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Abstract

The processes of methane oxidation and sulfate reduction were examined in subsamples of gas hydrate associated materials

collected along the Gulf of Mexico continental slope. Standard radiotracer techniques were used to determine rates of microbial

activity in different layers of the hydrate environment, including outer sediment (OS), interface sediment (IS), worm burrow

sediment (WB), interior hydrate (IN) and a mixture of hydrate and sediment (MIX). The anaerobic oxidation of methane

(AOM) and sulfate reduction (SR) were observed in all hydrate samples examined and the rates of these processes showed

similar spatial trends between different hydrate layers. Highest rates of both AOM and SR were observed at interface between

the sediment and hydrate. AOM rates were about 3–11 nmol cm� 3 day� 1 in worm burrow and interface sediments as

compared to < 1 nmol cm� 3 day� 1 in other hydrate material types. Rates of SR ranged from 59 to 490 nmol cm� 3 day� 1 in

worm burrow and interface sediments while rates in interior hydrate samples were an order of magnitude lower. These rates

observed in hydrate materials are lower than rates from nearby methane-rich sediments at ambient temperatures. Nevertheless,

our data show that active microbial populations inhabit all layers of the hydrate environment and suggest their activity may

impact biogeochemical methane and sulfur cycling in this unique niche.
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1. Introduction

Gas hydrates represent one of the largest and most

dynamic reservoirs of organic carbon, in particular

methane, on Earth (Kvenvolden, 1993; Collett and

Kuuskraa, 1998). Current estimates of the mass of

carbon in global gas hydrate vary; however, the
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reservoir mass is probably between 1018 and 1019 g of

carbon (Kvenvolden, 1988; Collett and Kuuskraa,

1998; Dickens, 2001). Data from geochemical mod-

els, paleontological analyses and stable carbon iso-

topes suggest that large changes in global hydrate

inventories have contributed to rapid shifts in global

climate in past periods of Earth history (Dickens et al.,

1995; Norris and Röhl, 1999; Kennett et al., 2000;
Fig. 1. Cartoon showing the layering of Gulf of Mexico gas hydrate used in

left indicates relative sediment content. Patterned line through diagram

conditions result from hydrate dissolution. Lower case labels indicate the l

hydrate after outer sediment layer has been removed. Scale barf 1 in. (C)

sediment and oily material; ruler (in inches) for scale. (D) Photo of ‘‘MIX

and inches) for scale. (E) ‘‘Interior hydrate’’ sample, darker areas represent

MacDonald).
Hesselbo et al., 2000). The largest fraction of the gas

hydrate reservoir is buried beneath 200–300 m of

sediment at the base of continental margins (Kven-

volden, 1993), where rates of methane oxidation may

be presumed to be slow (Hoehler et al., 2000). Gas

hydrate deposits may also occur in the upper few

meters of seafloor sediments (Brooks et al., 1991,

1984; Ginsburg et al., 1992, 1999; MacDonald et al.,
these experiments. (A) Diagram depicting different layers, arrow on

represents the sediment/hydrate interface, where high methane

ocation of samples described in the text. (B) Photo of recovered gas

Cross-section through sample shown in (B), dark areas are entrapped

’’ layer showing sediment entombed within the hydrate; ruler (in cm

oily material; ruler (0.5 cm gradations) for scale. (Photo credits: I. R.



Fig. 2. An underwater photo of a surface-breaching hydrate. Arrows

indicate worm burrows in the hydrate surface, and a Beggiatoa mat

is present (labeled) at the lower left. (Photo credit: I.R. MacDonald).
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1994). In these settings, particularly when a hydrate

deposit is exposed to seawater or covered by a thin

drape of sediment, methane oxidation, dissolution of

hydrate gases into seawater, and microbial alterations

of gas hydrate would be expected to be much more

active.

On a global scale, the aerobic and anaerobic

microbial oxidation of methane is estimated to con-

sume 80–90% of the methane produced by natural

and anthropogenic sources annually (Reeburgh et al.,

1993; Reeburgh 1996). However, rates of methane

oxidation in hydrate environments are poorly docu-

mented (Hinrichs and Boetius, 2002). Microbial meth-

ane oxidation functions like a barrier in consuming

upwardly diffusing hydrate-derived methane in the

overlying sediments (Hoehler et al., 2000) and in the

overlying water column (Valentine et al., 2001).

Methane oxidation could thus ameliorate or buffer

climate impacts resulting from slow hydrate dissoci-

ation. Rapid destabilization of hydrate may result in

gas bubbling and floating of hydrates and is most

likely not controlled by microbial methane oxidation.

However, microbial consumption in and around hy-

drate affects hydrate stability, which depends not only

on temperature and pressure, but also on methane

concentration in the vicinity of hydrates. Sediment

methane oxidation effectively sequesters hydrate car-

bon in the form of carbonates over longer time scales

(Sassen and MacDonald, 1994; Whiticar, 1996;

Michaelis et al., 2002) while water column oxidation

may aid in sequestering methane-derived carbon in

the planktonic food web as organic or inorganic

carbon (Kennett et al., 2000).

