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ABSTRACT The energetic situation of terminal fermentations in methanogenesis
was analyzed by pool size determinations in sediment cores taken in the oligotro-
phic Lake Constance, Germany. Distribution profiles of fermentation intermediates
and products were measured at three different water depths (2, 10, and 80 m).
Methane concentrations were constant below 10 cm of sediment depth. Within the
methanogenic zone, concentrations of formate, acetate, propionate, and butyrate
varied between 1 and 40 �M, and hydrogen was between 0.5 and 5 Pa. From the
distribution profiles of the fermentation intermediates, Gibbs free energy changes
for their interconversion were calculated. Pool sizes of formate and hydrogen were
energetically nearly equivalent, with �5 � 5 kJ per mol difference of free energy
change (ΔG) for a hypothetical conversion of formate to hydrogen plus CO2. The ΔG
values for conversion of fatty acids to methanogenic substrates and their further
conversion to methane and CO2 were calculated with hydrogen and with formate as
intermediates. Syntrophic propionate oxidation reached energetic equilibrium with
formate as the sole electron carrier but was sufficiently exergonic if at least some of
the electrons were transferred via hydrogen. The energetic consequences of formate
versus hydrogen transfer in secondary and methanogenic fermentations indicate
that both carrier systems are probably used simultaneously to optimize the en-
ergy yields for the partners involved.

IMPORTANCE In the terminal steps of methane formation in freshwater lake sedi-
ments, fermenting bacteria cooperate syntrophically with methanogens and ho-
moacetogens at minimum energy increments via interspecies electron transfer. The
energy yields of the partner organisms in these cooperations have so far been calcu-
lated based mainly on in situ hydrogen partial pressures. In the present study, we
also analyzed pools of formate as an alternative electron carrier in sediment cores of
an oligotrophic lake. The formate and hydrogen pools appeared to be energetically
nearly equivalent and are likely to be used simultaneously for interspecies electron
transfer. Calculations of reaction energies of the partners involved suggest that pro-
pionate degradation may also proceed through the Smithella pathway, which con-
verts propionate via butyrate and acetate to three acetate residues, thus circumvent-
ing one energetically difficult fatty acid oxidation step.

KEYWORDS secondary fermentations, energetics, fatty acids, methanogenesis, pool
sizes, syntrophy

Methanogenesis is the terminal process of anaerobic digestion of organic matter in
deeper layers of freshwater sediments that contributes to the global atmospheric

methane budget to a minor but significant extent (6 to 16%) (1). Fermentation of
biomass to methane and CO2 proceeds through a network of primary fermentations,
secondary fermentations, homoacetogenesis, and methanogenesis (2–5), which all are
carried out by different microbes that have to share the small amount of energy
available in the overall process. In particular, the last players in this concerted action,
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i.e., secondary (“syntrophic”) fermenters, homoacetogens, and methanogens, have to
run their energy metabolism at energy increments that barely provide sufficient energy
for ATP synthesis. The minimum amount of metabolic energy that is needed for
synthesis of a fraction of an ATP unit has been defined to be equivalent to the energy
needed to transport a proton or a sodium ion across the charged cytoplasmic mem-
brane, i.e., equivalent to �20 kJ per mol reaction (4, 6). Considering that starving cells
may have a lower energy charge and that higher proton-to-ATP stoichiometries are
possible due to unusual ATPase architectures, this calculated minimum value was later
decreased to about �10 to �12 kJ per mol reaction (7–9).

