reported for irm-LC/MS analysis for amino acids (Godin et

Fig. 2. Accessible concentration range: irm-LC/MS analysis of 2 to 1667 μM
aqueous solutions prepared from pure Na-acetate and Na-propionate salts
yields mean δ13C values (dashed lines) of –31.7‰ ± 0.6‰ (n = 28) for
acetate and –21.0‰ ± 0.6‰ (n = 27) for propionate. The reproducibility
of the overall analyses is ± 0.2‰ for both acetate and propionate (95%
confidence interval, indicated be the shaded areas). Within analytical error,
irm-LC/MS results agree with the δ13C values obtained from the pure salts
by irm-EA/MS, i.e., –32.1‰ ± 0.0‰ (n = 3) for Na-acetate and –20.5‰ ±
0.1‰ (n = 3) for Na- propionate. Open triangles represent 2 to 20 µM VFA
solutions, analyzed after 12.5-fold preconcentration. Solid squares symbol-
ize 42-1667 µM standards. Open circles designate 625 to 1563 μM solu-
tions obtained from 12.5-fold preconcentration of 50 to 250 μM standards
and document negligibility of isotopic fractionation. The analyzed concen-
tration range is equivalent to 30 to 2000 ng acetate-carbon and to 45 to
2813 ng propionate-carbon delivered to the ion source.
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al. 2005). Using a high flow rate of 500 μL min–1, we obtained
precise and accurate δ13C values for injections of individual
VFAs equivalent to 50 to 2000 ng carbon (Fig. 2, Table 2). With
a 50-μL sample loop, these amounts correspond to VFAs con-
centrations of 42 to 1670 μM (C2), 28 to 1110 μM (C3), and 21
to 833 μM (C4). In general, samples that under typical analyt-
ical conditions would introduce > 2000 ng of carbon to the
irm-LC/MS need to be diluted, whereas samples yielding less
than 50 ng carbon need to be evaluated carefully. Decreas-
ing the flow rate to 300 μL min–1 (as typically applied for
porewater analysis) allowed us to obtain accurate δ13C val-
ues for 10 μM solutions of acetate. In this study, peak areas 
< 2.8 Vs (corresponding to < 12.5 ng C delivered by acetate)
did not yield accurate δ13C values. The detection limit for
quantitative analysis was found to be a peak area of 1.3 Vs
resulting from 6.25 ng of C, i.e., introduced by injection of 5 μM
acetate solution via a 50-μL sample loop.

Concentrating samples—Samples with VFA concentrations
too low for irm-LC/MS measurement can be assessed if sam-
ples are concentrated by lyophilization prior to analysis. We
have successfully tested this step (Fig. 2) and obtained precise
δ13C values for acetate (–31.6‰ ± 0.9‰, n = 9) and propi-
onate (–20.6‰ ± 0.8‰, n = 10) after 12.5-fold concentration

of initially 2 to 20 μM aqueous solutions. The achieved preci-
sion is comparable to the precision of irm-LC/MS analysis
without prior sample treatment (Table 2). Within analytical
error, the δ13C values obtained by irm-LC/MS after lyophiliza-
tion agreed with the irm-EA/MS analysis conducted on the
sodium salts of acetate (–32.1‰ ± 0.0‰) and propionate
(–20.5‰ ± 0.1‰), indicating the preparative procedure does
not result in isotopic fractionation (Fig. 2). However, the
quantitative recovery of dissolved compounds was incom-
plete and variable. Therefore lyophilization cannot be used
for quantitative analysis.

Application to natural samples/real-world problems—Our sys-
tematic analysis of porewaters and fluids from incubations of
marine sediments (Fig. 3 and 4) demonstrates a wide range of
δ13C values for acetate, lactate, propionate, and butyrate and
stresses both the need for and potential of further investiga-
tions of the carbon isotopic variability of VFAs. Using the out-
lined protocol, approximately 40 samples were analyzed per
week with minimal manual sample handling. Samples were
solely acidified to remove inorganic carbon prior to analysis if
a co-elution of VFAs and DIC was observed.

Though we demonstrated the extension of the accessible
concentration range to 2 μM levels of VFAs by concentrating

Fig. 3. Carbon isotopic variability of acetate observed in marine porewaters (closed symbols) and in incubation experiments with marine sediments
(open symbols). Also shown are the biogeochemical processes related to acetate production and consumption. See text for more details.
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samples prior to irm-LC/MS analysis (Fig. 2), the application of
this method to natural porewater samples with very low VFA
concentrations is presently limited by the elution of an
unidentified peak at the beginning of the chromatogram. At
high concentrations, this peak tends to tail, which hampers
analysis of lactate and acetate in the concentrated samples.
Other stationary phases are probably required to optimize
chromatographic separation.