In marine sediments, microbial anaerobic oxidation

of methane (AOM) and sulfate reduction (SR) pro-

liferates near the methane–sulfate interface, where

supplies of oxidant (sulfate, SO4
2 �) and reductant

(methane, CH4) are concurrently available. AOM

and SR are hypothesized to be coupled in anoxic

environments according to the following net reaction

(Reeburgh, 1980; Hoehler et al., 1994):

CH4 þ SO2�
4 ! HCO�

3 þ HS� þ H2O ð1Þ

This coupling between AOM and SR has been

documented in other methane-rich sediments using

enrichment and radiotracer methods (Nauhaus et al.,

2002; Michaelis et al., 2002).
To evaluate the activity of microorganisms in

hydrates and hydrate-draping sediment, we obtained

samples of intact hydrate and associated sediments

and determined the magnitude and spatial distribution

of AOM and SR using radiotracer methods. We

hypothesized that rates of these processes would vary

between different layers of the hydrate environment

(outer sediment (OS), interface sediment (IS), sedi-

ment accumulated in hydrate worm burrows (WB),

interior hydrate (IN), and a mixture of interface

sediment and hydrate (MIX), see Section 2.1 and

Fig. 1) due to geochemical and physical differences

between the layers. These novel studies indicate that

spatial heterogeneity in both processes exists in the

hydrate environments. Due to the presence of many

other types of hydrocarbons in the hydrate environ-

ments in the Gulf of Mexico, which might also be

used as microbial substrates, it is difficult to discern

definitively whether AOM and SR are stoichiometri-

cally coupled.
2. Materials and methods

2.1. Site description

Samples of solid hydrate and hydrate-draping

sediment (Fig. 2) were collected during July 2001

and July 2002 from two sites (GC 234 and GC 232)

along the continental slope in the northern Gulf of
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Mexico (see Joye et al., submitted for publication,

Fig. 1, for detailed map). Natural gas and oil

continuously seep from the seafloor at these sites

(Kennicutt et al., 1988; MacDonald et al., 1994) and

near- or surface-breaching hydrates exist on the edge

of the hydrate stability curve between 500 and 700

m (5–7 MPa) and 7–8 jC. Gulf of Mexico hydrates

occur as Structure II, being comprised of methane

(70–85%) and higher alkanes (Brooks et al., 1984;

Sassen and MacDonald, 1994; Sassen et al., 1999).

Sediments around hydrates were predominantly clay-

rich silts. At these sites, methane serves as the base

of a complex chemosynthetic ecosystem by support-

ing both free-living and symbiotic bacteria (MacDon-

ald et al., 1989, 1994). Hydrate deposits are often

evident as prominent topographic mounds that can be

several meters in height and up to 10 m in diameter

(MacDonald et al., 2003). The mounds comprise

displaced sediments, as well as solid hydrate, and

are colonized by chemosynthetic species of tube

worms and mussels. Mats of giant sulfide-oxidizing

bacteria cover exposed hydrate mounds, creating a

living interface between the overlying water, nearby

anoxic sediments and the solid hydrate surface. Poly-

chaete ‘‘ice’’ worms (Hesiocaeca methanicola) create

burrows in the hydrate surface and in the sediment

drape; burrows in the interior of the hydrate may

subsequently fill with sediment (Fig. 2; Fisher et al.,

2000).

2.2. Sample collection

Samples of hydrate material were collected during

multiple dives of the Johnson Sea-Link submersible

operated by the R/V Seward Johnson I and II

(Harbor Branch Oceanographic Institute, Fort Pierce,

FL). A hydrate ‘‘chipper’’ operated by the robot arm

of the submersible removed contiguous sections of

hydrate and the surrounding hydrate-drape sediments

from hydrate mounds exposed at the seafloor. The

sample material was placed into an insulated pres-

sure-retaining hydrate recovery chamber. The hydrate

chamber contained ambient bottom water. After

collection, the chamber was sealed with a pressure-

retaining lid equipped with a vent valve, which

prevented significant over pressure within the cham-

ber. The chamber is insulated with low-density

plastic to prevent heat gain during recovery through
warm surface waters; consequently, the chamber

assured delivery of intact hydrate/sediment material

to the surface with minimum degassing. Upon re-

trieval, the hydrate chamber was transferred quickly

to a cold laboratory (8 jC in 2001, 4 jC in 2002) for

processing.

Intact sections of hydrate and sediment material in

the hydrate chamber were removed and placed in a

liquid nitrogen-chilled sterile tub for sectioning with

sterile instruments (Fig. 1). The outer 1–3 mm of

material in contact with seawater in the hydrate

collection chamber was carefully pared away to

remove potentially contaminated material. Next, the

following layers were separated using sterile instru-

ments and were placed into separate sterile contain-

ers (150 ml I-chemR jars): outer sediment (OS):

sediment more than a centimeter away from the

hydrate surface; interface sediment (IS): sediments

directly in contact with the hydrate; worm burrow

sediment (WB): sediment from inside a worm bur-

row on the hydrate surface; interior hydrate (IN):

solid hydrate more than 5 cm from the surface that

contained minimal (if any) sediment debris; and a

mixture of sediment and hydrate chunks (MIX):

outer hydrate layer co-mingled with sediment mate-

rial that was ‘‘frozen’’ into the hydrate matrix (Fig.

