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Abstract

We determined the geochemical characteristics of sediments and measured rates of the anaerobic oxidation of methane

(AOM) and sulfate reduction (SR) in samples collected near thermogenic (structure II) gas hydrate mounds and in areas lacking

hydrates along the continental slope in the Gulf of Mexico. We used radiotracer (C-14 and S-35) techniques to determine rates

of AOM and SR over depth in sediment cores. Abundant mats of white and orange Beggiatoa spp. were common in areas of

active seepage and these sediments were enriched in hydrogen sulfide and methane. In cores collected from areas without

Beggiatoa or hydrate, concentrations of redox metabolites showed little variation over depth and these sites were inferred to be

areas of low seepage. Integrated AOM rates were low in Beggiatoa-free cores ( < 0.05 mmol m� 2 day� 1) and averaged

2.8F 4.6 mmol m� 2 day� 1 in seep cores that contained Beggiatoa or gas hydrate. Integrated SR rates were also low in

Beggiatoa-free cores ( < 1 mmol m� 2 day� 1) and averaged 54F 94 mmol m� 2 day� 1 in cores with Beggiatoa or hydrate.

Rates of SR generally exceeded rates of AOM and the two processes were loosely coupled, suggesting that the majority of SR at

Gulf of Mexico hydrocarbon seep sites is likely fueled by the oxidation of other organic matter, possibly other hydrocarbons

and oil, rather than by AOM.
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1. Introduction

Gas hydrates are solid ice-like structures, made up

of gas (predominantly methane) encaged inside ice

crystals. They are stable at low temperatures ( < 10

jC) and high pressures (z 5 MPa). Gas hydrates

represent an important and dynamic organic carbon
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reservoir on the Earth and the amount of methane in

gas hydrates probably exceeds reserves of conven-

tional oil and gas (Collett and Kuuskraa, 1998). Most

of the gas hydrates on the Earth occur in the oceans,

and most of the hydrates in the ocean occur along

continental margins (Kvenvolden, 1988). Methane

seeps and associated gas hydrates occur along both

active (e.g., the Cascadia margin, Suess et al., 1999;

the Nankai trough Ashi et al., 2002; Tsunogai et al.,

2002; the Costa Rican margin, MacDonald et al.,

1996; Kahn et al., 1996; the Peru-Chile triple junction,

Brown et al., 1996) and passive (e.g., the Blake

Plateau, Dickens et al., 1997; the Gulf of Mexico,

Kennicutt et al., 1985) continental margins.

The sediments in the northern Gulf of Mexico

overlie enormous reservoirs of liquid and gaseous

hydrocarbons that rest upon Jurassic-age salt deposits

(Kennicutt et al., 1988a,b; Roberts et al., 1999). Salt-

driven tectonics creates fault networks that serve as

conduits for the rapid transfer of oil, gas and brines

from deep reservoirs through the overlying sediments

and ultimately into the water column (Kennicutt et al.,

1988a,b; Aharon et al., 1992; Roberts and Carney,

1997). On the seafloor, such conduits give rise to gas

vents and seeps, subsurface and sediment surface-

breaching gas hydrates, brine pools, and mud volca-

noes (Aharon, 1994; Sassen et al., 1994). Gulf of

Mexico gas hydrates are structure II hydrates, con-

taining methane (44%), ethane (11%), propane (32%),

iso-butane (9.5%), butane (3%) and pentane (0.5%)

(Sassen et al., 1998; Orcutt et al., 2004). Sediments in

and around areas of active seepage are characterized

by elevated concentrations of simple (C1–C5) and

complex (oils) hydrocarbons and hydrogen sulfide

(H2S).