Discussion
Irm-LC/MS is a highly promising technique to study the car-

bon isotopic composition of VFAs in aqueous samples from the
natural environment. The method is precise, accurate, and pro-
vides a sensitivity that allows direct analysis without manipu-
lation of VFAs in the samples. The protocol requires only
minor sample treatment and minimizes the risk of isotopic
artifacts resulting from sample preparations. While previously
available methods aimed to selectively separate acetate off-line
prior to its carbon isotopic analysis, the separation by HPLC
coupled online to an irm-MS allows screening of other VFAs in
the sample as well. However, intramolecular carbon isotopic
analysis of VFAs, i.e., distinction between carboxyl- and alkyl-C
(Gelwicks and Hayes 1990, Dias and Freeman 1997), cannot be
performed because HPLC is not compatible with online pyrolyis.
Our protocol enables high sample throughput and is suitable
for routine analysis. Only small sample volumes (0.3-3 mL) are
required and, thus, carbon isotopic analysis of VFAs can be
integrated into routine porewater analysis programs (e.g.,
within the Integrated Ocean Drilling Program).

Our preliminary analysis of a wide range of sedimentary
aqueous fluids has greatly extended the database on marine
VFA carbon isotopic compositions and reveals a hitherto
unknown variability in different geochemical environments
(Fig. 3 and 4). For acetate, we observe δ13C values in the range
from ~ –5‰ to –85‰ (Fig. 3), i.e., a similarly large isotopic
range as known from methane. Within this data population,

acetate is both significantly enriched and depleted in 13C rel-
ative to sedimentary organic carbon. This large carbon iso-
topic range and its apparent relation to patterns of carbon
flow are highly relevant for future examinations and inter-
pretations of biogeochemical processes in anaerobic aquatic
environments. For example, highest δ13C values of up to –5‰
were found during incubation of North Sea sediment, which
exhibited strong evidence for acetate consumption by aceto-
clastic methanogenesis (Fig. 3). In contrast, low δ13C values of
around –50‰ were found in incubation experiments of sur-
face sediments from the Gulf of Mexico (Tille 2005). Sup-
porting data (not shown) strongly suggest that in this system
homoacetogenesis strongly contributes to acetate production.
Notably, acetate is depleted in 13C relative to TOC and DIC by
about 27‰ and 21‰, respectively, which is consistent with
CO2-reduction rather than fermentation of sedimentary
organic matter.

Carbon isotopic compositions of acetate between –15‰
and –30‰ as found in porewater samples of ODP Site 1230
(Peru Margin), surface sediments from the Black Sea, and incu-
bations of sediments from the North Sea are presumed to
reflect production of acetate by fermentation of sedimentary
organic compounds combined with the consumption of
acetate in these systems by processes with little or no isotopic
fractionation. Acetate production in deep subsurface settings
is a globally important process since this extreme environ-
ment is generally lacking small, utilizable organic molecules
that can serve as carbon and energy substrates for the growth
of microorganisms (Wellsbury et al. 1997). Incubation of a
sediment sample from IODP Site U1301, eastern flank of the
Juan de Fuca Ridge, yielded acetate with an isotopic composi-
tion between –20‰ to –40‰ and an isotopic relationship to
other sedimentary carbon pools that suggest production of
acetate by homoacetogenesis and organic matter fermentation
with possibly somewhat greater importance of the latter
process compared to the Gulf of Mexico sediments.

Fig. 4. Carbon isotopic variability of lactate, propionate, and butyrate observed in marine porewaters (closed symbols) and in incubation experiments
with marine sediments (open symbols).



Heuer et al. Online δ13C analysis of VFAs

355

A special case are porewater samples from a methane seep
environment in the Black Sea where turnover of 13C-depleted
methane carbon seems to affect the acetate pool, resulting in
δ13C values as low as –85‰. The mechanism underlying the
formation of such strongly 13C-depleted acetate remains elu-
sive, but plausible explanations involve a role of acetate as
intermediate in the anaerobic oxidation of methane (cf
Sørensen et al. 2001) and/or production of acetate from
strongly 13C-depleted organic or inorganic precursors.

Not only acetate exhibits a remarkable carbon isotopic vari-
ability; isotopic compositions of lactate, propionate, and the
two combined butyrate isomers suggest that these compounds
carry valuable biogeochemical information as well (Fig. 4).
Whereas δ13C values of porewater lactate appear largely simi-
lar to those of total organic carbon in various environments,
values for both propionate and butyrate vary distinctly during
incubation experiments with different sediments. Strikingly,
in Gulf of Mexico sediments, propionate and butyrate co-vary
with acetate but are even more depleted in 13C than acetate in
identical samples. We suggest that this might reflect a path-
way of propionate and butyrate formation that is related to
that of acetate in these samples.