In secondary fermentations, fatty acids and alcohols that are released as products of
primary fermentations are converted to compounds that can be used by methanogens,
i.e., C1 compounds, hydrogen, and acetate. The electrons released in these fermenta-
tions are transferred to methanogenic partners either as hydrogen gas or as formate at
low concentrations to render these fermentations energetically feasible (2, 4, 10–13).
For many years, hydrogen was considered the more important electron carrier, mostly
because hydrogen partial pressures could easily be measured in the headspace of
culture bottles or digesters. Nonetheless, formate was already discussed as an alterna-
tive electron shuttle with the descriptions of the very first defined syntrophic cocultures
(4, 10, 12–14). Later work has shown that several secondary (“syntrophically”) ferment-
ing bacteria may release formate rather than hydrogen as an electron sink (15–22), and
most hydrogen-oxidizing methanogenic partners can use both hydrogen and formate
as an electron source. Homoacetogenic bacteria can also use these electron carriers
and, with this, interfere with the interspecies electron flow from secondary fermenters
to their methanogenic partners (23). Sulfate reducers compete for available hydrogen
or formate as well, but only if sufficient sulfate is available (24, 25). Beyond experiments
with isolated cultures, several studies have tried to assess the energetic situation of
secondary fermentations and methane formation in the past by measuring pool sizes
of fermentation intermediates, including hydrogen partial pressures in situ, both in
natural sediments and in technical settings, such as sewage sludge digesters or biogas
reactors (26–32).

Only recently have techniques been developed that allow measurement of formate
in the micromolar range in environmental samples, even in the presence of large
amounts of complex organic matter such as, e.g., humic compounds (26, 27). In the
present study, the importance of formate as an alternative electron shuttle in metha-
nogenic biomass degradation was investigated in sediments of the oligotrophic Lake
Constance in southern Germany, focusing on the energetic limitations of the transfor-
mation processes involved.

RESULTS
Stratification of sediment cores. Profiles of physicochemical data and pool sizes of

microbial metabolites obtained in the present study are shown in Fig. 1. The porosity
in the core taken at 2 m water depth was rather homogeneous, between 60 and 80%
(Fig. 1a). In the core from 10 m water depth, the porosity decreased from 60 to 40% and
reached a steady value (40%) at 22.5 cm sediment depth. In the sediment core taken
at 80 m depth, the porosity decreased between 10 and 20 cm sediment depth, from
around 70% to 55%. The pH value (Fig. 1b) was rather constant (about 7.6) in all three
sediment profiles and was in general slightly more alkaline than the sediment surface.
The sediment core taken at 10 m water depth was in total slightly more acidic (pH 7.0).

Oxygen was not measured in the present study. It penetrates into Lake Constance
sediments down to about 4 to 5 mm depth (33). Sulfate declined from a maximum of
270 �M in the water column to values of 20 to 40 �M at 10 to 15 cm sediment depth
in the sediment cores taken at 2 m and 80 m depth, and to 50 to 60 �M at 20 cm depth
in the core taken at 10 m depth (Fig. 1c).

Methane showed high concentrations up to saturation below 10 cm sediment depth
in the cores taken at 2 m and 10 m depth (1.8 to 4.3 kPa; Fig. 1d). In the profundal core
taken at 80 m, the methane concentration was in general lower and decreased steadily
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from 30 cm depth upwards, indicating that methane was mainly formed further down
in the sediment. In all three cores, the methane concentrations decreased distinctly
within the uppermost 5 to 8 cm depth toward the sediment surface. The majority of the
methane produced in the sediment is reoxidized within the top 1 to 2 cm depth, either
by aerobic or by nitrite-dependent oxidation (33–35).

Pool sizes of reaction intermediates in sediment cores. The concentrations of
dissolved compounds and gases were analyzed in all layers of the studied sediments in
triplicate. The data shown in Fig. 1e through i are representative of similar data (within �

40% error) obtained in parallel measurements on replicate cores. In all cores, the
concentrations of short-chain fatty acids were rather similar (formate, 5 to 15 �M;
acetate, 5 to 15 �M; propionate, 5 to 40 �M; and butyrate, 0.5 to 2 �M; Fig. 1e through
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FIG 1 Physicochemical properties and pool sizes of fermentation intermediates in sediment cores taken in Lake
Constance at three different water depths (2 m, 10 m, and 80 m).
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h). The concentrations of dissolved hydrogen showed maximal and rather constant
values at greater sediment depth. Below 20 cm sediment depth, dissolved hydrogen
reached about 0.5 Pa in the core taken at 2 m and about 2 Pa in the core taken at 80
m, and it oscillated between these values in the 10-m core (Fig. 1i). The hydrogen
partial pressure decreased distinctly from about 10 cm depth toward the sediment
surface in the cores taken at 2 m and the 10 m, and from 15 cm depth downwards in
the core taken at 80 m. We also detected carbon monoxide at partial pressures of 8.8
to 430 Pa in all core samples (see Fig. S1 in the supplemental material).

