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Abstract

Molecular hydrogen (H2) is a central metabolite that couples organic matter degradation and terminal electron-accepting
processes. H2 levels in natural environments are often regulated by microbial syntrophy; therefore, pore-water H2 concentra-
tion is a useful parameter for studying biogeochemical processes in sediments. However, little is known about H2 concentra-
tions in marine subsurface sediments. Previous studies applying either a headspace equilibration technique or an extraction
method for the analysis of pore-water H2 in deeply buried sediments have generated results that sometimes contradict the
principles established based on studies of microbial culture and surface sediments. In this study, we first evaluated and opti-
mized an extraction method, which was then applied in combination with a headspace equilibration method to determine con-
centrations of pore-water H2 in subseafloor sediments along a transect of five sites of different water depths and geochemical
regimes at the continental margin off Namibia, SE Atlantic. The two methods generated depth profiles with some similarities
in curve shape, but the extraction method yielded higher H2 values than the headspace equilibration technique. By comparing
the two data sets with thermodynamic calculations of potential terminal electron-accepting processes, we were able to provide
a first evaluation of syntrophic conditions in subseafloor sediment from the perspective of H2 biogeochemistry. We observed
that in the sulfate reduction zone, the H2 concentrations are higher than the H2 threshold allowed for the next most favorable
terminal metabolism (methanogenesis), suggesting relaxation of coupling between H2-producing and H2-consuming activities
at these depths. In contrast, the H2 concentrations in the upper methanogenic zone are low enough for methanogens to out-
compete CO2-reducing acetogens. Our findings suggest the existence of varied extents of syntrophic H2 coupling in subsea-
floor sediment.
� 2011 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Marine sediments contain one of the largest reservoirs of
organic carbon on Earth (Hedges and Keil, 1995) and
maintain a subseafloor biosphere consisting of viable
(Schippers et al., 2005), ubiquitous (Teske, 2006),
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diversity-limited (Inagaki et al., 2006), and mostly uncul-
tured prokaryotes with poorly understood physiologies
and activities. Downcore distributions of redox-related
chemical species suggest the presence of ongoing terminal
electron-accepting processes; however, the metabolic rates
are several orders of magnitude lower than those detected
in surface ecosystems (D’Hondt et al., 2002). The stable
carbon isotope biogeochemistry of low-molecular-weight
metabolites provides additional evidence for the ongoing
degradation of organic matter and for the reduction of dis-
solved inorganic carbon (DIC) to both methane and acetate
in deep subsurface sediments (Heuer et al., 2009; Pohlman
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et al., 2009; Lever et al., 2010). However, the role of molec-
ular hydrogen (H2), a key metabolite that links organic
matter degradation to terminal electron-accepting pro-
cesses, remains poorly constrained.

H2 in marine sediments can be supplied by at least the
following three processes. (1) H2 is generated during fer-
mentation and thermal alteration of sedimentary organic
matter (Hoehler et al., 1998; Seewald, 2003). (2) Abiotic
H2 production via serpentinization has been proposed to
sustain ecosystems in hydrothermal fields (e.g., Kelley
et al., 2005). Geochemical evidence suggests that serpentini-
zation also takes place in deep sediments near the décolle-
ment (Spivack et al., 2002), although no corresponding
H2 data have been published. (3) Radiolysis of water is a
ubiquitous process that supplies H2 (D’Hondt et al.,
2009). Its relative contribution increases significantly in
organic-poor sediment (Blair et al., 2007). In addition, pyr-
ite precipitation is also known to generate H2 under anoxic
conditions (Drobner et al., 1990), but its contribution in
marine sediment has not been investigated. On the other
hand, the ability to utilize H2 is a common feature of vari-
ous microorganisms that use different electron acceptors,
including oxygen (O2), Fe(III), Mn(IV), sulfate (SO2�

4 ),
carbon dioxide (CO2), and several low-molecular-weight
organic compounds (Cord-Ruwisch et al., 1988).

Microbial H2 production and consumption are often
closely coupled via interspecies hydrogen transfer in syn-
trophic relationships (for recent reviews see Schink and
Stams, 2006; Stams and Plugge, 2009). The following prin-
ciples have been established in studies of microbial cultures.
(1) When fermenting bacteria are cultured alone, H2 gener-
ation eventually becomes inhibited by product accumula-
tion. (2) The inhibition by H2 accumulation can be
overcome when fermenting bacteria are co-cultured with
H2 consumers to form a syntrophic consortium. Decrease
of H2 in such a consortium finally levels off with H2 reach-
ing a threshold concentration, and the corresponding Gibbs
free energy (DG) values of the H2 consuming reactions have
been considered as the minimal amount of energy needed to
sustain life (Schink and Stams, 2006). (3) H2 thresholds
vary among different types of anaerobic respiration and
usually increase with decreasing redox potential, for exam-
ple in the order of nitrate reduction < iron and manganese
reduction < sulfate reduction < methanogenesis (Table 1).
(4) H2 thresholds are temperature dependent, in agreement
with predictions by thermodynamics (Conrad and Wetter,
1990). In summary, the close relationship between H2

concentrations and microbial syntrophy makes H2 a
particularly attractive parameter for studying anaerobic
microbial communities in marine sediments.

In studies of microbial cultures, H2 thresholds of
syntrophic relationships have typically been investigated
by a headspace equilibration method (e.g., Cord-Ruwisch
et al., 1988). In this method, gaseous H2 is analyzed in a
headspace that is in equilibrium with dissolved H2 while
samples are incubated for periods that ensure the establish-
ment of a steady state between the production and con-
sumption of H2. At steady state, close coupling dictates
that H2 concentrations are governed by the thermodynamics
of H2-consuming reactions (Cord-Ruwisch et al., 1988).
When applied to shallow sediments (Lovley and Goodwin,
1988; Hoehler et al., 1998), this method yielded H2 concen-
trations that matched excellently with predicted H2 thresh-
olds obtained from culture studies (Table 1). Furthermore,
the H2 concentrations maintained during a given mode of
terminal metabolism were found to be low enough to
restrain the next most favorable process, suggesting thermo-
dynamic control on H2 concentrations in real world
situations (Hoehler et al., 1998, 2001).

However, when the same approach was first applied to
subseafloor sediments retrieved during the Ocean Drilling
Program (ODP) Leg 201 at the Peru margin (D’Hondt
et al., 2003), the measured H2 concentrations did not
always agree with the thermodynamically predicted values.
One extreme example is ODP Site 1231, where pore waters
are rich in sulfate till the bottom of the cores (�110 m
below the seafloor). Nevertheless, pore-water H2 reached
concentrations of 29–102 nmol L�1 in the top 20–30 m,
thus greatly exceeding the threshold concentrations for sul-
fate reduction and reaching levels at which even reductive
methanogenesis can be a sufficient energy-yielding reaction.
There were also sediments in which H2 concentrations were
much lower than values predicted by thermodynamics. For
example, in the deep methanogenic zone at ODP Site 1229,
H2 concentrations were mostly below 1 nmol L�1, while
CO2 reduction to methane would have required a H2 con-
centration of 2–4 nmol L�1.

The disagreement between thermodynamically predicted
and measured H2 concentrations in subseafloor sediments,
as observed during ODP Leg 201, raises the question whether
the headspace equilibration method and the underlying mod-
el of closely coupled syntrophic relationships fail because: (1)
close H2 coupling of syntrophic partners is present in situ but
cannot be established quickly enough in vitro to support the
headspace equilibration method. This is conceivable based
on the low microbial activities in subseafloor sediment
(D’Hondt et al., 2002). Loss of microbial activities due to
depressurization during core retrieval or inappropriate incu-
bation conditions may also contribute to the mismatch. (2)
Alternatively, close H2 coupling of syntrophic partners is
present neither in vitro nor in situ. Theoretically, these two
hypotheses can be tested when the headspace equilibration
method is combined with direct analysis of pore-water H2.
For example, if the value obtained by headspace
equilibration in vitro ([H2]INC) is much higher than the ther-
modynamically predicted threshold concentration of H2

([H2]TD) (as observed at ODP Site 1231; D’Hondt et al.,
2003), a concentration of directly extracted H2 ([H2]EXT) low-
er than [H2]INC and similar to [H2]TD would support hypoth-
esis 1. On the contrary, a [H2]EXT higher than [H2]TD and
approaching [H2]INC would support hypothesis 2.