These preliminary observations stress the potential of
exploiting the carbon isotopic compositions of VFAs as prox-
ies for biogeochemical processes. We foresee fruitful applica-
tions in areas of aquatic biogeochemistry where isotopic infor-
mation from VFAs can provide important details on patterns
of carbon flow in natural ecosystems, in particular when com-
bined with isotopic information on other environmental car-
bon pools, i.e., DIC, TOC, methane, microbial biomass, etc.
(e.g., Biddle et al. 2006). Complementary laboratory-based
incubations will yield independent information on the poten-
tial for generation of VFAs and related pathways and, possibly,
the presence of microbial functional groups involved in bio-
geochemical turnover of VFAs in sedimentary environments.
Systematic evaluation of quantitative and isotopic patterns of
VFAs in various environments and their relationship to the
type of organic matter and microbial community composition
will ultimately provide a more rigorous understanding of car-
bon cycling in the environment.

Comments and recommendations
Using the outlined method, we have successfully analyzed

the carbon isotopic composition of acetate, lactate, propionate,
and butyrate in natural sediment/porewater systems. More-
over, irm-LC/MS analysis of pure formate, malate, malonate,
oxalate, pyruvate, and succinate in artificial seawater yield pre-
cise and accurate δ13C values. While the latter five compounds
were not detected in incubations experiments and natural sam-
ples, isotopic analysis of formate was obstructed by a coeluting
unidentified peak. Further sample cleanup procedures and/or
other chromatographic stationary phases will be tested to over-
come this problem and extend the isotopic analysis to formate.

We expect that irm-LC/MS will allow carbon isotopic analy-

sis of other water-soluble biomolecules from natural environ-
ments as well. In the development of further methods, achiev-
ing baseline separation of the targeted analytes will be the
most challenging analytical step since the FinniganTM LC
IsoLink strongly limits modifications of the chromatographic
protocol. In particular, no organic solvents, organic buffers, or
other carbon-bearing compounds (including inorganic carbon)
can be used because all carbon-bearing compounds are detected.
Care must be taken when operating with variable flow rates of
the mobile phase. Changing flow rates of the mobile phase
may require corresponding adjustment of the oxidant and
acid flow of the system. In addition, the calibration for quan-
titative analysis should be verified. Ideally, the final reagent
flow should produce enough O2 to yield a voltage of 9 to 12
when monitored at m/z 32 on cup nr 2 (resistor: 3·108Ω). If
flow rates of oxidant and acid are too low, analytical errors will
be introduced because of incomplete oxidation of the ana-
lytes. In this study, we monitored O2 and, if necessary,
adjusted optimal flow rates manually at the beginning of each
analytical sequence (i.e., once a day).

With respect to the stationary phase, column bleeding has
to be considered. After installing new Reprosil-Pur C18-AQ
columns (thoroughly equilibrated with MilliQ water on a sep-
arate HPLC system), we noticed an initial background signal
intensity of up to 2.3 V for m/z 44, which decreased to a con-
stant level of ~0.7 V within 5 to 7 days of operation. There-
after, the analytical background was stable (background signal
for m/z 44 changing < 0.5% per hour).

When interpreting δ13C values of VFAs, further isotopic infor-
mation on their potential precursors and products (e.g., DIC,
TOC, methane) is important. Though we observe distinct DIC
peaks in our chromatograms (Fig. 1), we do not recommend
exploiting irm-LC/MS for δ13C-DIC analysis, in particular because
co-elution of organic carbon compounds cannot be excluded.
For precise δ13C-DIC analysis from small sample volumes (0.03-
0.5 mL), we refer to the protocol by Torres et al. (2005).

References
Avery, G. B., and C. S. Martens. 1999. Controls on the stable

carbon isotopic composition of biogenic methane pro-
duced in a tidal freshwater estuarine sediment. Geochim.
Cosmochim. Acta 63:1075-1082.

Avery, G. B., R. D. Shannon, J. R. White, C. S. Martens, and 
M. J. Alperin. 1999. Effect of seasonal changes in the path-
ways of methanogenesis on the delta C-13 values of pore
water methane in a Michigan peatland. Global Bio-
geochem. Cycles 13:475-484.

Barker, J. F., and P. Fritz. 1981. Carbon isotope fractionation
during microbial methane oxidation. Nature 293:289-291.