Complex chemosynthetic communities comprised

of a variety of microorganisms and bacteria-metazoan

symbioses thrive around hydrocarbon seeps in the

Gulf of Mexico (Kennicutt et al., 1985; MacDonald

et al., 1989, 1990, 1996; Fisher, 1990; Ferrell and

Aharon, 1994; Larkin et al., 1994). These communi-

ties proliferate in a cold, high-pressure environment

by exploiting the abundance of energy-rich reduced

substrates, such as methane and H2S. While the

diversity and distribution of seep macrofauna has been

the focus of intense study, the activity of free-living

bacteria in seep sediments and around gas hydrates

has received little attention. This lack of information
is surprising given that microbial activity may impact

the flux and composition of both liquid and gaseous

hydrocarbons and oils as they transit the seep ecosys-

tem (Kennicutt et al., 1988a,b; Sassen et al., 1998) and

may even be responsible for the formation of seep

deposits, such as carbonate reefs, chimneys, and

mounds (Ferrell and Aharon, 1994; Suess et al.,

1999; Michaelis et al., 2002).

Because of their occurrence along continental mar-

gins, the stability of gas hydrate reservoirs is sensitive

to changes in global climate that could increase water

temperatures or decrease sea level, thereby altering the

hydrate stability field (Paull et al., 1991; Kvenvolden,

1993). As such, gas hydrates represent one of the most

dynamic organic carbon reservoirs on Earth. Gas

hydrate dissociation has been correlated with signifi-

cant variations in global climate (Dickens et al., 1995;

Katz et al., 1999; Norris and Röhl, 1999; Kennett et

al., 2000; Hesselbo et al., 2000), suggesting that

periodic pulses of hydrate-derived methane to the

atmosphere contributed to past increases in global

temperatures and changes in global carbon fluxes

(Hesselbo et al., 2000; Kennett et al., 2000). Hence,

methane oxidation in sediments near gas hydrate

deposits represents a globally important biological

sink for hydrate-derived methane. Understanding link-

ages and feedbacks between gas hydrates and global

climate on a large scale requires a firm understanding

of microbial methane cycling in hydrate ecosystems

on a small scale.

The anaerobic oxidation of methane (AOM) and

sulfate reduction (SR) are dominant microbial pro-

cesses in methane-rich sediments (Hinrichs and Boe-

tius, 2002). In marine sediments, rate measurements

of SR and AOM and modeling of pore water geo-

chemical parameters suggest that most (if not all) of

the upward CH4 flux is oxidized anaerobically near

the sulfate–methane interface (Reeburgh, 1976;

Devol et al., 1984; Iversen and Jørgensen, 1985).

Syntrophic coupling between methane oxidizing and

sulfate reducing microorganisms supposedly mediates

AOM (Hoehler et al., 1994,2001; Hoehler and

Alperin, 1996). Organic geochemical biomarker and

molecular biological data from marine sediments have

provided further evidence that a syntrophic consor-

tium of sulfate reducing bacteria and methanotrophic

archaea mediate AOM (Hinrichs et al., 1999; Boetius

et al., 2000; Orphan et al., 2001a,b; Michaelis et al.,
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2002). Syntrophic metabolism as the mechanism of

AOM infers that the processes of AOM and SR are

closely coupled. Though multiple putative methano-

trophic archaea and SO4
2�-reducing bacterial (SRB)

partner organisms have been identified in several

environments (Hinrichs et al., 1999; Orphan et al.,

2001a,b; Michaelis et al., 2002), the biochemical

mechanism of the process remains unknown.

Documenting patterns of sediment biogeochemis-

try and microbial CH4 processing is important be-

cause rising global temperatures could destabilize gas

hydrates in shallow basins like the Gulf of Mexico

where surface breaching structure II gas hydrates are

abundant. Methane oxidation in the sediments and in

the water column represents a sink for methane

derived from hydrate dissociation and provides a

mechanism to reduce the flux of hydrate-derived

methane to the atmosphere (Hinrichs and Boetius,

2002). Investigating rates and controls on methane

oxidation in sediments associated with gas hydrates

represents a unique opportunity to elucidate how
Fig. 1. Areas of active hydrocarbon and petroleum seepage are abundant al

coastline of Louisiana and the dark box marks the region expanded in the m

Study sites discussed in this paper [GC185 and GC234] are marked.
biological oxidation influences the cycling and fate