To date, no method is available for reliable direct
determination of H2 concentrations in pore-water. Most
published methods for determining [H2]EXT involve an
extraction step in which a sediment slurry is equilibrated
with a H2-free headspace (e.g., Conrad et al., 1985; Novelli
et al., 1987; D’Hondt et al., 2009). This approach avoids
incubation, which may generate both biological and
chemical artifacts. However, it is also known to bear the
following limitations. (1) Extraction methods suffer from



Table 1
Comparison of threshold H2 values in cultures, steady-state H2 concentrations in environmental samples based on the headspace equilibration
technique, and in situ H2 concentrations determined by extraction methods.

Redox process Type of culture or sediment sample Methoda T (�C)b Dissolved H2 (nmol L�1)c Ref.d

Oxygen reduction Knallgas bacteria A: [H2]INC 20–30 0.5–6.2 1, 2
Marine sediment (off Baja, Mexico) C: [H2]EXT 2–4 <LoD (11) 3
Subseafloor sediment (South Pacific Gyre) C: [H2]EXT 2–4 <LoD (2–229) 4

Nitrate reduction Nitrate reducing bacteria A: [H2]INC 28–34 <0.05 5
Freshwater sediment (Potomac River, MD, USA) A: [H2]INC 20 <0.05 6
Marine sediment (Cape Lookout Bight, NC, USA) A: [H2]INC 25 0.03 7

Mn(IV) reduction Mn(IV) reducing bacteria A: [H2]INC 30 0.3 8
Freshwater sediment (Potomac River, MD, USA) A: [H2]INC 20 <0.05 6
Marine sediment (Cape Lookout Bight, NC, USA) A: [H2]INC 25 �2 7

Fe(III) reduction Fe(III) reducing bacteria A: [H2]INC 20–30 0.3–0.6 8, 9
Freshwater sediment (Potomac River, MD, USA) A: [H2]INC 20 0.2 6
Marine sediment (Cape Lookout Bight, NC, USA) A: [H2]INC 25 �2 7

Sulfate reduction Sulfate reducing bacteria A: [H2]INC 28–34 2–13 5, 10
Freshwater sediment (Potomac River, MD, USA) A: [H2]INC 20 1–1.5 6
Marine sediment (Cape Lookout Bight, NC, USA) B: [H2]INC 25 1.6 7
Marine sediment (Town Cove, MA, USA) C: [H2]EXT 20 <10 11
Marine sediment (Buzzards Bay, MA, USA) C: [H2]EXT 20 2–25 11
Marine sediment (Princess Louisa Inlet, BC, Canada) C: [H2]EXT 6 2–25 3
Estuary sediment (Carmans River Estuary, NY, USA) C: [H2]EXT NA 20–30 12

Methanogenesis Methanogens A: [H2]INC 28–39 6–70 5, 13, 14
Freshwater sediment (Potomac River, MD, USA) A: [H2]INC 20 7–10 6
Marine sediment (Cape Lookout Bight, NC, USA) B: [H2]INC 25 13 7
Freshwater sediment (Lake Mendota, WI, USA) C: [H2]EXT 8 20–40 15
Marine sediment (Skan Bay, AK, USA) C: [H2]EXT 4 40–60 3
Estuary sediment (Carmans River Estuary, NY, USA) C: [H2]EXT NA 100–290 12

Acetogenesis Acetogens A: [H2]INC 28–34 70–1300 5, 10, 14
Marine sediments (Cape Lookout Bight, NC, USA) B: [H2]INC 20–25 117–150 9

a Methods: A: [H2]INC = headspace equilibration technique with addition of substrates; B: [H2]INC = headspace equilibration technique
without addition of substrates; C: [H2]EXT = extraction methods.

b The incubation temperatures for the headspace equilibration technique and the in situ temperatures of the samples investigated by the
extraction methods. NA: temperature data not available.

c When the original data for isolates were presented in the unit of molar fraction or Pa, we converted the values into dissolved concentration
(nmol L�1) according to the data of pressure, temperature and salinity described in the articles. LoD: limit of detection.

d References: 1 = Conrad et al. (1983); 2 = Häring and Conrad (1991); 3 = Novelli et al. (1987); 4 = D’Hondt et al. (2009); 5 = Cord-
Ruwisch et al. (1988); 6 = Lovley and Goodwin (1988); 7 = Hoehler et al. (1998); 8 = Lovley et al. (1989); 9 = Klüber and Conrad (1993);
10 = Krumholz et al. (1999); 11 = Novelli et al. (1988); 12 = Michener et al. (1988); 13 = Lovley (1985); 14 = Kotsyurbenko et al. (2001);
15 = Conrad et al. (1985); 16 = Hoehler et al. (1999).
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the presence of background H2 which gives rise to high
blanks and limits of detection (for definition of terms see
Section 3.1.1). Novelli et al. (1987) reported a blank H2

level of 10–14 nmol L�1, whereas the method of D’Hondt
et al. (2009) had a limit of detection (LoD) of 2–229
nmol L�1. Given such a blank and LoD, the methods
cannot always unambiguously detect thermodynamically
controlled low concentrations of H2 (Table 1), and
[H2]EXT in marine sediments can be expected to be largely
below the LoD if concentrations were in fact governed by
close coupling of microbial syntrophy. Currently, extrac-
tion methods can only identify a subset of all potential
cases, in which H2 coupling of syntrophic partners is pres-
ent in situ, namely those involving H2 consumption by
methanogens and acetogens at room temperature (Table 1).
In order to include further H2-consuming processes, the
extraction approach needs to be optimized for a lower
and more reproducible LoD. Nevertheless, the extraction
method allows identification of extreme cases in which
[H2]EXT is high because H2 coupling of syntrophic partners
is not present in situ. Examples of high [H2]EXT above the
LoD have been reported in the literature (Table 1). (2)
For active systems where the residence time of H2 is short
relative to the equilibration period, extraction methods will
cause an overestimation of H2 values. This is because H2

partitions preferentially into the gaseous phase. The re-
moval of H2 lowers the concentration of dissolved H2 and
results in excess H2 production (Krämer and Conrad,
1993). While excess H2 production can be a serious problem
in very active microbial ecosystems, it is likely of minor
importance in deep subseafloor sediments where microbial
metabolism is known to be very slow.

This study seeks to improve the extraction approach for
H2 analysis in order to combine it with the established



Fig. 1. Map of the continental margin off Namibia with the
investigated stations from Meteor Expedition M76/1, 2008. Distri-
bution of total organic carbon (TOC) adapted from Inthorn et al.
(2006).
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incubation method (Hoehler et al., 1998) for investigating
the H2 coupling of syntrophic partners in subseafloor sedi-
ments. Aiming to optimize the extraction method, we per-
formed laboratory experiments to diagnose the source of
background H2 interfering with sensitive analysis, evalu-
ated the methodological LoD (LoDm), and tested the opti-
mized method using sediment samples. The optimized
extraction method was combined with the headspace equil-
ibration technique (Hoehler et al., 1998) and thermody-
namic calculations to study H2 in five subseafloor
environments with different water depths and geochemical
properties along a transect across the continental margin
off Namibia, SE Atlantic. We demonstrate how the com-
bined analysis of two distinct approaches enhances the reli-
ability of the data sets, and discuss the extent of coupling
between syntrophic partners in subseafloor sediments from
the perspective of H2 geochemistry.