1). Samples from each layer were separated and

transferred quickly to Ar-purged sterile glass I-

chemR vials sealed with a Teflon-lined septa screw

cap. Solid hydrate slowly sublimed in the vials at

ambient surface pressure. Vial over pressure was

relieved by inserting a vent needle into the septa

or through sampling (see Section 2.3). Samples

remained at 8 jC during manipulation and until

subsequent processing. Results presented here repre-

sent data conducted from multiple hydrate collec-

tions at each study site.

In both years, vent gas escaping near hydrates was

collected to compare the vent gas C1–C5 hydrocarbon

composition to the hydrate C1–C5 hydrocarbon com-

position. Comparison of the molecular ratios of vent

gas and solid hydrate allows evaluation of hydrate

structure and may help elucidate microbial alteration

of hydrate gases. Vent gas was collected into an

inverted butyrate tube that was open at the bottom

and sealed with a gas tight lid equipped with a

sampling port. The tube, which was initially filled

with water, was held over a stream of bubbles, which
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displaced the water and collecting into the tube. Upon

surfacing of the submersible, gas samples were col-

lected into He-purged, evacuated, crimp-sealed head-

space vials.

2.3. Geochemical measurements

To determine the molecular composition of hy-

drate samples, material was sectioned and stored as

described above. When the hydrate sample began to

sublime and degas, a vent needle was used to

puncture the Teflon-lined sampling port. A gas

volume of at least 200-ml vented from the jar and

then a subsample of headspace gas was transferred

from each vial into a He-flushed 60-cc plastic

syringe. This subsample was stored in replicate He-

purged, evacuated 20-ml headspace vials that were

crimp-sealed with butyl rubber stoppers. Concentra-

tions of C1–C5 hydrocarbons in hydrate and vent gas

samples were determined on-board ship using a gas

chromatograph (Shimadzu 14-A) equipped with a

flame-ionization-detector. Individual gases were sep-

arated on a HaysepR DB column (100/120 mesh) by

application of a temperature ramp. Peaks were quan-

tified by comparison with a certified C1–C5 gas

standard (Joye et al., 2004).

For the determination of major ions, subsamples

of hydrate material were transferred from the chilled

tub into crimp-sealed, Ar-flushed headspace vials.

The samples sublimed and the melt fluid was sepa-

rated from particulate material by centrifugation.

Supernatant was withdrawn into a sterile plastic

syringe, and a filtered (0.2-Am acrodiscR) 0.5–1.0-

ml aliquot was fixed with 100 Al of 50% H3PO4 or

conc. HNO3 in an Ar-flushed vial. Samples were

stored at 4 jC until analysis. Sulfate and chloride

concentrations were determined by ion-chromatogra-

phy (DionexR) in comparison with both certified and

lab standards (Joye et al., 2004). Concentration

values are reported as the average of multiple

(n>3) analyses conducted on separate hydrate sam-

ples from the same site.

2.4. Bacterial counts

Subsamples of hydrate material were preserved

by formaldehyde fixation for determination of mi-

crobial cell numbers using acridine orange direct
counting (AODC, Hobbie et al., 1977). The AODC

method was chosen because it does not suffer from

interference due to oil fluorescence, which is com-

mon in these hydrate samples, and which may have

caused difficulties in cell identification in previous

studies where a different method (e.g. DAPI) was

used (Lanoil et al., 2001).

2.5. Methane oxidation rates

Rates of AOM in hydrate material were deter-

mined using a 14CH4 tracer technique (Joye et al.,

1999, 2004). Aliquots of material from specific

hydrate layers were rapidly transferred under a

stream of argon (to keep samples anoxic) from

collection vials into either (1) Ar-flushed 8.5-ml

headspace vials crimp-sealed with butyl rubber stop-

pers or (2) glass tubes sealed at one end with a

plunger and at the other with a rubber stopper.

Hydrate material in serum vials was slurried by

filling bottles with sterile filtered (0.2 Am), UHP

CH4/Ar (10/90) purged bottom water ([CH4] = 130

AM, [SO4
2�] = 28 mM). Each sample set included

two to four replicates of each treatment depending

on amount of material available. At least one control,

which was fixed immediately after isotope addition,

was included with each sample set. 30–60 Al of

dissolved 14CH4 tracer (activity 1500 dpm Al� 1 or

f 0.68 nCi Al� 1, dissolved in sterile, anoxic Milli-

QR water) was added to samples using a gas-tight

syringe. Samples were incubated in the dark at 8 jC
for 24–48 h. Experiments were terminated by replac-

ing 1 ml of the slurry volume with 1 ml of anoxic 1

N NaOH (to stop biological activity and fix gener-

ated 14CO2 as bicarbonate). The displaced 1 ml of

sample fluid was preserved in a 7-ml scint vial

containing 1 ml anoxic 1 N NaOH. All samples

were stored at 4 jC until analysis. For syringe

incubations, experiment were terminated by transfer-

ring the sediment volume into a 20-ml glass vial

containing 3 ml of 1 N NaOH and sealing the vial

with a Teflon-lined screw cap. The activities of
14CH4 and 14CO2 and the rate of AOM (nmol

cm� 3 day� 1) were determined using previously

described methods (Joye et al., 1999, 2004). Rates

presented here were normalized to the original sam-

ple volume and are averages of replicate collections

at each site.