of methane in these unique habitats. Here, we present

data describing the biogeochemical signature of seep

sediments and the first contemporaneous measure-

ments of the anaerobic oxidation of methane (AOM)

and sulfate reduction (SR) in sediments influenced by

both complex hydrocarbon and oil seepage and the

presence of gas hydrates.
2. Materials and methods

2.1. Study sites

Samples were collected from sites GC185 and

GC234 in the Green Canyon area of the Gulf of

Mexico during a July 2001 research cruise (Fig. 1,

Table 1). These sites support lush chemosynthetic

communities, including free-living bacteria (Beggia-

atoa) and thiotrophic (tube worms) and methanotro-

phic (seep mytilids) chemosynthetic fauna. We
ong the continental slope of the Gulf of Mexico. The inset shows the

ain map. The depth contours on the main map reflect 50-m intervals.



Table 1

Locations of study sites and brief descriptions of cores from which

data are presented

Site ID Latitude,

longitude

Depth

(m)

Seepage Core Description

GC185 27j46.9VN,
91j30.4VW

560 oil and gas 4309 orange

Beggiatoa

oil and gas 4324 hydrate

low seepage 4307 on-site

control

low seepage 4308 on-site

control

GC234 27j44.1VN,
91j13.1VW

540 oil and gas 4313 white

Beggiatoa

oil and gas 4315 white

Beggiatoa

oil and gas 4316 white

Beggiatoa

GC185 and GC234 are both gas hydrate-dominated sites.

S.B. Joye et al. / Chemical Geo222
collected samples from sediments near gas hydrates

where mats of giant sulfur oxidizing bacteria, such as

Beggiatoa, were present. The presence of microbial

mats served as an indicator of high pore water H2S

concentration and inferred high rates of advection

indicating active seepage areas. Cores collected in

areas that lacked signatures of seepage, such as gas

bubbles emanating from sediments, chemosynthetic

communities, bacterial mats, buried and exposed

hydrate mounds, and/or carbonate crusts were used

as low flux (control) cores. It is important to note

that these cores are not necessarily from areas lack-

ing seepage. However, seepage in low flux areas was

not high enough to support microbial mats or meta-

zoan communities. Such samples are referred to as

low seepage cores in this paper. Sediment push cores

were collected into custom piston barrels connected

to butyrate core liners that were positioned using the

robotic arm of the deep submergence vessel Johnson

Sea-Link. Typically six to nine cores ranging in

length from 10 to 25 cm were collected during a

dive. Upon return to the surface, cores were trans-

ferred immediately to an environmental lab held at

bottom water temperature (f 8 jC). There, cores

were examined and photographed and cores with a

level sediment–water interface were allocated for use

in various analyses/measurements. All subsequent

core processing was conducted in the environmental

lab at 8 jC.
2.2. Core sectioning

For collection of samples from discrete sediment

depths, the core tube was fitted with a piston (black

rubber stopper) and mounted on a hydraulic extruder.

The sediment was extruded at intervals (1 cm in the

top 7 cm, and 3- to 5-cm layers below 7 cm) into an

argon filled glove bag. As a new layer was extruded, a

2-cc sub-core was collected into a cut-off syringe and

immediately transferred to a 10-ml helium-purged vial

that contained 4 ml of helium-purged 2 M NaOH,

which served to stop biological activity in the sample.

This sample was used to quantify dissolved CH4

concentration. Next, a 1-cc sub-sample was collected

for the determination of porosity (determined by the

change in weight after drying at 80 jC). The remain-

ing sediment was transferred to a Reeburgh-type

squeezer for pore water extraction (Reeburgh, 1967).