2. MATERIALS AND METHODS

2.1. Sites

Sediment samples for method development were taken
during expeditions M76/1 (April–May 2008) and M84/1
(February 2011) of the RV Meteor, and from a field trip
to tidal flats of the coastal North Sea (November 2006).
For evaluation of the optimized extraction method, three
groups of samples were selected to account for conditions
with low (Site GeoB 12803, Southeast Atlantic), intermedi-
ate (Site GeoB 15105 in the southwestern Black Sea) and
high (Site GeoB 15101 in the Urania Basin and Site GeoB
15102 in the Discovery Basin, Mediterranean Sea) concen-
trations of dissolved H2. To explore the distribution of H2

in subseafloor sediments, downcore analysis of pore-water
H2 was performed during the expedition M76/1 using sed-
iments collected from a transect across the continental mar-
gin off Namibia, SE Atlantic (Fig. 1; Table 2). At each site,
sediments were sampled by a combination of multi-corer,
which yielded an intact sediment/water interface and the
upper 30–50 cm of sediment, and gravity corers, which
enable recovery of the upper 6–12 m of sediment. All cores
were processed and/or stored in a cold room at +4 �C with-
in less than 1 h after retrieval. Subsamples for incubation
experiments were stored under N2 headspace at +4 �C.
Gravity cores are archived at the MARUM core repository
in Bremen.

2.2. Sampling

For analysis of gas and total organic carbon (TOC)
content and for the determination of porosity, a subsample
set of 2–3 mL sediment was collected by cut-off plastic
syringes and transferred to glass vials. Vials were sealed
and the exact sample volumes were recorded. In the case
of multicorer cores, gas and solid phase sampling was con-
ducted on deck immediately after core retrieval. The sedi-
ment was extruded from the core by measured increments
and the freshly exposed sediment surface was sampled. In
the case of gravity cores, syringe samples were first taken
on deck when the core was cut into 1 m long segments.
Samples were taken from each freshly cut segment base.
To maximize the depth resolution, additional samples for
gas analysis were taken at a later time, usually within a
few hours, from intact whole round core segments that were
stored in a cold room at +4 �C. Small ports (ca.
2 cm � 3 cm) were cut into the core liner and syringe sam-
ples were retrieved from the freshly exposed sediments. Our
shipboard gas analyses showed that samples taken in the
cold room gave generally comparable results to those taken
on deck (see below).

Pore-water sampling was carried out while cores were
stored in the cold room at +4 �C. For determination of dis-
solved inorganic species, interstitial water samples were ex-
tracted from intact whole round cores using Rhizon suction
samplers (0.1 lm porous polymer, Rhizosphere Research,
Wageningen, the Netherlands; Seeberg-Elverfeldt et al.,
2005). Sampling was performed via small holes in the core
liners. Pore-water samples for volatile fatty acids were
obtained by a squeezer, using regenerated cellulose filters
(Schleicher & Schuell, RC 58, 0.2 lm) and an overpressure
applied by N2 pressure tank. Pressure for extraction was
1.5–3 bar.

2.3. Analyses

2.3.1. Gas analysis

vH2
. The concentration of H2 in headspace gases,

expressed as mole fraction vH2
, was analyzed using a Peak

Performer 1 gas chromatograph (Peak Laboratories,
LLC, USA). Samples were injected into a flow of carrier
gas and separated on a packed column before they reacted



Table 2
Location, water depth, and hydrostatic pressure at the seafloor of the stations and the total organic carbon (TOC) content of the sediments.

Station Longitude (�E) Latitude (�S) Water depth (m) Hydrostatic pressure at seafloor (Mpa) TOC (wt%)a

GeoB 12802 13.45 25.50 791 8.1 7.4 ± 1.9
GeoB 12803 13.07 25.77 1944 19.6 6.6 ± 1.0
GeoB 12808 11.90 26.37 3796 38.3 1.2 ± 0.3
GeoB 12811 12.57 26.02 2980 30.1 4.3 ± 1.4
GeoB 12815 10.00 27.23 4672 47.1 0.1 ± 0.1

a The mean and one standard error were calculated based on determined TOC values at a depth resolution of roughly every 1 m.
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with a heated bed of mercuric oxide to form mercury vapor
that was subsequently detected in a photometer cell. The
instrument was operated at a column oven temperature of
105 �C and a bed temperature of 265 �C with N2 (pur-
ity = 99.999%) as carrier gas. The instrument was cali-
brated with a 10 ppm H2 primary standard (Air Liquide,
Germany) on a daily basis. For sample injection, we did
not use the syringe port provided by the supplier but the
injection valve, since puncturing of the syringe port by
the needle introduces atmospheric H2 into the system. Typ-
ically, more than 3 mL of gas sample was injected to thor-
oughly flush the 1-mL sample loop for the extraction
approach, and 1 mL of gas sample was required to flush
the 100-lL sample loop for the headspace equilibration
technique. The instrumental LoD, calculated as three times
the standard error of multiple measurements of 100 ppb H2

diluted from the primary standard, was about 34 ppb or
1.4 pmol for the 1 mL loop. Ultrapure N2 gas (the bypass
gas out of the Peak Performer 1) was used to dilute the
gas standard.

[H2]INC. For the determination of dissolved H2 concen-
trations in incubated samples, we followed the headspace
equilibration protocol published in Hoehler et al. (1998).
In brief, a sediment sample of 2–3 mL was extruded into
a 22-mL headspace vial, immediately sealed with a thick
black butyl stopper (Glasgerätebau Ochs GmbH, Boven-
den, Germany; boiled once with 0.1 N NaOH and twice
with Milli-Q before use), crimp capped, and flushed with
N2 (purity = 99.999%) for at least 1 min. Samples were
incubated right after core retrieval in the dark at the
in situ temperature of 4 �C and H2 concentrations in the
headspace gas were analyzed every 1–3 days. Aiming to
reach steady-state conditions, all shipboard incubations
were continued as long as possible (2–25 days). In order
to avoid a drop of gas pressure in the headspace due to
sampling, 1 mL of ultrapure N2 was injected into the head-
space immediately after each analysis.

[H2]EXT. For direct determination of dissolved H2, we
used an extraction method resembling the recently
published protocol by D’Hondt et al. (2009). A sediment
sample of 2–3 mL was extruded into a 22-mL headspace
vial, which was immediately filled with a solution to the
top, sealed with a thin gray chlorobutyl stopper (VWR
International, LLC), and crimp capped. The choice of solu-
tion and its preparation were investigated in the present
study (see below). The sampling and preparation steps typ-
ically took less than 1 min to minimize diffusive loss of gas.
In the vial, a headspace was created by displacing 5–7 mL
of the aqueous phase with an equal volume of ultrapure
N2 gas. Once the headspace reached the intended volume,
the gas-in needle was removed first, and the overpressure
in the vial was allowed to escape through the liquid-out nee-
dle. The expelled liquid was collected in a syringe and the
volume, which corresponds to the generated headspace,
was recorded. The vial was then mixed using a vortex mix-
er, turned upside down and allowed to sit for 20 min to let
H2 diffuse out of the interstitial water and equilibrate with
the headspace. For H2 analysis, the headspace gas was dis-
placed into a N2-flushed plastic syringe by injecting into the
vial the same solution used to prepare sediment slurries.
Care was taken not to evacuate the headspace during the
gas sampling step; otherwise, atmospheric H2 could be
drawn into the vial through the stopper, leading to errone-
ously high H2 signals.

CH4. Concentrations of dissolved methane were
determined according to previously reported protocols
(Kvenvolden and McDonald, 1986; D’Hondt et al., 2003):
2–3 mL of wet sediment were enclosed in a gas-tight
22-mL glass vial and heated for 30 min at 60 �C before
100–200 lL gas samples were taken from the headspace
with gas-tight syringes and analyzed immediately by gas
chromatography-flame ionization detector (GC-FID). The
GC-FID was calibrated on a daily basis using a hydrocar-
bon gas standard (Scotty). Based on the partial pressure of
methane in the headspace gas and the headspace volume,
the total amount of released methane was quantified and
normalized to the pore-water volume of the extracted sedi-
ment sample, using the sample volume and corresponding
porosity data of the solid phase sample.