Free reaction energies of terminal fermentation processes in sediment cores.
From the pool sizes of the fermentation intermediates shown in Fig. 1, we calculated
via the respective activities the free energy changes of the respective conversion
reactions listed in Table 1. The alternative electron carriers formate and hydrogen
turned out to be energetically not exactly equivalent, as Fig. 2 shows. A (hypothetical)
conversion of formate to hydrogen plus CO2 yielded free energy changes in the range
of �5 � 5 kJ per mol reaction.

As shown in Fig. 3a, the conversion of acetate to methane plus CO2 released energy
in the range of �10 kJ per mol in all sediment cores below 10 cm sediment depth,

TABLE 1 Terminal transformation reactions in biomass conversion to methane and CO2
a

Reaction Conversion reaction �G5 Figure

Formate lysis HCOO� � H� ¡ CO2 � H2 �0.69 2

Methanogenic reactions
Acetate to methane CH3COO� � H� ¡ CO2 � CH4 �30.3 3a
Hydrogen to methane CO2 � 4H2 ¡ CH4 � 2H2O �139.0 3b
Formate to methane 4HCOO� � 4H� ¡ CH4 � 2H2O � 3CO2 �136.2 3c

Acetogenic reactions
Hydrogen to acetate 2CO2 � 4H2 ¡ CH3COO� � H� � 2H2O �108.7 3d
Formate to acetate 4HCOO� � 3H� ¡ CH3COO� � 2H2O � 2CO2 �105.9 3e

Syntrophic oxidation reactions
Propionate to hydrogen CH3CH2COO� � 2H2O ¡ CH3COO� � CO2 � 3H2 �82.7 3f
Propionate to formate CH3CH2COO� � 2CO2 � 2H2O ¡ CH3COO� � 3HCOO� � 3H� �80.6 3g
Propionate to hydrogen (Smithella pathway) 2CH3CH2COO� � 2H2O ¡ 3CH3COO� � H� � 2H2 �56.7 3f
Propionate to formate (Smithella pathway) 2CH3CH2COO� � 2H2O � 2CO2 ¡ 3CH3COO� � 2HCOO� � 3H� �55.3 3g
Butyrate to H2 CH3CH2CH2COO� � 2H2O ¡ 2CH3COO� � H� � 2H2 �54.0 3h
Butyrate to formate CH3CH2CH2COO� � 2CO2 � 2H2O ¡ 2CH3COO� � 2HCOO� � 3H� �52.7 3i

aWith reference to the calculated values in Fig. 2 and 3. ΔG5, standard Gibbs free energy of a reaction at 5°C given in kJ/mol.

FIG 2 Gibbs free energy changes of (hypothetical) conversion of formate to hydrogen plus CO2 in
sediment cores taken in Lake Constance at three different water depths (2 m, 10 m, and 80 m).
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where net methane formation was observed. As a consequence of the slight energetic
differences between formate and hydrogen shown in Fig. 2, electron consumptions in
methanogenesis or homoacetogenesis and electron releases in secondary fermenta-
tions yield slightly different free energy changes, as Fig. 3b through i exemplify. While
methanogenesis from hydrogen and bicarbonate was exergonic, with �14 to �40 kJ

FIG 3 Gibbs free energy changes of secondary fermentation reactions as specified in Table 1, based on interspecies hydrogen or
formate transfer in sediment cores taken in Lake Constance at three different water depths (2 m, 10 m, and 80 m). In panels f and g,
energetics of fermentations according to Syntrophobacter are shown with solid lines, and those according to Smithella are shown with
dashed lines.
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per mol in all cores below 10 to 15 cm depth (Fig. 3b), the available free energy
increased to �30 to�50 kJ per mol if formate, rather than hydrogen, was used as the
electron donor (Fig. 3c). Homoacetogenesis in the methanogenic sediment layers with
hydrogen as the electron donor was exergonic, with only about �10 kJ per mol in the
cores from 2 and 10 m water depth, and it yielded more than �30 kJ per mol in the core
from 10 m water depth (Fig. 3d). If formate, rather than hydrogen, was used for
homoacetate fermentation, the available free energy changes shifted to �20 to �40 kJ
per mol reaction. (Fig. 3e).