Individual squeezer sample cups were machined

from solid PVC and put through several cycles of

acid/base treatment followed by copious milli-QR
water rinses before use. Each cup was equipped with

acid-cleaned, milli-QR water-rinsed, dry latex rubber

sheets, Teflon o-rings and ashed-glass fiber (0.8 Am
optimal pore size) filters. The squeezer pressure was

maintained at 20 psi (argon) and the pore water that

passed through the GFF filter was collected into a gas

tight glass syringe with care to avoid bubbles. A pore

water sub-sample was subsequently filtered through a

milli-QR water-rinsed, air-dried 0.2-Am AcrodiscR
syringe filter. All samples were stored in glass vials

with Teflon-lined caps and kept refrigerated until

analysis. After squeezing, the sediment was placed

into a whirl-pack bag. Each bag was purged subse-

quently with Argon, sealed without a headspace, and

then frozen.

2.3. Dissolved components

The concentration of dissolved methane was de-

termined by vigorously shaking samples to assure

transfer of gas from the dissolved phase to the

headspace. A 1-cc headspace sub-sample was injected

into a Shimadzu gas chromatograph. A temperature

ramp was employed to separate methane from other

hydrocarbons on a Hayes-Sep-DR column (2 m) and a

flame ionization detector, which quantified sample

signals. Certified standard gas mixtures (0.1% and

logy 205 (2004) 219–238
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10% CH4 in a balance of He) served to calibrate the

GC signals for methane. Analytical precision was

better than 1.5%. For the following analyses of dis-

solved components, appropriate blanks and internal

standards (as noted) were run routinely and sample

concentrations were determined by comparison to a

standard curve generated from certified standards. A

1-ml sub-sample for the quantification of total dis-

solved hydrogen sulfide (H2S) concentration was

transferred to a vial containing an equal volume of

20% zinc acetate (ZnAc). Hydrogen sulfide concen-

tration was determined using colorimetry (Cline’s

reagent; Cline, 1969) with a precision of 3% to 5%.

Sub-samples (1 ml) for the determination of dissolved

inorganic carbon (DIC) concentration were fixed and

stored under a helium atmosphere prior to quantifica-

tion of DIC via infrared detection on a Shimadzu

TOCR analyzer. Precision of the analysis was 0.5% to

2%. Dissolved organic carbon (DOC) concentrations

were determined on acidified (pH < 2) sub-samples

using the Shimadzu TOCR analyzer with an analytical

precision of 2% to 5%.

Samples for the determination of dissolved sulfate

(SO4
2�) and chloride (Cl�) concentrations (1.5 ml)

were acidified using concentrated ultrex HNO3 (100

Al HNO3/ml sample). Sulfate and Cl� concentrations

were quantified on a DionexR DX5000 ion chromato-

graph after dilution by either 1:100 (for high SO4
2�

samples) or 1:10 (for low SO4
2� samples). Precision

of the analysis was 1.5% for SO4
2� concentrations >2

mM and 5–7% for SO4
2�< 2 mM. Samples for the

determination of dissolved nutrients were filter-steril-

ized and stored at 4 jC until analysis. Ammonium

(NH4
+) was analyzed immediately on board ship using

the indo-phenol colorimetric method (Soloranzo,

1969). The analytical precision of the analysis was

usually better than 5%. Nitrate (NO3
� = nitrate plus

nitrite) and phosphate (PO4
3�) concentrations were

determined using Cd-reduction followed diazotiza-

tion, and the molybdate-blue methods, respectively,

using an Alpkem 2-channel autoanalyzer. Precision of

these analyses was about 2%.

2.4. Solid phase components

Sediment samples were dried at 60 jC and ground

with a mortar and pestle before isotopic analysis. We

have found that acidification frequently causes small
but variable changes in d15N (J.P. Montoya, unpub-

lished data), so separate samples were prepared for

nitrogen and carbon isotopic analyses. For the nitro-

gen isotope measurement, 5 to 20 mg of ground

sample was weighed into a tin capsule that was

compressed using a pellet press. For the carbon

isotope measurement, a sub-sample of ground sedi-

ment was acidified with 10% HCl to remove carbo-

nates, then dried at 60 jC before being weighed into

tin capsules and pelletized.