2.3.2. Pore-water analysis

Methods for determining ionic species have been de-
scribed elsewhere (Goldhammer et al., 2011) and are briefly
summarized below. Immediately after pore waters had been
sampled by rhizons on board RV Meteor, ferrous iron
(Fe2+) was measured photometrically (Hach Lange DR
5000 photometer) with a LoD of 0.2 lmol L�1. An iron
sensitive color complex was formed by adding 1 mL of sam-
ple to 20 lL of Ferrospectral solution (Merck) in polysty-
rene cuvettes, and the extinction was measured at a
wavelength of 565 nm. Samples with high Fe2+ concentra-
tions were diluted with oxygen-free H2O to match the cali-
bration range. Dissolved ammonium (NHþ4 ) was quantified
with the flow injection/gas separation technique after Hall
and Aller (1992), pH values were determined using a pH
electrode (Hamilton Double Pore), and samples were pre-
served and stored at +4 �C and �20�C for shore-based
inorganic and organic analyses, respectively. Dissolved
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hydrogen sulfide (HS�) was determined on sample splits
fixed with zinc acetate using the photometric methylene
blue method (Cline, 1969). Dissolved anions (chloride,
Cl�; bromide, Br�; SO2�

4 ) were determined by ion chroma-
tography (Metrohm 861 Advanced Compact IC, column A
Supp 5, conductivity detection after chemical suppression).
Dissolved cations (sodium, Na+; magnesium, Mg2+; cal-
cium, Ca2+; potassium, K+) were measured in acidified
samples by inductively coupled plasma optical emission
spectrometry (Perkin Elmer Optima 3300R). DIC, mostly
in the form of bicarbonate (HCO�3 ) at neutral pH, was
quantified as CO2 after acidification and purging by non-
dispersive infrared spectrometry (Shimadzu TOC-V) in
sample splits fixed with zinc acetate. At Site GeoB 12802,
concentrations of volatile fatty acids were analyzed by iso-
tope-ratio-monitoring liquid chromatography/mass spec-
trometry (ThermoFinnigan) as described previously
(Heuer et al., 2006, 2009).

2.3.3. Solid phase analysis

TOC contents were measured on freeze-dried, homoge-
nized, decalcified (6 N HCl), and dried samples using a Leco
CS 200 at the University of Bremen. Porosity was deter-
mined by weight difference, before and after freeze drying
the wet sediment sample and is expressed as a volume ratio
(volume of pore water/volume of bulk sediment) assuming a
pore-water density of 1.024 g cm�3 (Blum, 1997).

2.4. Calculations

2.4.1. Hydrogen concentrations

The incubation and the extraction methods require dif-
ferent approaches to deduce the concentration of dissolved
H2 from the analysis of H2 in headspace gas, but for both
methods the first step is to convert H2 concentrations in
the headspace from mole fractions (vH2

, expressed as ppb,
obtained from chromatographic analysis) to molar concen-
trations ([H2]g, expressed as nmol L�1):

½H2�g ¼ vH2
� P � R�1 � T�1 ð1Þ

where P is the total gas pressure in the headspace (1 atm), R

is the universal gas constant, and T is the temperature in
Table 3
Thermodynamic parameters of reactions discussed in this study. Only the
12802 (T = 4 �C, P = 8.1 MPa) are listed.

Reaction

Iron (iron(III) oxide-hydroxide) reduction
2FeOðOHÞ þ 4Hþ þH2; aq ! 2Fe2þ þ 4H2O
Sulfate reduction
SO2�

4 þHþ þ 4H2; aq ! HS� þ 4H2O
Methanogenesis
HCO�3 þHþ þ 4H2;aq ! CH4;aq þ 3H2O
Butyrate fermentation
CH3CH2CH2COO� þ 3H2O! CH3CH2COO� þHCO�3 þ 3H2; aq þHþ

Propionate fermentation
CH3CH2COO� þ 3H2O! CH3COO� þHCO�3 þ 3H2; aq þHþ

Acetogenic CO2-reduction
2HCO�3 þHþ þ 4H2; aq ! CH3COO� þ 4H2O
kelvin. At equilibrium, the corresponding concentration
of dissolved H2 ([H2]aq) is:

½H2�aq ¼ b� ½H2�g ð2Þ

where b is an experimentally determined solubility constant
corrected for temperature and salinity (Crozier and
Yamamoto, 1974).

For the headspace equilibration technique, the concen-
tration of H2 dissolved in interstitial water ([H2]INC,
expressed as nmol L�1) is assumed to be in equilibrium with
the gas phase and calculated as:

½H2�INC ¼ b� ½H2�g ð3Þ

For the extraction approach, the concentration of H2

dissolved in interstitial water ([H2]EXT, expressed as
nmol L�1) is determined via mass balance:

½H2�EXT ¼ ð½H2�g � V g þ ½H2�aq � V aqÞ � V �1
sed � /�1 ð4Þ

where Vg represents the volume of the headspace and Vaq

the volume of the aqueous phase, including the pore water
and the solution added. Vsed is the volume of the sediment
sample, and / is the sediment porosity. [H2]g and [H2]aq are
obtained from Eqs. (1) and (2), respectively. The b value is
0.0174 for water and 0.0150 for 3.5% NaCl solution at
25 �C (Crozier and Yamamoto, 1974). In the case in which
saturated NaCl solution (salinity = 35%) was used, the b
value corrected for the “salting-out effect” was estimated
by the Sechenov equation with the Sechenov constant cal-
culated by the empirical model described in Weisenberger
and Schumpe (1996). We obtained a b value of 0.00423
for H2 in saturated NaCl at 25 �C.

2.4.2. Thermodynamic calculations

The thermodynamic calculation had the objective of
determining the H2 concentration for a metabolic reaction
under the critical DG value, with the following steps: first,
the DG� of a reaction under in situ conditions was calcu-
lated using the software package SUPCRT92 (Johnson
et al., 1992) and the thermodynamic data of dissolved spe-
cies from Shock and Helgeson (1990) (Table 3). Second, we
computed the activities of SO2�

4 , HS� and HCO�3 by use of
PHREEQC software (Parkhurst and Appelo, 1999) with
standard Gibbs free energies based on the state condition of GeoB

DG� (kJ mol�1 reaction)

�308

�261

�231

+170

+173

�216
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the input of the measured concentrations of major ions
(Na+, Mg2+, Ca2+, K+, NHþ4 , Cl�, Br�, SO2�

4 , HS�,
HCO�3 ). Finally, assuming the critical DG required to sus-
tain life is �15 kJ per mol reaction (Schink and Stams,
2006) we calculated the corresponding H2 activities by
recasting the equation

DG ¼ DG
� þ RT lnQ ð5Þ

and solving for the H2 term in Q, which is the activity quo-
tient of the reactants and products.

3. RESULTS AND DISCUSSION

3.1. Evaluation and optimization of the extraction method for

H2 analysis
3.1.1. Background H2, blanks, and methodological limit of

detection

The presence of background H2 in the laboratory is a
major challenge for sensitive and reliable analysis of low
concentrations of dissolved H2 by the extraction method.
During the analytical procedure, H2 can be introduced into
the sample from various sources including the solution used
for sample extraction, the ultrapure N2 gas used for the cre-
ation of the container headspace, and ambient laboratory
air. Moreover, additional H2 might be formed during the
extraction of sediment and add to the background.

The presence of background H2 causes high analytical
blanks and results in a high LoD. While we use the term
background H2 to express the actual concentration of H2

in various H2 sources in the laboratory (solution, air,
gas), we use the term blank to describe the H2 concentra-
tion that the background would account for in a represen-
tative sample. For determination of blanks the extraction
method is conducted without sample, and the released
amount of H2 is detected and divided by a pore-water vol-
ume representative of real samples. The magnitude and
reproducibility of the blank finally determine the methodo-
logical LoD (LoDm), which denotes a statistically signifi-
cant sample signal that can be obtained by the extraction
method and is distinct from the much lower instrumental
LoD (cf. Section 2.3.1). We followed the conventional def-
inition of LoD = lB + 3 � sB, where lB and sB are the
mean and standard error of replicate blank measurements,
to calculate the LoDm.