The situation is quite the opposite for the electron-releasing secondary fermenta-
tions. Syntrophic propionate oxidation according to the Syntrophobacter-catalyzed
reaction (Table 1), leading to acetate and three molecules of H2, released about �10 kJ
per mol in most depth layers of sediment cores from 2 m and 10 m water depth and
no energy at all in nearly all methanogenic layers of the 80-m sediment core (Fig. 3f).
If formate was used as an electron carrier, the oxidation of propionate no longer yielded
free energy, or even became slightly endergonic in several sediment layers examined
(Fig. 3g). The energetic situation improves substantially if propionate is fermented
through an alternative fermentation pathway converting two propionates to three
acetates and two hydrogens, as Smithella propionica does (36) (Table 1; Fig. 3f and g).
In a similar manner, syntrophic oxidation of butyrate yields �15 to �35 kJ per mol with
hydrogen as the coproduct (Fig. 3h) but only �10 to �30 kJ per mol if electrons are
released as formate (Fig. 3i). The mentioned deviations of the measured pool sizes
(�40%, see above) cause differences in the Gibbs free reaction energies in the range of
1.5 to 4 kJ per mol reaction, depending on the number of electron pairs transferred, and
are therefore insignificant for our energetical considerations.

DISCUSSION
Stratification of sediments. The sediment cores examined in the present study

were taken in areas of different water depths of a large oligotrophic lake. Although the
littoral sediments taken at 2 m water depth were coarser than those taken from deeper
sediments, the porosity of all three sediments was roughly similar, with a tendency to
lower porosity and higher compaction with increasing depth. In addition, the pH values
of the sediments were similar, with slightly higher values toward the sediment surface.
Sulfate content decreased from the surface to 10 cm sediment depth from nearly 300
�M to values of 10 to 50 �M, most clearly exemplified with the core taken at 80 m
water depth. In the other two cores, sulfate penetrated down to 15 to 20 cm depth,
where low values similar to those in the core taken at 80 m were reached. These uneven
distributions may be attributed to bioturbation activities in these sediments from
shallow waters, unlike the distributions in the deep-water core, where bioturbation
appears to be irrelevant (37). Methane distributions showed very stable values close to
saturation below 10 cm sediment depth in the cores from 2 and 10 m water depth. In
the upper 10 cm of sediment, methane concentrations decreased upwards, indicating
diffusive methane transport toward the sediment surface (38), where methane is
consumed nearly quantitatively by either aerobic (33, 34) or nitrate-dependent micro-
bial oxidation (33, 39). In the sediment core from 80 m water depth, the methane
concentration decreased continuously from about 20 cm depth upwards, indicating a
diffusive flux from the layers below and lower methanogenic activity in the layers of 10
to 20 cm sediment depth, compared to those of the other two cores. These lower
methane formation activities may be due to lower biomass import into these deep-
lying sediments, as opposed to that into shallow-water sediments. We can state that
oxidation of organic matter with oxygen, nitrate, Fe(III), or sulfate may take place in our
sediments within the uppermost 10 cm depth, and that below this depth, methano-
genesis is the dominant process of organic matter degradation, even if sulfate reduc-
tion may play a marginal role based on the small sulfate pool detected in the lower
sediment layers as well. Reoxidation of sulfide in the sense of a “hidden sulfur cycle” can
be ruled out due to lack of alternative oxidants in these deep sediment layers.
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Pool sizes of fermentation intermediates and energy gains of terminal fermen-
tation processes. Pool sizes of fatty acids in the methanogenic zones of the sediments
studied (below 10 cm sediment depth or below 15 cm depth in the core taken at 80 m
water depth) were stable over more than 30 cm of core depth, with values of about 10
�M for acetate, 1 �M for butyrate, and 5 to 50 �M for propionate. Previous studies on
Lake Constance sediments at times when this lake was eutrophic due to high phos-
phate contents (up to 90 mg phosphate-P per liter of water) and corresponding high
productivity reported pool sizes of 50 to 250 �M acetate, 50 to 80 �M butyrate, and 5
to 30 �M propionate (40–42). It appears that the higher trophic state in those days
caused increased acetate and butyrate pools, whereas propionate pools were less
affected, compared to today’s oligotrophic state of this lake, with phosphate contents
of 8 to 10 mg phosphate-P per liter of water (37).