Carbon and nitrogen mass and isotopic abundance

measurements were made by continuous-flow isotope

ratio mass spectrometry (CF-IRMS) using a Carlo

Erba NA2500 elemental analyzer interfaced to a

Micromass Optima mass spectrometer. All isotope

abundances are expressed as d15N and d13C values

relative to accepted standards (atmospheric N2 and V-

PDB, respectively). Each analytical run included a

series of elemental (acetanilide) and isotopic (pep-

tone) standards to provide checks on instrument

stability and to allow us to correct for the analytical

blank in both mass and isotopic measurements. In

almost all cases, the nitrogen blank was trivial relative

to the samples and a blank correction was not neces-

sary. In contrast, we found a consistent carbon blank

of about 0.2 Amol C. We estimate that the overall

analytical precision of isotopic measurements is

F 0.2xfor both elements.

2.5. Microelectrode profiling and determination of

bacterial biomass

Profiles of dissolved H2S gas (H2Sg) were obtained

at in situ temperature using an H2Sg specific micro-

electrode (Jeroschewski et al., 1996). Pore water

profiles were determined on the same cores used to

determine the biomass of vacuolate sulfur bacteria

(VSB) and H2Sg profiles. For determination of VSB

biomass, a sub-core was collected into a cut-off 5-ml

syringe. The sediment was subsequently pressed out

of the syringe into an open petri dish in intervals

corresponding to sediment depths of 0–0.25, 0.25–

0.5, 0.5–1, 1–2, 2–3, 3–4 and 4–5 cm. The sedi-

ment sub-sections were suspended in seawater using a

preparation needle and the total number of each type

of VSB was counted under a stereo-loop. Sub-samples

were taken so that the average length and diameter of

VSB could be determined using a light microscope.
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Total biovolume of each VSB was calculated by

multiplying the average cell volume times the total

cell number.

2.6. Rate measurements

For the determination of AOM and SR rates, one to

six sub-cores (30-cm length � 2.54-cm i.d.) were

collected from a core. Each plexiglass sub-core had

pre-drilled, silicone-sealed injection ports at 1-cm

intervals along one side of the core. The water phase

overlying the core was maintained during sub-coring

and the ends of the core tubes were sealed with black

rubber stoppers. For AOM, 10 Al of dissolved 14CH4

tracer (about 20,000 dpm in milli-Q water) was

injected into each silicone-filled port. While time

series incubations showed that AOM rates were linear

for up to 48 h (Joye unpublished data), SRR rates

were often nonlinear after 12–18 h (Arvidson et al., in

press and Joye unpublished data). Thus, we elected to

use short (12 h) incubations at bottom water temper-

ature (8 jC) for both AOM and SR. Following

incubation, AOM sub-cores were extruded and each

cm, a sub-sample was transferred to a 20-ml vial

containing 5 ml of 1 M NaOH, which served to arrest

biological activity and fix 14CO2 and H14CO3
�. Vials

were closed with a Teflon-lined screw cap, vortexed to

mix the sample and base, and immediately frozen.

Time zero samples were processed immediately after

tracer injection and did not exhibit significant (i.e.,

>background) product (14C-DIC) counts (data not

shown). Killed controls consisted of sub-samples that

were fixed with either base (for AOM) or ZnAc (for

SR) prior to radiotracer addition. The product activity

in killed controls was never significant. The activity of

the 14CH4 was determined by injecting 10 Al of the
tracer solution directly into scintillation cocktail. Ra-

dioactivity was determined using liquid scintillation

counting (Joye et al., 1999).

The accumulation of 14C product (14C-DIC) was

determined by acid digestion. Serum vials were

opened, vented to remove 14CH4 for 2 h and trans-

ferred to a 250-ml Erlenmeyer flask. Sample vials

were rinsed twice with 5 ml of 0.1 M NaOH to

remove residual sediment and fluid and the wash

water was transferred to the Erlenmeyer flask. Each

flask was sealed with a black rubber stopper fitted

with a plastic holder that ran through the stopper and
contained a loop on the bottom. The loop suspended a