3.1.2. Background H2 in solutions used for extraction

The initial step of the extraction method is to completely
fill the sample containing headspace vial with solution. An
ideal solution would not only be free of background H2 but
also stop or retard microbial reactions in the sediment so
that the concern of headspace-induced H2 production can
be minimized. We tested deionized water that is similar to
the distilled water used by D’Hondt et al. (2009), 3.5%
NaCl solution which represents the salinity of seawater,
and saturated 35% NaCl solution which has a salting-out
effect and should inhibit biological activity in normal mar-
ine sediments where the microbial groups are presumably
adapted to seawater salinity. We did not use additional
inhibitors of microbial activity, such as formaldehyde and
alkali, since they are known to create artificially high H2

concentrations (Krämer and Conrad, 1993).
If open to the laboratory environment, the solution will

equilibrate with atmospheric H2. At equilibrium, the atmo-
spheric H2 partial pressure of 530 ppb (Novelli et al., 1999)
corresponds to dissolved H2 concentrations ([H2]aq) of 0.4,
0.3, and 0.1 nmol L�1 in deionized water, 3.5% NaCl and
35% NaCl, respectively (Eqs. (1) and (2)). We found that
the H2 background of the freshly prepared solutions (i.e.,
deionized water from the laboratory tap and NaCl crystals
dissolved in water in a glass bottle) was 5–45 times higher
than the expected equilibrium concentrations (Table 4).
The background was particularly high in saturated NaCl
solution where it reached 4.4 ± 0.6 nmol L�1. When the
solutions were stored in an open beaker and allowed to
equilibrate with the atmosphere for >5 h, levels of back-
ground H2 decreased but did not reach equilibrium concen-
trations. In saturated NaCl solution the H2 background
declined to 50% of its initial value (Table 4). Additional
bubbling of the solutions with N2 for 20 min further re-
duced the variation of H2 background in both the 3.5%
NaCl and 35% NaCl solution but showed no positive effect
in the case of deionized water. The levels of background H2

in N2-bubbled salty solutions and deionized water were
similar within the precision of the method. Stirring of the
solutions for 3 h helped to decrease the variation of H2

background in saturated NaCl solution, but showed little
effect in the case of deionized water and 3.5% NaCl solu-
tion. For the shipboard processing of samples, the solutions
are stored for 20–30 min in 50 mL plastic syringes with their
Luer tips fitted with a two-way plastic valve. This treatment
did not change the H2 background: concentrations of
dissolved H2 were 0.8 ± 0.4 nmol L�1 in deionized water,
1.5 ± 0.6 nmol L�1 in 3.5% NaCl solution, and 1.6 ±
0.5 nmol L�1 in saturated NaCl solution.

Independent of salt content and treatment, the H2 back-
ground was always higher than the theoretical concentra-
tions of dissolved H2 in equilibrium with the atmosphere.
These observations suggest that the H2 background is not
solely driven by equilibration of the solution with the atmo-
sphere. Instead, they point to the introduction of significant
amounts of additional background H2 from other uncon-
strained sources during the analytical procedure.

3.1.3. Background H2 in the container headspace

The second step of the extraction method is the creation
of an artificial headspace in the completely filled, sealed vial
by replacement of about one third of the solution with
ultrapure N2. Regular tests of the ultrapure N2 in the
framework of this study confirmed that the gas does not
carry any detectable H2 background. However, atmo-
spheric H2 can potentially enter the headspace via perme-
ation of H2 through the container or via seepage of H2

through the chlorobutyl rubber stopper. The permeability
constant of H2 through the most common soda-lime glass
is 2.5 � 10�5 pmol cm cm�2 min�1 atm�1 at 25 �C based
on the parameters and the equation provided by Souers
et al. (1978). According to the general gas permeability
equation (Crank, 1975; Table 5), the amount of H2 entering



Table 4
Background H2 concentrations (nmol L�1) in deionized water, 3.5% NaCl and 35% NaCl after different treatments.

Treatment Deionized water 3.5% NaCl 35% NaCl

a. Calculated [H2]aq when the solution is equilibrated with H2 in the atmosphere
(530 ppb)a

0.4 0.3 0.1

b. Freshly prepared solution, without bubbling 1.9 ± 1.2 1.4 ± 0.7 4.4 ± 0.6
c. Equilibrated with the atmosphere for >5 h 1.5 ± 1.1 1.5 ± 0.6 2.3 ± 1.6
d. Equilibrated with the atmosphere for >5 h + bubbled with N2 for >20 min 2.0 ± 1.4 0.8 ± 0.1 1.2 ± 0.9
e. Stirred for 3 h 1.6 ± 1.2 1.7 ± 0.8 0.7 ± 0.1

a The global average H2 concentration in the atmosphere is from Novelli et al. (1999). The [H2]aq was calculated using the Bunsen constants
(Crozier and Yamamoto, 1974) for deionized water and 3.5% NaCl. The salting-out effect of 35% NaCl was estimated using the procedure
described in Weisenberger and Schumpe (1996).
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the container through its glass wall within a permeation
time of 20 min would cause a negligible solution
background of only 2.7 � 10�9 nmol L�1. Similarly, the
permeability of chlorobutyl rubber for H2 is low (5.2 �
10�2 pmol cm cm�2 min�1 atm�1 at 20 �C; Pauly, 1989)
and the amount of atmospheric H2 permeated through
chlorobutyl rubber stoppers is negligible for a period of
20 min.

However, the stoppers get punctured by needles when
the headspace is created and when gas samples are with-
drawn. The punctures might provide a passage for the
introduction of atmospheric H2. We tested the impact of
needle punctures on the H2 background using a set of
empty 11 mL headspace vials that were sealed with chlo-
robutyl rubber stoppers and crimp capped. All stoppers
were punctured by gauge 23 or 26 needles at the beginning
of the experiment when the vials were evacuated and
flushed three times with ultrapure N2 and at the end when
deionized water was injected to push out headspace gas for
H2 analysis. In two series of vials the stoppers were addi-
tionally punctured twice by a pair of gauge 23 and 26 nee-
dles connected to N2-flushed syringes, in one case before
and in the other one after the vials were allowed to sit for
20 min with their tops immersed in water, while no further
needle punctures were added in a third series which served
as control. In vials with additional needle punctures H2

concentrations were distinctly higher than in the control
(Table 5) and the H2 background in the headspace in-
creased strongly even when addition of extra punctures
was immediately followed by analysis, suggesting that seep-
age takes place at the time when a septum is punctured. H2

concentrations in the headspace gas ranged from 22 to
259 ppb and correspond to background concentrations of
0.4–4.1 nmol L�1 when normalized to an extraction solu-
tion with a volume of 15 mL (Table 5).

In summary, the seepage of small amounts of H2-rich
(530 ppb) ambient air into the headspace via needle punc-
tures in the course of sampling is a remarkable source of
background H2 and provides an explanation why the ana-
lyzed background H2 in extraction solutions always ex-
ceeded the theoretical concentrations of dissolved H2 in
equilibrium with atmospheric H2 (Table 4).

3.1.4. Background H2 formed during extraction of sediments

In active systems where the residence time of H2 is short
relative to the equilibration period, the extraction of H2
into the headspace volume might stimulate H2 production
in the slurry and thus yield erroneously high H2 concentra-
tions. Therefore, we tested the extraction method with
deionized water and both 3.5% and 35% NaCl solution
using a sample of shallow tidal flat sediment from the
North Sea with a sulfate-reducing redox regime. The sedi-
ment was chosen because it was expected to provide low ini-
tial concentrations of pore-water H2 in the presence of high
microbial H2 turnover. The 3.5% NaCl solution represents
the salinity of seawater. It is unlikely to inhibit the metab-
olism of marine microorganisms and likely to reveal excess
hydrogen production in the selected active surface sedi-
ment. In contrast, deionized water and saturated NaCl
solution were expected to inhibit biological activity and
headspace-induced excess H2 production since they exert
extreme osmotic pressure which slows down or stops the
activity of cells, as is often observed in the Na+ concentra-
tion gradient tests performed on new marine isolates (e.g.,
Sowers and Ferry, 1983).