In the present study, formate pools were measured in freshwater sediment profiles
to compare them with the profiles of hydrogen distribution as an alternative interspe-
cies electron carrier. The measured formate pool sizes were rather similar in all three
cores, with concentrations of 2 to 15 �M over the entire core lengths and a slight
tendency to increase from the surface toward greater depth. With a similar tendency,
pool sizes of molecular hydrogen increased with depth between 10 cm and 45 cm
sediment depth from 0.5 to 5 Pa. Our formate and acetate pools were similar to those
measured recently in an oligotrophic sulfate-reducing marine sediment (4 to 6 �M [27]).

Simultaneously with hydrogen measurements, we also detected carbon monoxide
(CO) at rather high concentrations (10 to 400 Pa) in all samples. CO is known to be
formed, at concentrations similar to those we observed, when anoxic sediment material
or paddy soil is handled under air and daylight (43–45). We therefore assume that this
CO was formed as an artifact during the sample preparation process and do not discuss
it any further here. The measured CO profiles are shown in the supplemental material
(Fig. S1).

The Gibbs free energy changes of acetate conversion to methane and CO2 as
calculated from the pool sizes measured in our study were in the range of �8 to �13
kJ per mol acetate in all three sediment cores over the entire length below 10 cm
sediment depth. With this, these reactions were at the lowermost limit of energy
potentials that can just support microbial life, according to our present-day under-
standing of microbial energy metabolism (7, 8). In paddy soil microcosms that were well
supplied with organic matter, minimum energy yields in the range of �17 to �20 kJ
per mol acetate were calculated for this reaction (46, 47). It appears that the poor
substrate supply situation in our oligotrophic lake sediment drives the energy supply of
the acetate-cleaving methanogens down to its lowermost limits, where they operate
with optimal kinetic efficiency.

Hydrogen partial pressures increased from the sediment surface downwards from
0.5 Pa to a maximum of 5 Pa and stayed stable at about 10 Pa (10 ppm) in the
methanogenic zones. These values exactly match the hydrogen concentrations that
were measured earlier in iron- or sulfate-reducing and methanogenic sediments (0.5 to
10 nM H2, corresponding to 0.5 to 10 ppm equivalent in the gas phase [29]). Similar
values were measured in marine sediments (2 to 15 nM [30]), and slightly higher values
(10 to 60 nM) were measured by a hydrogen diffusion probe in Lake Constance
sediments when it was still eutrophic (28). These concentrations are close to the
threshold concentrations for hydrogen uptake by pure cultures of methanogens (20
to 100 ppm [48]), meaning that they are controlled by the uptake efficiency of the
hydrogen consumers and cannot go much further down in a methanogenic envi-
ronment.

The pool sizes of formate and hydrogen measured in our study allowed calculations
of a (hypothetical) conversion of formate to H2 plus CO2 in the range of �5 � 5 kJ per
mol, a range mostly below the minimal energy quantum needed for ATP synthesis.
Thus, this small energy potential will hardly be sufficient to drive microbial growth.
Nonetheless, microbial energy conservation based on this reaction has been postulated
before (49) and has been biochemically proven for a specialized marine archaeon living
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in a formate-rich environment (50). Since many strict anaerobes contain enzymes which
equilibrate the formate and the hydrogen pool without concomitant energy conser-
vation (21, 51), it appears unlikely that other organisms in the same environment can
exploit this reaction for energy conservation.