7-ml glass scintillation vial containing a glass fiber

filter wick coated with 1.5 ml of phenethylamine and

0.5 ml of 0.5 M NaOH above the slurry. The slurry

was acidified to pH 2 by the addition of 12 M H2SO4

and then shaken at 100 rpm for 120 min to trap 14CO2

as a carbamide on the filter wick. Stripping blanks

without isotope were run daily. To determine the

efficiency of 14C-DIC recovery during stripping, two

flasks in each run were spiked with a known quantify

of H14CO3� and otherwise treated as samples. The

recovery efficiency averaged 95%. The rate of AOM

was calculated using Eq. (1):

AOM Rate ¼ ½CH4� � aCH4
=t � ðDPM�14 CO2

=DPM�14 CH4Þ ð1Þ

In this equation, the rate of the AOM is expressed

as nmol CH4 oxidized cm� 3 day� 1, [CH4] is the

methane concentration (AM), aCH4
is the isotope

fractionation factor for AOM (1.06, Alperin et al.,

1988), t is the incubation time (day), DPM-14CO2 is

the activity of the product pool, and DPM-14CH4 is

the activity of the substrate pool.For SR rate measure-

ments, each port was injected with 50 Al (about 2 ACi)
of a solution comprised of Na2

35SO4 dissolved in milli-

QR water. Cores were incubated and then sectioned

into 1-cm intervals as described above. Each section

was transferred to a 12-ml centrifuge tube containing

5 ml of 20% ZnAc to halt microbial activity and fix

H2
35S as Zn35S. In the laboratory, each sample was

rinsed to remove 35SO4 and then subjected to a one-

step hot chromous acid digestion to recover reduced
35S (Canfield et al., 1986; Fossing and Jørgensen,

1989), which was trapped as ZnS. The activity of ZnS

and sulfate fractions was determined by liquid scin-

tillation counting. The sulfate reduction rate was

calculated using Eq. (2):

SR Rate ¼ ½SO4� � aSO4
=t � ðDPM� H35

2 S

=DPM�35 SO4Þ ð2Þ

Here, the SR rate is expressed as Amol SO4

reduced cm� 3 day� 1, aSO4
is the isotope fractionation

factor for sulfate reduction (1.06; Jørgensen, 1978),

[SO4] is the sulfate concentration (mM), t is incuba-

tion time (day), and DPM-H2
35S is the activity of the
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product pool, and DPM-35SO4 is the activity of the

substrate pool added at the beginning of the experi-

ment. Aerial rates (mmol m� 2 day� 1) were obtained

by integrating the rate profile over depth, taking into

account the porosity.
3. Results

3.1. Core descriptions

Data describing advection (seepage) rates and

heterogeneity in seepage rates for Gulf of Mexico

cold seeps is not currently available so we used

geochemical and biological indicators to identify sites

with active seepage. The basic assumption is that sites

with steady seepage receive ample reductant (e.g.,

constant fluxes of oil, hydrocarbons and/or CH4)

supplies necessary to sustain high rates of sediment

metabolism that generates the H2S required to support

chemoautotrophic communities, including Beggiatoa

and macrofauna (e.g., tube worms). Surface breaching
Fig. 2. Depth profiles of pore water ammonium (n), nitrate (5), and phosp

4315) and from low seepage control site (B: 4308). Dissolved phosphate is

lower axis.
gas hydrates were always associated with Beggiatoa

mats, even if macrofauna were absent. Thus, we used

the presence of Beggiatoa and/or hydrate mounds to

indicate areas having active and persistent seepage. To

obtain cores from low seepage areas, we targeted

places where the sediment surface was brown and

oxidized and where active flow features, including

Beggiatoa mats, chemosynthetic macrofauna, surface

breaching gas hydrates, buried hydrate mounds which

are visible as humps beneath the surface, and actively

venting gas streams, were all absent. Areas meeting

these requirements were designated low seepage sites.

It is worth noting that even cores from low seepage

sites could experience periodic seepage because ad-

vection is inherently variable at cold seeps.