Table 1

The percentage composition of C1 to C5 hydrocarbons in hydrate

material and vent gas from sites GC232 and GC234

Hydrocarbons Vent gas Interior Edge

GC232

Number of samples 3 7 3

Percentage % % %

Methane (C1) 90.7 (0.1) 49.8 (1.5) 49.9 (5.5)

Ethane (C2) 5.2 (0.1) 15.9 (1.7) 18.2 (7.2)

Propane (C3) 1.1 (0.1) 25.1 (2.2) 22.3 (0.3)

iso-Butane (iso-C4) 0.1 (0.02) 6.1 (1.1) 4.7 (1.2)

Butane (C4) 1.4 (0.2) 2.8 (0.6) 4.5 (0.9)

Pentane (C5) 1.4 (0.1) 0.3 (0.3) 0.5 (0.1)

GC234

Number of samples 5 6 4

Percentage % % %

Methane (C1) 86.5 (0.2) 44.4 (4.7) 40.3 (1.6)

Ethane (C2) 6.9 (0.1) 12.1 (4.6) 9.3 (0.8)

Propane (C3) 4.2 (0.1) 26.8 (11.3) 36.4 (1.7)

iso-Butane (iso-C4) 0.6 (0.02) 8.4 (2.3) 11.2 (1.0)

Butane (C4) 1.5 (0.01) 2.8 (0.6) 2.3 (0.4)

Pentane (C5) 0.2 (0.01) 0.3 (0.1) 0.5 (0.01)

The average value and the standard deviation of the mean (in

parentheses) are shown.
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2.6. Sulfate reduction rates

Sulfate reduction (SR) rates were determined

using 35S-techniques (Canfield et al., 1986; Fossing

and Jørgensen, 1989). In 2001, samples were slur-

ried in the same way as AOM samples (see above).

In 2002, additional samples were prepared without

slurring to evaluate SR rates at in situ SO4
2� con-

centrations. Non-slurry samples were prepared in

glass tubes sealed at both ends with butyl rubber

stoppers. Thirty to sixty microliters of carrier-free
35SO4 tracer (activity 88000 dpm Al� 1 or f 40 nCi

Al� 1, dissolved in sterile, anoxic Milli-QR water)

was added to the samples using a gas-tight syringe.

Samples were incubated in the dark at 8 jC for 24–

48 h. Experiments were terminated by transferring

each sample into 50-ml centrifuge tubes (15 ml in

2001) containing 10 ml (7 ml in 2001) of 20% zinc

acetate (ZnAc; to stop biological activity and pre-

serve reduced 35S-sulfide as Zn35S). Samples were

stored frozen until analysis on-shore. The radioac-

tivity of SO4
2� (the substrate) was determined by

counting an aqueous subsample of the fixation

solution after centrifugation and the radioactivity of

H2S (the product) was determined using a one-step

hot chromous acid digestion. The SR rate (nmol

cm� 3 day� 1) was calculated using a published rate

equation (Canfield et al., 1986; Fossing and Jørgen-

sen, 1989; Joye et al., 2004) and normalized to

original sample volume; values presented represent

an average from replicate collections of hydrate

material at a given site (as for AOM).
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3. Results

3.1. Geochemistry

During the hydrate crystallization, certain gases

are concentrated in the matrix resulting in differ-

ences between the source gas molecular composi-

tion and the hydrate molecular composition (Sloan,

1990). As expected, ratios of hydrocarbon gases

varied between vent gas and sublimed hydrate at

GC232 and at GC234 (Table 1). Enrichment of >C2

alkanes (e.g. ethane and propane) was observed at

both sites, as expected for structure II hydrate. The

GC232 vent gas was approximately 91% methane,
whereas the GC232 hydrate was about 50% meth-

ane and a large fraction of ethane and propane.

Compared to the GC232 vent gas, the GC234 vent

gas contained less methane and more ethane and

propane (Table 1). The GC234 hydrate material was

similar in composition to the GC232 hydrate,

however, the edge hydrate material and interior

hydrate material exhibited slight differences in the

percent methane (4% lower at the edge than in the

interior).

Multiple analyses of hydrate and sediment mate-

rial illustrated variable concentrations of major

anions. Sulfate (SO4
2�) and chloride (Cl�) concen-

trations differed between hydrate layers (Table 2).

The lowest SO4
2� concentrations were observed in

sediment-free IN (3.5 to 4 mM). The MIX samples

exhibited a range of SO4
2� values (5 to 9.5 mM).

The WB sediment had the highest SO4
2� concentra-

tion at 17.9 mM. The IS contained varying amounts

of SO4
2�, ranging from 5.5 to 12.4 mM. The OS

averaged about 11.5 mM SO4
2 �. Similarly, Cl�

concentrations were lowest (f 150 mM) in IN

material and highest (f 450 mM) in WB material.