Nonetheless, the small energy potential between formate and hydrogen in our
sediments may have energetic consequences in reactions in which two, three, or four
electron pairs are transferred in syntrophic associations. Thus, it is energetically more
favorable to release electrons as hydrogen than as formate, e.g., in butyrate or propi-
onate oxidation. Both processes can release electrons either as formate or as hydrogen
(21, 52). According to our measurements, butyrate oxidation with electron release as
hydrogen is sufficiently exergonic at all three sampling sites but comes to energetic
limits with formate as the electron sink in the shallow-water sediment core. The same
difference applies, of course, to beta oxidation of long-chain fatty acids from lipid
degradation, which has to face the same energetic problems as those of butyrate
oxidation.

The energetic difference between hydrogen and formate release is even more
pronounced in propionate oxidation by bacteria similar to Syntrophobacter spp., which
comes to thermodynamic equilibrium when coupled to formate release (see Fig. 3g).
This is surprising because just for this syntrophic oxidation, a release of formate as
electron carrier has been indicated from physiological and biochemical studies in
defined cocultures (14, 52–55). Our calculated energy gains in this step are in the same
range as values published earlier for paddy soil and laboratory cocultures (56, 57).
Boone et al. (14) measured formate concentrations of 16 �M in a propionate-degrading
defined methanogenic coculture. Perhaps especially in propionate oxidation, both
electron transfer channels are used simultaneously; i.e., some of the electrons are
released via hydrogen and others via formate, and both balance out to a situation that
attributes just sufficient energy to the propionate oxidizer. The choice of electron
carrier might as well depend on the availability of suitable partner methanogens
available in the immediate surroundings (13). Although earlier radiolabeling experi-
ments have shown that the majority of methanogenic propionate degradation in lake
sediments proceeds through syntrophic oxidation via succinate (58), one may consider
also the alternative fermentation path via transformation of two propionates to three
acetates that Smithella propionica catalyzes (36, 59, 60). This pathway turns out to be an
elegant alternative for transferring the “difficult” electrons of propionate oxidation via
acetate directly to methane, thus avoiding the thermodynamically difficult oxidation of
succinate with protons or CO2 as the electron acceptor. Stable isotope-probing exper-
iments with rice paddy soil showed that Smithella-like organisms contributed a signif-
icant part to propionate turnover in this environment (61). Nonetheless, the compara-
bly high propionate concentrations we found indicate that propionate degradation
runs only at limited efficiency, perhaps because Syntrophobacter-like organisms operate
at their energetic limit and the alternative path via the Smithella fermentation is not
being used, although it is energetically more favorable.

Of course, the energetic gain on the one hand is the energetic loss on the other one;
methane formation or homoacetogenic acetate formation in our sediment is energet-
ically easier with formate than with hydrogen electrons. Both processes are sufficiently
exergonic to support microbial growth with either electron source, with changes of
Gibbs free energy in the range of �10 to �50 kJ per mol. Especially in homoaceto-
genesis, formate utilization and interspecies formate transfer could be involved in a
mixed-carrier strategy. Beyond that, one has to keep in mind that homoacetogenic
bacteria are metabolically very versatile and can also use, e.g., sugars, methanol from
pectin degradation (62), and methyl groups from phenyl methyl ethers (63) as the
substrates for acetate formation.

On the other hand, our calculations clearly show that the opposite of homoaceto-
genesis, i.e., syntrophic acetate oxidation, will hardly be possible in our lake sediment.
This process has been observed so far only at high substrate supply in thermal biogas
reactors (64) or in mesothermal reactors stressed with high ammonia contents (65).
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Slightly alkaline and cold oligotrophic sediments such as ours are obviously unsuitable
environments for this type of metabolism.