Here, we focus on biogeochemical and rate data

from three cores. Core 4315 contained a Beggiatoa

mat and was collected near a gas hydrate mound. The

sediments in the core were black, reduced and slightly

oil-stained. Core 4324 was collected at the edge of a

gas hydrate mound; the sediments in this core were

extremely oily and gas hydrate was observed in the
hate (o) concentrations from sediments near gas hydrate mounds (A:

shown on the upper axis and ammonium and nitrate are shown on the
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bottom of the core upon examination. As a result of

depressurization during the return to the surface, some

sublimation of the gas hydrate occurred and this led to

some mixing of the pore waters. Because this core

was oily and contained hydrate, it was of biogeo-

chemical interest even though it had been disturbed

during sample recovery. Thus, we allowed the core to

recover for f 15 h in the cold room prior to sam-

pling. Core 4308 was a low seepage control core that

lacked Beggiatoa, contained brown, more oxidized

sediment, and was not oil stained. The other cores

(4307, 4309, 4313 and 4316) mentioned in this paper

are described in Table 1.

3.2. Pore water nutrient concentrations and ratios

The abundance of vacuolate, nitrate-concentrating

sulfur bacteria (hereafter, VSB) influenced nutrient

and DOC distributions in sediment pore waters. Since

it was impossible to remove VSBs from sediment prior

to collecting pore water samples, the high pore water

NO3
� (and DOC) concentrations observed at depths
Fig. 3. Profiles of vacuolate sulfur bacteria (VSB) biomass (bars; mm3 cm

gas (sulfide, closed circles, micromolar; lower top axis) and nitrate plus ni

scale for NO3 concentration decreases from panel A (core 4314, orange Be

44 Am, 5 g� 2). The scale for VSB biomass is an order of magnitude gre
where VSB were abundant possibly resulted from the

rupture of VSB cells during squeezing. However, the

data nonetheless reflect the amount of NO3
� and DOC

in the sediment at a given depth interval, even if the

material was associated with Beggiatoa, and clearly

show that the distribution and metabolic activity of

Beggiatoa, and probably other VSB as well, influence

nitrogen, carbon and sulfur cycling in seep sediments.

In general, pore water dissolved inorganic nitrogen,

DIN (DIN =NO3� +NH4
+), and dissolved inorganic

phosphorus, DIP (DIP= PO4
3�), concentrations were

lower than expected from stoichiometry based on

observed pore water DIC concentrations (frequently

>10 mM). Pore water DIP concentrations ranged

between 2 and 10 AM and DIN concentrations were

10–40 AM, except at depths where VSB were abun-

dant (upper 1–5 cm) where DIN concentrations were

up to 150 AM (Fig. 2).

DIP concentrations were similar in cores from sites

with active seepage and in low activity control cores.

Dissolved NH4
+ concentrations were generally low and

similar over depth in active and inactive cores (Fig. 2).
� 3; lower y-axis) and pore water concentration of hydrogen sulfide

trite (nitrate, open circles, micromolar; upper top axis). Note that the

ggiatoa, 37–43 Am, 40 g� 2) to B (core 4315, white Beggiatoa, 31–

ater on panel A than panel B.
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A surface maximum in NO3
� concentration (and in

NH4
+ concentration in some Beggiatoa cores) was

observed in all cores, but surface concentrations in

low seepage control cores were lower than those

observed in cores with VSB. The DIN/DIP ratio in

low activity control cores was >50 in surface sedi-

ments (0–2 cm) and varied between 30 and 60 deeper

in the core, suggesting relative P limitation. In cores

with VSB, surface (1–2 cm) pore water DIN/DIP

molar ratios were approximately 9–20. At depth, the

DIN/DIP ratio decreased to 7–11 (N deficit relative to

P). Pore water DIC/DIN (between 25 and 100) and

DIC/DIP (between 500 and 1000) ratios exceeded

those predicted from the oxidation of Redfield organic

matter (i.e., C(106):N(16):P(1)).