Extraction of the sediment sample with different solutions
yielded distinctly different results. Background-corrected H2

concentrations reached 16.8 ± 3.9 nmol L�1 in 3.5% NaCl,
but only 4.6 ± 1.9 nmol L�1 and 4.1 ± 3.1 nmol L�1 in
deionized water and 35% NaCl, respectively. The results re-
veal considerable excess H2 production when active anoxic
sediment is treated with 3.5% NaCl solution and the suppres-
sive effect of deionized water and saturated NaCl solution on
this process.

3.1.5. Test of the optimized method

In the optimized extraction method, 35% NaCl solution
was freshly prepared, bubbled with N2 or stirred in an open
beaker for at least 3 h to allow equilibration with the atmo-
sphere, and stored in plastic syringes during core processing
for less than 30 min. With this procedure, the measured
average background H2 was 1.6 ± 0.5 nmol L�1, equivalent
to 25.6 ± 8.2 pmol H2 per sample vial (a 22 mL vial with
16 ± 1 mL solution). In our field study offshore of Namibia,
the volume and porosity of sediment taken for H2 extraction
were on average 2.8 mL and 0.7, respectively, with a corre-
sponding pore-water volume of 2.0 mL. Normalization of
background H2 to the average pore-water volume of
samples and error propagation result in a H2 blank of
13.1 ± 4.2 nmol L�1. The corresponding LoDm is 25.5
nmol L�1. Though the highly reproducible blank values
ensure a more consistent LoDm compared to previous



Table 5
Contamination of the container headspace by atmospheric H2.

Calculation or treatment H2 in headspace
(ppb)

Corresponding dissolved
[H2] in solution (nmol L�1)

Permeation of atmospheric H2 into the container headspacea 3.6 � 10�8 2.3 � 10�9

Leakage of atmospheric H2 into the container headspaceb

a. Control, wait 20 min 22–33 0.4–0.5
b. Puncture the septum with needles of gauge 23 and 26, twice of each, wait 20 min 58–259 0.9–4.1
c. Wait 20 min, puncture the septum with needles of gauge 23 and 26, twice of each 50–183 0.8–2.9

a Calculation of the total amount of permeated H2: We used the recast gas permeability equation n = U � A � t � DP � d�1, where n is the
amount of gas molecules, U is the permeability constant, A is the contact area between the solid and the gas, t is the length of the permeation
time, DP is the difference in partial pressure of the gas between both sides of the solid, and d is the thickness of the solid. For the 22 mL
headspace vial used in the study, the wall thickness is 0.11 cm, and the contact area to air for a 6 mL headspace is 15 cm2. The permeation time
is 20 min. A solution volume of 16 mL was used to calculate the corresponding dissolved H2 concentration.

b Calculation of the corresponding dissolved H2 concentration: The H2 leakage was assumed to be independent from the volumes of the
gaseous phase. Therefore, the amount of H2 detected in the 11-mL headspace vials was divided with an aqueous phase volume of 16 ± 1 mL
(22 mL headspace vial with a 6 ± 1 mL headspace) to acquire the corresponding dissolved H2 concentrations.
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Fig. 2. Extraction of sediment samples with known dissolved [H2].
Selected sediment samples having distinct ranges of dissolved [H2],
inferred from the final [H2]INC after prolonged incubation (36–
42 days), were extracted for H2 analysis using the protocol
optimized in this study. The methodological limit of detection
(LoDm) varied among different sets of samples due to varied
volumes of sediment samples and glass containers. Variation in the
background H2 (±two standard errors) resulted in the error bars of
the background-corrected [H2].
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studies (D’Hondt et al., 2009), further improvements are re-
quired before the in situ consumption of H2 by energetically
more favorable processes than methanogenesis and aceto-
genesis can be investigated reliably by the extraction meth-
od. Most importantly, the direct introduction of gaseous,
atmospheric H2 into the sample vials in the course of sam-
pling needs to be minimized in order to reduce the back-
ground. With the current method, a combination of larger
sediment volumes and smaller sampling vials (thereby less
extraction solution) can help to lower the blank.

In order to further validate our extraction method, we
analyzed [H2]EXT in sediment samples in which we had pre-
viously monitored concentrations of dissolved H2 by the
incubation method. The selected three groups of samples
have distinct ranges of dissolved H2: GeoB 12803, 0.12–
0.23 nmol L�1; GeoB 15105, 11.1–14.1 nmol L�1; GeoB
15101 and 15102, 25–110 nmol L�1. The samples were
immediately extracted after incubation (36–42 days) was
finished and the results are presented in Fig. 2. Note that
the LoDm here (�11 nmol L�1) is lower from that for our
field survey due to larger sediment volumes or smaller glass
containers used in this experiment.

For the samples in which dissolved H2 was lower than
the LoDm of the extraction method, the [H2]EXT values
are lower than the LoDm. The background-corrected H2

concentrations range from negative (plotted to zero in
Fig. 2) to slightly positive values and are not precise enough
to represent the low dissolved H2 concentrations. In con-
trast, for samples with elevated levels of dissolved H2, we
obtained significant [H2]EXT values. The background-cor-
rected H2 concentrations underestimate the dissolved H2

concentrations, pointing to the loss of H2 during the sam-
pling and extraction procedure. These results demonstrate
that [H2]EXT values above the LoDm can be considered con-
servative estimates of sedimentary H2 concentrations.

3.2. Study of the sediment transect off Namibia

3.2.1. Geochemical environments and prediction of [H2]TD

Along a transect of sites across the continental margin off
Namibia, TOC contents decline (Table 2) and the distribu-
tion of redox zones changes distinctly with increasing water
depth (Fig. 3). At the shallowest station GeoB 12802, pore-
water profiles of Fe2+, SO2�

4 and methane indicate intensive
anaerobic degradation of organic matter along with a
succession of iron reduction (core top to 10 cm below sea-
floor, referred to as cmbsf hereafter), sulfate reduction
(10–260 cmbsf) and methanogenesis (>260 cmbsf) in the
upper 6 m of sediment. Where acetate concentrations were
high enough (P10 lmol L�1) stable carbon isotope analyses
did not reveal a significant contribution of acetogenic CO2

reduction to the pore-water acetate pool. d13C values of ace-
tate are �21.1& at 149 cmbsf and average �25.4 ± 1.1& in
the interval of 415–440 cmbsf.

Iron reduction (2–20 cmbsf) and sulfate reduction
(>20 cmbsf) are also observed at Site GeoB 12803 in
�2000 m water depth with profiles of Fe2+ and SO2�

4 sug-
gesting lower rates of organic matter mineralization than
at Site GeoB 12802. Methane concentrations rise rapidly
with depths >400 cmbsf, but the coexisting high SO2�

4
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Fig. 3. Depth profiles of Fe2+, SO2�
4 , methane and dissolved inorganic carbon (DIC) concentrations in sediment interstitial waters at five

stations, offshore Namibia. Note the difference in scale for methane concentrations at Site GeoB 12802.
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concentrations (12–17 mmol L�1) suggest that methanogen-
esis is not the major mode of terminal metabolism (cf.
Martens and Berner, 1974). At Site GeoB 12811 (�3000 m
water depth), iron reduction (3–10 cmbsf) and sulfate reduc-
tion (>10 cmbsf) are still observed; the importance of these
processes ceases at Sites GeoB 12808 and GeoB 12815 in
�4000 m and �4500 m water depth, respectively, where
pore-water Fe2+ is approaching the LoD and SO2�

4 concen-
trations remain close to seawater values throughout the
sampled sediment layer. Pore-water methane is below the
LoD in the upper 6 m of the latter three sites.

The decreasing intensity of organic matter remineraliza-
tion is also reflected in the pore-water profiles of DIC
(Fig. 3). While DIC concentrations increase strongly with
sediment depth from ca. 2.5 mmol L�1 to 24 mmol L�1

and 15 mmol L�1 at the relatively shallow Sites GeoB
12802 and GeoB 12803, respectively, a maximal concentra-
tion of only 6.5 mmol L�1 is reached at the deeper Site
GeoB 12811. At the two deepest stations GeoB 12808 and
12815, DIC concentrations show low, constant values of
4 mmol L�1. The measured pH from the five sites has an
average value of 7.6 (±0.1). The estimated bottom water
temperatures at all stations were 2–4 �C.