MATERIALS AND METHODS
Harvesting of sediment cores. Sediment cores (3 at each sampling site) were taken in August and

September 2015, in Lake Constance littoral (light zone and transition zone) (2 m depth; 18°C; 47°42=9.86�
N, 9°11=32.82� E; and 10 m depth; 8°C; 47°41=51.27� N, 9°11=32.94� E) and profundal (80 m depth; 4°C;
47°41=44.0� N, 9°12=51.9� E) zones. Lake Constance water stays nearly air saturated through the entire
water column down to the sediment surface. Preliminary sampling and analysis series in the summers of
2013 and 2014 yielded similar results. The corer used was 8 cm in diameter (equating to 50 ml volume
per cm depth). It could extract cores up to 100 cm in length. The harvested sediment cores were typically
50 to 60 cm in length. At 2 and 10 m water depth, the corer was pushed into the sediment by a modular,
air-tight aluminum tube system (3 m per component). The floatable rod and the corer were discon-
nected, and the core was pulled out by a rope. Samples at 80 m depth were taken with a multicorer with
lead ballast and deployed by a steel rope on a crane. Core tubes were pushed into the sediment by
gravitational acceleration 10 m over the ground and pulled out with the heaver. The cylinders were
sealed from the lower side with a butyl rubber stopper and from the upper side with a polyetherether-
ketone (PEEK) screw plug.

Sediment preparation. Core tubes were equipped with two rows of bore holes at an angle of 90°
to subsample slices of 2.5 cm each. Subsamples from each core were taken with a tip-cut syringe (30 ml,
2.4-cm inner diameter). This method allows quick sample preparation to minimize losses of gas and
volatile organic acids. For each sampling site, the entire extraction and analysis experiment was run twice
with two separate cores, with similar results. Because of differences in core stratification, it does not make
sense to average these results. Therefore, representative results from doublet cores of each single
sampling are shown.

Analysis of pool sizes. For analysis of gaseous compounds, 30-ml sediment subcores were trans-
ferred into 150-ml infusion bottles and sealed with butyl rubber stoppers. Headspaces were flushed with
nitrogen gas for 3 min. A total of 30 ml of saturated NaCl solution was added to the sediment by a syringe
to force all gases from the pore water into the headspace. After mixing on a shaker and sonication for
10 min, gas concentrations were measured. Gaseous compounds were analyzed in the headspace by gas
chromatography. H2 and CO were measured with a reductive gas chromatograph (Peak Performer 1, Peak
Laboratories, Mountain View, CA) (66). The system was equipped with an automatic sampling device
(100-�l sample loop) to enhance injection accuracy of replicates. Methane was measured with a gas
chromatograph (Shimadzu GC-9A) equipped with a zeolite molecular sieve column and flame ionization
detector. The CO2 partial pressure was calculated with 100 mM bicarbonate in the interstitial water
(based on experimentally determined 0.4 M total carbonate � bicarbonate in the sediment), a temper-
ature of 5°C, and the measured pH value. For high-performance liquid chromatography (HPLC) analyses,
subsamples were transferred into 50-ml Falcon tubes and centrifuged at 10°C at 15,000 rpm for 10 min.
The supernatant was used directly without acidification for analysis of soluble compounds. Short-chain
fatty acids were measured using a Shimadzu Prominence high-performance liquid chromatograph
equipped with an Aminex HPX87H column, a photo diode array detector, and a trace sensitive method
for organic acids (26). pH measurement was done with a potentiometric electrode in the supernatant of
the centrifugation step.

Porosity was determined as weight loss of sediment samples during 24 h of drying at 150°C.
Calculation of Gibbs free energies of reactions. Temperature-corrected standard Gibbs free

energies of reactions were calculated from standard Gibbs free energy changes of formation taken from
(67) at 5°C by polynomic interpolation of the given data. Volatile fatty acids were used at molar
concentrations, and H2, CH4, and CO2 were calculated as partial pressures in the headspace. The
measured pool sizes were normalized to activities, which were used to calculate the Gibbs free energies
of reactions via the Nernst equation.

Chemicals. All chemicals were of analytical grade or higher quality and were obtained from
Boehringer (Mannheim, Germany), Eastman Kodak (Rochester, NY), Fluka (Neu-Ulm, Germany), Merck
(Darmstadt, Germany), Pharmacia (Freiburg, Germany), Serva (Heidelberg, Germany), and Sigma (Deisen-
hofen, Germany). Gases were purchased from Messer-Griesheim (Darmstadt, Germany) and Sauerst-
offwerke Friedrichshafen (Friedrichshafen, Germany).
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