Biddle, J. F., J. S. Lipp and others 2006. Heterotrophic Archaea
dominate sedimentary subsurface ecosystems off Peru. Pro-
ceedings of the National Academy of Sciences of the United
States of America 103:3846-3851.

Blair, N., A. Leu, E. Munoz, J. L. Olsen, E. Kwong, and D. Des



Heuer et al. Online δ13C analysis of VFAs

356

Marais. 1985. Carbon isotopic fractionation in heterotrophic
microbial metabolism. Appl. Environ. Microbiol. 50:996-1001.

Blair, N. E., and W. D. J. Carter. 1992. The carbon isotope bio-
geochemistry of acetate from a methanogenic marine sedi-
ment. Geochim. Cosmochim. Acta 56:1247-1258.

Blair, N. E., C. S. Martens, and D. J. Des Marais. 1987. Natural
abundance of carbon isotopes in acetate from a coastal
marine sediment. Science 236:66-68.

Conrad, R. 2005. Quantification of methanogenic pathways
using stable carbon isotopic signatures: a review and a pro-
posal. Org. Geochem. 36:739-752.

Conrad, R., M. Klose, and P. Claus. 2002. Pathway of CH4 for-
mation in anoxic rice field soil and rice roots determined by
C-13-stable isotope fractionation. Chemosphere 47:797-806.

D’Hondt, S. L., and others. 2003. Proc. ODP, Init. Repts., 201
[Online]. Accessed 16 January 2006 from http://www-odp.
tamu.edu/publications/201 _ IR/201ir.htm.

Dias, R. F., and K. H. Freeman. 1997. Carbon isotope analyses
of semivolatile organic compounds in aqueous media using
solid-phase microextraction and isotope ratio monitoring
GC/MS. Anal. Chem. 69:944-950.

Fey, A., P. Claus, and R. Conrad. 2004. Temporal change of
13C-isotope signatures and methanogenic pathways in rice
field soil incubated anoxically at different temperatures.
Geochim. Cosmochim. Acta 68:293-306.

Franks, S. G., R. F. Dias, K. H. Freeman, J. R. Boles, A. Holba, 
A. L. Fincannon, and E. D. Jordan. 2001. Carbon isotopic
composition of organic acids in oil field waters, San Joaquin
Basin, California, USA. Geochim. Cosmochim. Acta 65:1301-1310.

Gelwicks, J. T., and J. M. Hayes. 1990. Carbon-isotope analysis
of dissolved acetate. Anal. Chem. 62:535-539.

Gelwicks, J. T., J. B. Risatti, and J. M. Hayes. 1989. Carbon iso-
tope effects associated with autotrophic acetogenesis. Org.
Geochem. 14:441-446.

Gelwicks, J. T., J. B. Risatti, and J. M. Hayes. 1994. Carbon-
isotope effects associated with aceticlastic methanogenesis.
Appl. Environ. Microbiol. 60:467-472.

Godin, J. P., J. Hau, L. B. Fay, and G. Hopfgartner. 2005. Isotope
ratio monitoring of small molecules and macromolecules by
liquid chromatography coupled to isotope ratio mass spec-
trometry. Rapid Commun. Mass Spectrom. 19:2689-2698.

Grasshoff, K., M. Ehrhardt, and K. Kremling. 1999. Methods of
seawater analysis. Wiley-VCH.

Hayes, J. M., K. H. Freeman, B. N. Popp, and C. H. Hoham.
1990. Compound-specific isotopic analyses: A novel tool
for reconstruction of ancient biogeochemical processes.
Org. Geochem. 16:1115-1128.

Hornibrook, E. R. C., F. J. Longstaffe, and W. S. Fyfe. 2000. Evo-
lution of stable carbon isotope compositions for methane and
carbon dioxide in freshwater wetlands and other anaerobic
environments. Geochim. Cosmochim. Acta 64:1013-1027.

Huang, Y. S., Y. Wang, M. R. Alexandre, T. Lee, C. Rose-Petruck,
M. Fuller, and S. Pizzarello. 2005. Molecular and compound-
specific isotopic characterization of monocarboxylic acids

in carbonaceous meteorites. Geochim. Cosmochim. Acta 69:
1073-1084.

Krüger, M., G. Eller, R. Conrad, and P. Frenzel. 2002. Sea-
sonal variation in pathways of CH4 production and in
CH4 oxidation in rice fields determined by stable carbon
isotopes and specific inhibitors. Global Change Biol.
8:265-280.