The variations in pore-water chemistry and in situ
pressure along the transect of sites impact the DG values
of H2-consuming reactions. Based on thermodynamic con-
siderations (cf. Section 2.3.2), we calculated the downcore
distribution of [H2]TD for iron reduction, sulfate reduction,
methanogenesis, and acetogenic CO2-reduction, with an
example of Site GeoB 12802 shown in Fig. 4. At this
station, we expect threshold concentrations of 10�9–
10�14 nmol L�1 H2 for iron reduction, 0.01–0.3 nmol L�1

H2 for sulfate reduction, 0.7–4.2 nmol L�1 H2 for methano-
genesis and 8–39 nmol L�1 H2 for acetogenic CO2-reduc-
tion. Compared with the expected [H2]TD values reported
for surface sediments (Table 1), the threshold concentra-
tions in the deep-water sediments off Namibia are lower
by 1–12 orders of magnitude.

3.2.2. [H2]INC – H2 in shipboard incubation of sediment

During shipboard incubation, some samples reached an
apparent steady state after 10 days of incubation but others
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not, even when the maximal incubation duration was al-
lowed (25 days). In the latter case, we averaged the second
last two measurements to obtain a [H2]INC value. For sam-
ples from Sites GeoB 12811 and GeoB 12815 the time sche-
dule of the cruise only allowed incubation for 5 and 2 days,
respectively, and the resulting data need to be interpreted
with caution.

At the shallow Site GeoB 12802 (Fig. 5), which shows
the highest TOC contents, strongest remineralization and
closest succession of redox zones within the transect,
[H2]INC remains below the thermodynamically predicted
threshold concentrations [H2]TD in the methanogenic zone
but exceeds them in the sulfate reduction zone and in the
near-surface sediment where high Fe2+ concentrations sug-
gest active iron reduction (Fig. 3). An exceptionally high
[H2]INC value of 14.6 nmol L�1, which is above the thresh-
old for acetogenic CO2-reduction (Fig. 4), was observed at
260 cmbsf, close to the upper SMTZ.

At Site GeoB 12803 (�2000 m water depth), where TOC
contents are lower and remineralization less intensive than
at Site GeoB 12802, [H2]INC exceeds [H2]TD throughout
the upper 6 m of the sediment, except for a distinct mini-
mum of [H2]INC at 382 cmbsf. In the iron reduction zone
(2–20 cmbsf), [H2]INC exceeds the [H2]TD for iron reduction
by three orders of magnitude. In the sulfate reduction zone,
200 0 100 200 0 100 200
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[H2]INC concentrations are 2- to 60-fold higher than the
[H2]TD for both sulfate reduction and methanogenesis. This
trend continues toward the bottom of the core where the
methane level is slightly elevated in the presence of roughly
10 mmol L�1 sulfate. The distinct minimum of [H2]INC at
382 cmbsf coincides with the shallowest depth where pore-
water methane is detectable. The underlying reasons for this
subsurface minimum remain elusive; visual core description
does not reveal any striking differences between this layer
and the adjacent sediment layers.

High [H2]INC values of up to 4 nmol L�1 are found at
the deep Site GeoB 12808 (�4000 m water depth) where
iron reduction, sulfate reduction or methanogenesis are
not active in the low-TOC sediment, and the uniformly
low DIC concentrations indicate low rates of organic mat-
ter remineralization. Similar to the TOC-rich Site GeoB
12803, the [H2]INC values are higher than the [H2]TD values
for iron reduction, sulfate reduction and, except for one
case (58 cmbsf), also for methanogenesis at Site GeoB
12808. Likewise, [H2]INC in sediments from Sites GeoB
12811 (�3000 m water depth) and 12815 (�4500 m water
depth) exceeds [H2]TD for sulfate reduction.

3.2.3. [H2]EXT – H2 extracted from sediment

Our thermodynamic calculations suggest that close syn-
trophic relationships between H2-producing and -consum-
ing microorganisms would draw H2 concentrations below
the LoDm of our extraction method, but, 55% of the
[H2]EXT data presented in the profiles are above the LoDm

(26 nmol L�1) (Fig. 5). Except for the deepest site GeoB
12815, the other four sites have the following features in
common: the [H2]EXT values are usually below or close to
the LoDm in the near-surface sediments, reach a subsurface
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maximum of 80–240 nmol L�1, and decrease with depth to
below or around the LoDm. A similar downcore distribu-
tion of [H2]EXT with maximum values of up to 60 nmol L�1

has been reported by Novelli et al. (1987). Along our tran-
sect, maximum values of [H2]EXT decline with decreasing
TOC contents, but the depths of the subsurface maxima ap-
pear to be independent of water depth and TOC content.
Moreover, vertical distributions of [H2]EXT show no obvi-
ous relationship to profiles of Fe2+, SO2�

4 , methane and
DIC (Fig. 5). The absence of above-LoDm [H2]EXT in all
but one sample from organic-lean sediments at Site GeoB
12815 agrees with previous findings (Table 1; Novelli
et al., 1987; D’Hondt et al., 2009).

In general, the direct extraction of H2 from pore waters
resulted in distinctly higher H2 concentrations than the incu-
bation of sediments in the laboratory. Above-LoDm values
of [H2]EXT exceed the corresponding [H2]INC values by one
to two orders of magnitude. Though a strong correlation be-
tween [H2]INC and [H2]EXT data is lacking (the R2 value of
least squares linear regression between both datasets is
<0.4), their profile shapes share the following features
(Fig. 5): (1) both [H2]INC and [H2]EXT values are low in the
uppermost sediments, (2) the subsurface maxima observed
in some [H2]EXT profiles (e.g., GeoB 12802 and 12808) coin-
cide with the highest [H2]INC value, and (3) the conspicuous
subsurface [H2]INC minimum detected at 382 cmbsf at Site
GeoB 12803 is also well delineated in [H2]EXT.

3.2.4. Comparison of [H2]INC and [H2]EXT

To systematically compare [H2]INC and [H2]EXT and to
extract information pertaining to syntrophic coupling, we
combined both datasets in Fig. 6 based on the following
considerations:
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(1) The H2 threshold concentration of terminal electron
accepting processes increases in the order of iron
and manganese reduction 6 sulfate reduction <
methanogenesis < acetogenic CO2-reduction.

(2) Syntrophic coupling is present as long as a given
mode of terminal metabolism maintains H2 concen-
trations low enough to restrain the thermodynami-
cally next most favorable process (Hoehler et al.,
1998, 2001). We define [H2]TD and [H2]TD-next as the
threshold H2 concentrations of the thermodynami-
cally most favorable and next most favorable terminal
metabolism, which we deduced from pore water
chemistry (for example, for sulfate-reducing sedi-
ment, [H2]TD-next equals [H2]TD of methanogenesis).

(3) During incubation it is assumed that syntrophic
coupling of production and consumption of H2 con-
trols its concentration to the effect that [H2]TD 6

[H2]INC < [H2]TD-next (cf. Hoehler et al., 1998).
(4) By analogy, [H2]TD 6 [H2]EXT < [H2]TD-next is

expected if syntrophic coupling controls concentra-
tions of pore-water H2 in situ. However, for the stud-
ied subseafloor sediments the LoDm is only lower
than the [H2]TD for acetogenic CO2-reduction at
some depths (Fig. 4). Consequently, for the other
processes the relationship between [H2]EXT to
[H2]TD or [H2]TD-next cannot be determined. Never-
theless, an observation of [H2]EXT > LoDm would
support the absence of syntrophic coupling for those
processes with [H2]TD-next lower than the LoDm, i.e.,
metal and sulfate reduction in our case.