The Cl� concentrations in the OS material averaged

about 390 mM, in the MIX about 300 mM, and in



Table 2

Rates of AOM and SR in gas hydrate material collected from two sites in the Gulf of Mexico

Hydrate sample Code AOM

(nmol cm� 3

day� 1)

SR

(nmol cm� 3

day� 1)

SO4
2�

(mM)

Cl�

(mM)

GC234 in 2001

Outer sediment OS 0.3 (0.1) 100 (82) 11.0a 382.9

Interface sediment IS 11 (1.9) 489 (76.2) 12.4 401.7

Mixture MIX 0.75 (0.42) 118 (58) 4.9 338.2

Interior hydrate IN 0.72 (0.66) 54.7 (36.6) 3.5 137.1

GC234 in 2002

Outer sediment OS 0.60 (0.2) 76.2 (20.8) 12.3 (1.4) 397.2 (158.2)

Interface sediment IS 3.25 (1.7) n.d.b 5.5 (0.3) 231.1 (115.9)

Worm burrow sediment WB 2.43 (0.3) n.d. n.d. n.d.

Mixture MIX 0.13 (0.1) 23.0 (1.0) 9.5 (1.0) 317.0 (111.0)

Interior hydrate IN 0.28 (0.3) 3.2 (4.1) 3.2 (2.1) 150.0 (142.4)

GC232 in 2002

Worm burrow sediment WB 10.74 (0.2) 59.0 (7.8) 17.9c 451.4

Mixture MIX 0.74 (0.04) 18.8 (2.3) 6.6 285.8

Interior hydrate IN 0.36 (0.5) 0.6 (0.1) 4.0 (1.9) 158.5 (19.8)

Data is grouped by year, site and material type. Rates (nmol cm� 3 day� 1) represent the average of replicates (n>3) from multiple collections

and standard deviation of the mean is shown in parentheses. Average sulfate and chloride concentrations of original hydrate material are also

shown (mean standard deviation in parentheses).
a No replicates available for sulfate and chloride concentrations in 2001.
b Not determined.
c No replicates available for major ions.
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the IS material from 230 to 400 mM., The SO4/Cl

ratio ranged between 0.02 and 0.04, which is less

than the value (0.05) expected for seawater, suggest-

ing some SO4 consumption occurs under natural

conditions.

3.2. Bacterial numbers

In both years, hydrate-drape sediment material had

higher cell counts than the interior hydrate material.

Hydrate-drape material (OS, IS, and WB) contained

an average of 1�109 cells cm� 3, while MIX material

and IN had averages of 4–7� 108 and 2–5� 107

cells cm� 3, respectively. The hydrate-drape sediment

material contained a variety of microbial morpho-

types; a large fraction was rod-shaped, usually as

double rods or in rod chains, similar to the morphol-

ogies described for ANME1 archaea (Orphan et al.,

2001, 2002; Fig. 3A). The morphology of interior

hydrate microorganisms was dominated by such rod-

shaped cells, usually occurring as double rod chains

(Fig. 3B).
3.3. Methane oxidation rates

Anaerobic oxidation of methane was observed in

all layers of hydrate but rates varied between layers

(Table 2, Fig. 4). Highest AOM rates were observed in

sediment material from the hydrate interface (i.e.

worm burrow and interface sediment). In GC234

samples in 2001 (slurried), the IS exhibited the high-

est AOM rates (11.2 nmol cm� 3 day� 1), an order of

magnitude greater than rates observed in the other

layers. Similarly, in 2002, the highest AOM rates were

observed in material from the interface of the hydrate

(2.4–3.3 nmol cm� 3 day� 1 in WB and IS, respec-

tively). Rates at the interface exceeded activity ob-

served in the sediment-poor hydrate material (MIX

and IN: 0.1 and 0.3 nmol cm� 3 day� 1, respectively)

and in outer sediments (OS: 0.6 nmol cm� 3 day� 1).

Hydrate samples from GC 232 displayed a similar

distribution of rates: 10.7 nmol cm� 3 day� 1 in WB

and V 0.7 nmol cm� 3 day� 1 in MIX and IN.

Significant variability in rates of AOM between

replicate samples was observed in both years (Table



Fig. 4. Rates of AOM and SR in hydrate material collected from Gulf of Mexico hydrate sites in 2001 and 2002. SR rates (white columns) are

plotted on the left axes; black error bars are one standard deviation of the mean. AOM rates (black columns) are plotted on the right axes; white

error bars represent one standard deviation of the mean values. Note the changes in scale for the different axes. Sample types are shown on the

x-axis. (A) Rates determined in slurried material (see text) from GC234 in 2001; (B) rates from GC234 material in 2002; (C) rates from

GC232 material in 2002. Note that SR rates in B and C were determined in non-slurried material while AOM rates were determined in slurried

samples (see text).

Fig. 3. Microscopic images of hydrate-associated microorganisms stained with acridine orange from (A) interface sediment and (B) interior

hydrate. Scale bar is 5 Am.
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2) suggesting differences in the abundance of AOM-

related microorganisms or in the cell-specific rates of

microbial activity.