Krummen, M., A. W. Hilkert, D. Juchelka, A. Duhr, H. J. Schlüter,
and R. Pesch. 2004. A new concept for isotope ratio moni-
toring liquid chromatography/mass spectrometry. Rapid
Commun. Mass Spectrom. 18:2260-2266.

Krzycki, J. A., W. R. Kenealy, M. J. Deniro, and J. G. Zeikus.
1987. Stable carbon isotope fractionation by Methanosarcina
barkeri during methanogenesis from acetate, methanol, or
carbon dioxide-hydrogen. Appl. Environ. Microbiol. 53:
2597-2599.

Londry, K. L., and D. J. Des Marais. 2003. Stable carbon isotope
fractionation by sulfate-reducing bacteria. Appl. Environ.
Microbiol. 69:2942-2949.

Mohammadzadeh, H., I. Clark, M. Marschner, and G. St-Jean.
2005. Compound specific isotopic analysis (CSIA) of land-
fill leachate DOC components. Chem. Geol. 218:3-13.

Preuss, A., R. Schauder, G. Furchs, and W. Stichler. 1989. Carbon
isotope fractionation by autotrophic bacteria with three
different CO2 fixation pathways. Zeitschrift Natur-
forschung 44c:397-402.

Rosenfeld, W. M., and S. R. Silverman. 1959. Carbon isotope
fractionation in bacterial production of methane. Science
130:1658-1659.

Shipboard Scientific Party. 2004. Juan de Fuca hydrogeology:
The hydrogeologic architecture of basaltic oceanic crust:
compartmentalization, anisotropy, microbiology, and
crustal-scale properties on the eastern flank of Juan de Fuca
Ridge, eastern Pacific Ocean. IODP Prel. Rept. 301. doi:10:
2204/iodp.pr.301.2004.

Slater, C., T. Preston, and L. T. Weaver. 2001. Stable isotopes
and the international system of units. Rapid Commun.
Mass Spectrom. 15:1270-1273.

Sørensen, K. B., K. Finster, and N. B. Ramsing. 2001. Thermody-
namic and kinetic requirements in anaerobic methane oxi-
dizing consortia exclude hydrogen, acetate, and methanol as
possible electron shuttles. Microb. Ecol. 42:1-10.

Sowers, T. 2006. Late quaternary CH4 isotope record suggests
marine clathrates are stable. Science 311:838-840.

Sugimoto, A., and E. Wada. 1993. Carbon isotopic composi-
tion of bacterial methane in a soil incubation experiment:
Contributions of acetate and CO2/H2. Geochim. Cosmochim.
Acta 57:4015-4027.

Tille, S. 2005. Molecular and isotopic investigations on the
early diagenesis in marine sediments: volatile fatty acids as
key metabolites in the deep biosphere. Master’s thesis, FB
Geowissenschaften, Universität Bremen.

Torres, M., A. C. Mix, and W. D. Rugh. 2005. Precise δ13C
analysis of dissolved inorganic carbon in natural waters



Heuer et al. Online δ13C analysis of VFAs

357

using automated headspace sampling and continuous-flow
mass spectrometry. Limnol. Oceanogr.: Methods 3:349-360.

Valentine, D. L., D. C. Blanton, W. S. Reeburgh, and M. Kastner.
2001. Water column methane oxidation adjacent to an area
of active hydrate dissociation, Eel River Basin. Geochim.
Cosmochim. Acta 65:2633-2640.

Valentine, D. L., A. Chidthaisong, A. Rice, W. S. Reeburgh, and
S. C. Tyler. 2004. Carbon and hydrogen isotope fractiona-
tion by moderately thermophilic methanogens. Geochim.
Cosmochim. Acta 68:1571-1590.

Wellsbury, P., K. Goodman, T. Barth, B. A. Cragg, S. P. Barnes,
and R. J. Parkes. 1997. Deep marine biosphere fuelled by
increasing organic matter availability during burial and
heating. Nature 388:573-576.

Whiticar, M. J. 1999. Carbon and hydrogen isotope systemat-
ics of bacterial formation and oxidation of methane. Chem.
Geol. 161:291-314.

Whiticar, M. J., E. Faber, and M. Schoell. 1986. Biogenic
methane formation in marine and freshwater environ-
ments: CO2 reduction vs. acetate fermentation—isotope
evidence. Geochim. Cosmochim. Acta 50:693-709.

Yuen, G., N. Blair, D. Des Marais, and S. Chang. 1984. Carbon
isotope composition of low molecular weight hydrocar-
bons and monocarboxylic acids from Murchison meteorite.
Nature 307:252-254.

Submitted 14 February 2006
Revised 31 May 2006

Accepted 13 June 2006