For better comparison the data are categorized based on
redox regimes and geochemical zonation (Fig. 6a) or incu-
bation duration (Fig. 6b). In both figures, four quadrants
are distinguished. In Quadrant I, [H2]INC P [H2]TD-next

and [H2]EXT > LoDm > [H2]TD-next suggest the absence of
syntrophic coupling during incubation and in situ, while
on the contrary in Quadrant III, [H2]INC 6 [H2]TD-next

and [H2]EXT < LoDm < [H2]TD-next indicate the presence of
syntrophic coupling both during incubation and in situ.
In Quadrant IV, no syntrophic coupling is observed in
the incubation experiment ([H2]INC P [H2]TD-next) though
it seems to control in situ concentrations ([H2]EXT <
LoDm). The opposite holds for Quadrant II, which repre-
sents the combination of syntrophy in vitro and its absence
under in situ conditions. We considered this combination
unlikely in nature and hence data falling into this quadrant
are probably biased due to analytical problems. About 13%
of our samples reside in Quadrant II, and more than half of
them come from Site GeoB 12811 for which the time sche-
dule of the cruise only allowed for 5 days of incubation.

With 77% of the samples plotting in Quadrants I and IV,
syntrophic coupling seems to be largely weakened or absent
during lab incubation. In Quadrant I sulfate-reducing sed-
iment samples incubated for P11 days constitute the
majority. Quadrant IV contains samples incubated for
varied periods of time from iron reduction zone, sulfate
reduction zone, sulfate-methane transition zone, and the or-
ganic-lean station GeoB 12815. The weakened syntrophic
coupling in lab incubations can be explained by experimen-
tal conditions: (1) the sediments have not reached real stea-
dy states due to limited incubation time. This is conceivable
as the low microbial activities in subseafloor sediment have
been acknowledged (e.g., D’Hondt et al., 2002). (2) The
incubation condition did not appropriately simulate the
in situ condition, such as the high hydrostatic pressure or
high in situ methane concentrations. Piezophilic bacteria
isolated from deep-sea sediment are known to have growth
rates that vary with pressure (Nogi et al., 2004; Arakawa
et al., 2006). Deusner et al. (2010) also demonstrated that
higher dissolved gas concentrations influenced the activities
of some benthic prokaryotes. Incubation under high pres-
sure, however, is technically challenging and difficult to
implement for large batches of samples. For samples that
plot in Quadrant IV, the observation of both [H2]INC P
[H2]TD-next and [H2]EXT < LoDm suggests that syntrophic
coupling was probably present in situ but got lost in the
lab incubation. However, for samples in Quadrant I,
[H2]EXT > LoDm > [H2]TD-next suggests that syntrophic
coupling was also weak or absent under in situ conditions,
and the background-corrected [H2]EXT values (up to
205 nmol L�1) provide conservative estimates of dissolved
H2 in these samples.

The absence of thermodynamic control on H2 level in
iron-reducing sediment under in situ conditions is in line
with the result of Hoehler et al. (1998), who observed that
addition of metal oxides did not significantly change stea-
dy-state H2 concentrations and attributed the finding to
the insoluble nature of metallic electron acceptors. Never-
theless, the lack of close syntrophic coupling in sulfate-
reducing sediment is unexpected. This would require that
on the one hand, sulfate reducers are not sufficiently active
to maintain low H2 concentrations: Radiotracer measure-
ments showed that sulfate reduction rates are much lower
in deep-sea sediments (e.g., Knab et al., 2009) than in coast-
al sediments (e.g., Jørgensen and Parkes, 2010). On the
other hand, there have to be H2 sources that keep dissolved
H2 concentrations at high levels. Unfortunately, no rate
measurements or modeling data are available for ferment-
ing activities, making it difficult to assess whether an activ-
ity difference between fermentation and sulfate reduction is
the explanation for the high H2 levels. From the thermody-
namic perspective, fermentation of volatile fatty acids
(Table 3; DG = �15 kJ mol�1 reaction), a common type
of substrates for fermenting prokaryotes, can proceed with-
out syntrophy only till 0.5–7.8 nmol L�1 of dissolved H2

when the pore-water data of sulfate-bearing sediment at
Site GeoB 12802 were used for calculation (aButyrate =
0.1–1 lmol L�1 (a is activity); aPropionate = 0.1–1 lmol L�1;
aAcetate = 1–10 lmol L�1; aBicarbonate = 1–10 mmol L�1;
pH = 7.4). To explain the high background-corrected
[H2]EXT values, other sources of H2 are needed. One possi-
bility is the presence of other substrates whose fermentation
has higher inhibitory H2 levels (e.g., Elshahed and McIner-
ney, 2001). The other possibility is H2 of abiotic origins,
such as pyrite precipitation (Drobner et al., 1990) or water
radiolysis (Blair et al., 2007). Blair et al. (2007) estimated
the average radiolytic H2 yields of Peru Margin sediment
to be around 1–2 � 10�12 mol yr�1 cm�3 sediment, equiva-
lent to 1.4–2.9 nmol L�1 of dissolved H2 per year when
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porosity is set to 0.7. The significant H2 yields and the fact
that water radiolysis is not governed by thermodynamics
make this abiotic process a plausible source for the high
[H2]EXT levels we observed.

Conditions in Quadrant III, which hosts 9% of the sam-
ples, suggest that the next most favorable terminal electron
accepting process is restrained in the laboratory and prob-
ably also in situ. Three of the five samples showing this
characteristic originate from the upper methanogenic zone
at Site GeoB 12802. We were not able to quantify the loss
of H2 from methane-rich sediment during core retrieval, but
both the samples taken immediately on deck and later in
the cold room have [H2]EXT lower than the LoDm

(Fig. 5). For incubation, flushing of headspace during sam-
ple handling (cf. Section 2.3.1) and the low incubation pres-
sure highly reduced methane concentrations in the
sediments. This probably explains why the [H2]INC is often
lower than the [H2]TD for methanogenesis in this and previ-
ous studies (D’Hondt et al., 2003). Alternatively, methano-
gens can survive with lower amounts of energy. When the
measured [H2]INC of methanogenic sediment was used to
calculate the DG values, we obtained energy yields as small
as �9.0 ± 1.5 kJ mol�1 reaction, which are in accordance
with the values determined for methanogenesis in coastal
sediment (Hoehler et al., 2001).
4. CONCLUSIONS

Careful examination of the extraction method for H2

determination in sediment samples revealed that the solu-
tion for preparing sediment slurry should be first equili-
brated with atmosphere before use, and atmospheric H2

leaking through septa during needle puncturing is a prom-
inent source of background H2. Optimization of the extrac-
tion method resulted in a reproducible LoDm. Evaluation
of the optimized method showed that above-LoDm

[H2]EXT, after subtraction of background H2, underesti-
mates the dissolved H2 concentrations. Thus [H2]EXT values
above the LoDm can be considered conservative estimates
of sedimentary H2 concentrations.

Previous studies applying either a headspace equilibra-
tion technique or an extraction method for the analysis of
pore-water H2 in subseafloor sediments have generated re-
sults that sometimes contradict the principles established
based on studies of microbial culture and surface sediments.
For the well established headspace equilibration technique,
the low microbial activity and high pressure of deep-sea
sediment make it difficult to assess whether a steady state
is reached, and whether the incubation is carried out under
conditions representative of in situ environments. There-
fore, in this work, the extraction method and headspace
equilibration technique were employed jointly to determine
H2 concentrations in subseafloor sediment. We demon-
strated that with this joint approach, both data sets can
be interpreted with greater confidence. Our results showed
that a significant proportion of sediment samples with
redox potential equal or higher than sulfate reduction have
[H2]INC concentrations higher than thermodynamically pre-
dicted values, and the corresponding [H2]EXT data suggest
that relaxation of coupling between H2-producing and
H2-consuming activities may be taking place in situ in some
of the sediments. In contrast, both [H2]INC and [H2]EXT

data indicate that the next favorable terminal metabolism
in methanogenic sediment, i.e., acetogenic CO2-reduction,
was restrained. This joint approach would be suitable for
studying H2 biogeochemistry in subseafloor sediment where
microbial activities are expected to be low: The headspace
equilibration technique provides information that can be
discussed within the broader context of thermodynamics,
whereas the extraction method provides a ‘snapshot’ of
the in situ distribution that can be used in assistance to bet-
ter understand the meaning of incubation-derived H2 data.
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