3.4. Sulfate reduction rates

Sulfate-reduction was observed in all hydrate sub-

samples (Table 2, Fig. 4). The spatial distribution of

SR was comparable to that of AOM with the highest

rates occurring in hydrate-drape sediments but SR

rates were usually an order of magnitude higher than

AOM rates. High variability in SR rates was probably

also related to variation in the abundance of sulfate

reducing microorganisms in the samples. In the 2001

GC234 slurry experiments, the highest rates of SR

were observed in the IS (489.1 nmol cm� 3 day� 1).

The OS and MIX material exhibited similar SR rates

between 100 and 118 nmol cm� 3 day� 1 while the

lowest rates were observed in the IN (54.7 nmol cm� 3

day� 1). In the 2002 non-slurry experiments at both

sites, the highest SR rates were observed in the

hydrate-drape sediments (76 and 59 nmol cm� 3

day� 1 in OS and WB, respectively; Fig. 4) while

lower rates were observed in the sediment-poor hy-

drate layers (f 20 nmol cm� 3 day� 1 in MIX and

V 3.2 nmol cm� 3 day� 1 in IN).
4. Discussion

These data provide the first evidence of anaerobic

oxidation of methane and sulfate reduction in gas

hydrate materials and in hydrate-drape sediments

(Table 2, Fig. 4). Our data clearly illustrate that active

microbial populations are present in all layers of the

hydrate (Fig. 1), particularly at the boundary between

hydrate and the overlying hydrate-drape sediments.

However, our data cannot distinguish whether the

active microbial communities inside gas hydrate re-

side within the hydrate structure or within brine

inclusions or sediment trapped within the hydrate

lattice.

Rates of AOM and SR in hydrate-drape sediment

(0.3–11.2 and 59–490 nmol cm� 3 day� 1, respec-

tively) are lower than rates in associated sediments at

these same sites in the Gulf (by a factor or 10 to 100,

Joye et al., 2004). The AOM rates in hydrate-drape

sediments are comparable to rates of AOM in other
marine sediments (Iversen and Jørgensen, 1985;

Alperin and Reeburgh, 1984; Hoehler et al., 1994)

but are lower than rates observed in methane-rich seep

sediments (Bussman et al., 1999; Aharon and Fu,

2000; Boetius et al., 2000; Arvidson et al., submitted

for publication; Joye et al., 2004). Hydrate-drape

sediments may experience greater frequency of dis-

turbance as nearby sediments and this might influence

the accumulation of active microbial biomass at the

hydrate–sediment interface. Fluctuating sediment dis-

tribution and varying geochemical conditions result

from the dynamic nature of the hydrates themselves:

time-lapse photographic evidence demonstrates

growth and retreat of hydrates, sloughing off of

draping sediment, as well as the variable distribution

and activity of vacuolate sulfur bacteria and ‘‘ice

worms’’ on the hydrate surface (MacDonald, 1994,

2003). However, nutrient and bioactive trace metal

availability probably also play an important role in

controlling microbial distribution and activity within

and adjacent to gas hydrates. Understanding the

environmental controls on microbial distribution and

activity in hydrates and adjacent sediments requires

further study.

Previously, comparison of the molecular isotopic

composition of solid hydrate with that of vent gas

showed isotopic enrichment of 13C in hydrate-bound

CH4, suggestive of microbial consumption of CH4

within the hydrate (Sassen et al., 1999). We observed

depletion in the percent of CH4, relative to other

hydrocarbons, in outer layers of the hydrate, relative

to inner layers (at GC234), which could result in situ

from CH4 oxidation (as suggested by Sassen et al.,

1998, 1999). Furthermore, deviation of the hydrate

melt fluid from expected SO4/Cl ratio (assuming no

bias in the relative exclusion of these ions from the

hydrate lattices during formation) is suggestive of the

microbial consumption of SO4
2� in these environ-

ments under in situ conditions.

Spatial patterns of CH4 and SO4
2� consumption are

evident between the hydrate layers, with maximum

rates of both processes occurring at the interface of

sediment and hydrate (Table 2, Fig. 4). Microorgan-

isms living at the edge of methane ice have simulta-

neous access to the source of dissolved CH4 as well as

to oxidants in the hydrate-drape sediment, which

could enhance both AOM and SR rates. High flux

rates of oxidants (SO4
2�) and reductants (methane,



B.N. Orcutt et al. / Chemical Geology 205 (2004) 239–251248
higher alkanes and oil) may result from the dissolution

of hydrate and release of reductants across the hydrate

boundary as well as the dynamic turnover of the

oxidant pool at the hydrate surface via biological

(i.e. sulfide oxidizing bacteria, ‘‘ice worms’’; Nelson

et al., 1986; Fisher et al., 2000; Joye et al., 2004) and

abiological (i.e. bubble-induced mixing; O’Hara et al.,

1995) mixing. Microbial activity at the sediment/

hydrate boundary thus creates a living interface in

the hydrate ecosystem, potentially altering the flux of

methane from these structures into the surrounding

sediments and the over-lying water column (Suess et

al., 1999).

The normalized rates presented here (particularly

the AOM rates) are likely to be conservative esti-

mates of in situ rates. Our experiments were con-

ducted at lower CH4 concentrations (V 1 mM CH4

compared to over 70 mM CH4 under in situ con-

ditions (5–7 MPa, 7 jC)) and much lower pressures

(0.1 MPa) than experienced in situ (5–7 MPa).

While slurrying of sediment may increase activity,

our data are nonetheless likely reflective of the

general patterns of activity occurring in situ because

the same spatial distribution of activity was observed

in slurries and in whole sediment incubations. Al-

though a similar spatial distribution of AOM and SR

rates was observed in all samples, rates of SR were

typically two to three orders of magnitude higher

than the corresponding AOM rates (Table 2). In the

slurry experiments, this offset can be explained in

part by sulfate enrichment from the slurrying pro-

cess. The lack of stoichiometric (i.e., 1:1) balance

between the two processes suggests that only a

fraction of sulfate reduction is coupled directly to

AOM. This loose coupling between SR and AOM is

quite different from the efficient (1:1) coupling

observed in other systems (Nauhaus et al., 2002;

Michaelis et al., 2002). However, in the GOM

hydrocarbon basin, in addition to methane, oil and

other hydrocarbons are abundant, and these other C

substrates serve as additional reductants (or sub-

strates) to fuel sulfate reduction (Zengler et al.,

1999; Heider et al., 1999; Joye et al., 2004).

The rates of both AOM and SR measured in

material from the interior hydrate exhibited signifi-

cant variability in replicate samples (Table 2, Fig. 4).

The most likely explanation for this variability is

environmental heterogeneity. It is possible and likely
that the separate samples of hydrate material collect-

ed during multiple dives were quite different with

respect to each other. These differences arise from

differing amounts of entrapped sediment particles or

seawater, which may influence the distribution of

microorganisms, the concentrations of substrates

(especially) sulfate and thus may influence the

measured activity. While activity of both AOM

and SR are evident in material from the hydrate

interior, rates of these processes on a volumetric

basis are lower than those observed in the sediment-

rich layers (Table 2, Fig. 4). The hydrate interior

represents a very different physical and geochemical

environment with observed lower biomass content

than outer sediments (107 cells cm� 3 in hydrate

versus 109 cells cm� 3 in hydrate-drape sediments).

If process (AOM and SR) activities are corrected for

microbial numbers per volume of material, the cell-

specific activities are comparable between the hy-

drate-drape sediments and the material from the

interior hydrate. This indicates that the microorgan-

isms residing in the interior region hydrate have

similar metabolic capabilities to microorganisms in

the surrounding sediments. Microscopic evaluation

of the hydrate material types revealed that micro-

organisms from the interior of the hydrate had

similar morphologies (rod-shaped cells dominating)

to microorganisms in hydrate-draping sediments

(Fig. 3), which may suggest that these microorgan-

isms are derived from trapped or migrating pore

fluids or sediment grains.

The distribution and activity of microorganism in

hydrates may be determined by similar factors that

drive the distribution of microbes in sea ice. In sea ice,

microbial communities are concentrated in pockets of

brine fluid within the ice matrix (Eicken, 1992). Sea

ice microbial communities may also create biofilms of

‘‘extracellular polymeric substances,’’ which could

alter the physiochemical structure of their niche to

promote continued growth (Thomas and Dieckmann,

2002). Microorganisms residing within the interior

hydrates may experience similar conditions and may

exploit similar adaptations, e.g., focusing populations

in certain regions and/or excreting mucous. Further-

more, as hydrates form, small channels or pockets of

brine solution (a concentrated mixture containing

salts, nutrients, and dissolved gases) may develop

and sediments and their associated microbial popula-
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tions, may be trapped within the frozen hydrate

(Bohrmann et al., 1998). In such zones, microbes

could survive and even proliferate. The inclusion of

sediment particles in the hydrate matrices may also

offer interfacial oasis for microbial life. These hypo-

thetical habitats may represent unexpected niches for

novel microorganisms, although microscopic evalua-

tion suggests that microorganisms from interior hy-

drate material are morphologically similar to those

observed in the outer sediments. However, a differ-

ence between hydrates and other ice-structures (sea

ice, glaciers, permafrost) is that hydrate ice contains

an abundance of methane. This methane, if bioavail-

able, provides a powerful fuel for microbes and the

availability of dissolved methane, oxidant and

nutrients is likely higher at the interface between the

hydrate and bottom sediment/water environment,

making this the most microbially active portion of

the hydrate environment.

The evidence of microbial activity in samples from

the interior of a methane hydrate further illustrates the

extreme and remote reaches of microbial life here on

Earth. Further research—such as in vitro pressure

experiments and molecular biological quantification

and identification of microbial communities—in these

systems is needed to evaluate the range and dynamics

of microbial activity. Investigating the successful

ecological strategies of hydrate-bound microbial life

may lead to broader understanding of geomicrobio-

logical interactions at life’s ‘‘extremes.’’ Detection of

microbial life within frozen, submarine gas hydrates

should encourage continued study of life in other icy

environments here on Earth (i.e. permafrost, glaciers,

accretion ice; Priscu et al., 1999, 2002), as these data

will further our ability to evaluate such habitats as a

proxies for life in ice on other planets.
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Schlüter, M., van Weering, T.C.E. (Eds.), Ocean Margin Sys-

tems. Springer-Verlag, Berlin, pp. 457–477.

Hobbie, J.E., Daley, R.J., Jasper, S., 1977. Use of nucleopore filters

for counting bacteria for fluorescence microscopy. Appl. Envi-

ron. Microbiol. 33, 1225–1228.

Hoehler, T.M., Alperin, M.J., Albert, D.B., Martens, C.S., 1994.

Field and laboratory studies of methane oxidation in an anoxic

marine sediment—evidence for a methanogen-sulfate reducer

consortium. Glob. Biogeochem. Cycles 8, 451–463.

Hoehler, T.M., Borowski, W.S., Alperin, M.J., Rodrgiuez, N.M.,

Paull, C.K., 2000. Model, stable isotope, and radiotracer char-

acterization of anaerobic methane oxidation in gas hydrate-

bearing sediments of the Blake Ridge. In: Paull, C.K., Matsu-

mumoto, R., Wallace, P.J., Dillon, W.P. (Eds.), Proceedings of

the Ocean Drilling Program. Scientific Results, vol. 164.

Ocean Drilling Program, College Station, TX, pp. 79–85.

Iversen, N., Jørgensen, B.B., 1985. Anaerobic methane oxidation

rates at the sulfate-methane transition in marine sediments from

Kattegat and Skagerrak (Denmark). Limnol. Oceanogr. 30,

944–955.

Joye, S.B., Connell, T., Miller, L.G., Oremland, R.S., Jellison, R.,

1999. Oxidation of ammonia and methane in an alkaline, saline

lake. Limnol. Oceanogr. 44, 178–188.

Joye, S.B., Orcutt, B.N., Boetius, A., Montoya, J.P., Schulz, H.N.,
Erickson, M.J., Lugo, S.K., submitted for publication. Sedi-

ment signatures of the anaerobic oxidation of methane and

sulfate reduction at Gulf of Mexico cold seeps. Chem. Geol.

(in review).

Kennett, J.P., Cannariato, K.G., Hendy, I.L., Behl, R.J., 2000. Car-

bon isotopic evidence for methane hydrate instability during

quaternary interstadials. Science 288, 128–133.

Kennicutt, M.C., Brooks, J.M., Denoux, G.J., 1988. Leakage of

deep reservoired petroleum to the near surface of the Gulf of

Mexico continental slope. Mar. Chem. 24, 39–59.

Kvenvolden, K.A., 1988. Methane hydrates and global change.

Glob. Biogeochem. Cycles 2 (3), 221–229.

Kvenvolden, K.A., 1993. Gas hydrates—geological perspective and

global change. Rev. Geophys. 31, 173–187.

Lanoil, B.D., Sassen, R., La Duc, M.T., Sweet, S.T., Nealson, K.H.,

2001. Bacteria and Archaea physically associated with Gulf of

Mexico gas hydrates. Appl. Environ. Microbiol. 67 (11),

5143–5153.

MacDonald, I.R., Boland, Baker, J.S., Brooks, J.M., Kennicutt,

R.R., Bidigare, R.R., 1989. Gulf of Mexico chemosynthetic

communities: II. Spatial distribution of seep organisms and

hydrocarbons at Bush Hill. Mar. Biol. 101, 235–247.

MacDonald, I.R., Guinasso Jr., N.L., Sassen, R., Brooks, J.M., Lee,

L., Scott, K.T., 1994. Gas hydrate that breaches the sea-floor

on the continental slope of the Gulf of Mexico. Geology 22,

699–702.

MacDonald, I.R., Sager, W.W., Peccini, M.B., 2003. Gas hydrate

and chemosynthetic biota in mounded bathymetry at mid-slope

hydrocarbon seeps: Northern Gulf of Mexico. Mar. Geol. 198,

133–158.

Michaelis, W., Seifert, R., Nauhaus, K., Treude, T., Thiel, V., Blu-

menberg, M., Knittel, K., Gieseke, A., Peterknecht, K., Pape, T.,

Boetius, A., Amann, R., Jørgenson, B.B., Widdel, F., Peckmann,

J., Pimenkov, N., Gulin, M.B., 2002. Microbial reefs in the

black sea fueled by anaerobic methane oxidation. Science 297,

1013–1015.
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gart, Germany, pp. 39–54.

Zengler, K., Richnow, H.H., Rossello-Mora, R., Michaelis, W.,

Widdel, F., 1999. Methane formation from long-chain alkanes

by anaerobic microorganisms. Nature 40, 266–269.


	Life at the edge of methane ice: microbial cycling of carbon and sulfur in Gulf of Mexico gas hydrates
	Introduction
	Materials and methods
	Site description
	Sample collection
	Geochemical measurements
	Bacterial counts
	Methane oxidation rates
	Sulfate reduction rates

	Results
	Geochemistry
	Bacterial numbers
	Methane oxidation rates
	Sulfate reduction rates

	Discussion
	Acknowledgements
	References