3.3. Vacuolate sulfur bacteria

Abundant mats of white and orange Beggiatoa spp.

were common at seep sites, where sediments were

enriched in H2S and CH4. Noticeable H2S gradients

were present in sediments with VSB and the curvature

of the H2S profiles inferred high rates of H2S oxidation
Fig. 4. Depth profiles of pore water dissolved organic carbon, DOC (o
sediments near gas hydrate mounds (A: 4315) and from a low seepage

(concentration in mM).
(Fig. 3). The diameter of Beggiatoa filaments varied

between 12 and 50 Am and the biomass varied between

3 and 74 g� 2. Elevated abundance of Beggiatoa

corresponded to high concentrations of H2Sg (Fig.

3), total H2S (Fig. 4), and NO3
� and DOC (Fig. 3).

3.4. Pore water redox metabolites

In low seepage control cores, concentrations of

redox metabolites showed little variation over depth

(Figs. 4B and 5C). Hydrogen sulfide and CH4 con-

centrations in low activity cores were orders of

magnitude lower (AM) than those observed in samples

from sites of active seepage (mM; Fig. 5A and B) and

profiles of DIC, DOC, SO4
2� and H2S were largely

invariable over depth (Figs. 4B and 5C). In contrast,

concentrations of DIC and H2S were substantially

elevated in sediment cores from active seeps and steep

concentration gradients were observed over depth

(Figs. 4A and 5A,B). Total H2S concentrations in-

creased rapidly with depth from tens to hundreds of

micromolar in the water overlying the cores to 4 to 12

mM at depth (Fig. 5A). Similarly, DIC concentrations
), and dissolved inorganic carbon, DIC ( ), concentrations from

control site (B: 4308). DIC and DOC are shown on same scale



Table 2

Average solid phase properties of sediments above and below 8-cm

depth at active seeps (4315 and 4324) and at low seepage control

(4308) sites

Core TOCa C/Nb d13C-TOCc d13C-carbd d15N-orge

4315

0–2 cm 4 10 � 23 � 15 ~0

> 10 cm 5 20 � 25 � 20 + 1.2

4324

0–2 cm 5 20 � 25 � 25 � 0.5

> 10 cm 5–6 40 � 26 � 25 � 1

4308

0–2 cm 2 10 � 25 � 10 + 2

> 10 cm 3 20 � 25 � 10 + 2

a Total organic carbon (weight percent).
b Molar C/N ratio of sediment organic matter.
c d13C of organic carbon.
d d13C of inorganic (carbonate) carbon.
e d15N of sediment organic matter.

Fig. 5. Depth profiles of pore water sulfate (o), hydrogen sulfide (.) and dissolved methane (E) concentration from sediments near gas hydrate

mounds (A: 4315 and B: 4324), and from a low seepage control site (C: 4308). Note that the scale for CH4 concentration is higher on panel B

and lower on panel C. In the control core, H2S concentration was about 20 AM all through the core.
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increased from about 2 mM in the overlying water to

20 mM at depth (Fig. 4A). Pore water DOC concen-

trations were between 2 and 5 mM, except at depths

where VSB were abundant (DOC up to 12 mM; Fig.

4A). The curvature of concentration gradients for both

CH4 and SO4
2 � suggests rapid rates of microbial

consumption (Fig. 5A and B). In core 4315, CH4

concentrations increased as SO4
2� was depleted while

in core 4324, SO4
2 � concentrations were rapidly

depleted and remained low throughout the sediment

column. Methane concentrations increased at the

bottom of cores from active seep areas (Fig. 5B).

3.5. Solid phase C and N

Active seep cores were organic rich (5–10% total

organic carbon, TOC; Table 2) and the C/N ratio of

sediment organic matter differed significantly between

cores. In core 4315, the C/N ratio increased from

approximately 10 in surface sediments to approxi-

mately 20 at depth (Table 2). In core 4324, the C/N

ratio increased from 20 at the surface to almost 40 at

depth. The low seepage core (4308) contained < 2%

TOC and the C/N ratio increased from 10 (surface) to

20 (20 cm) at depth (Table 2). The fraction of
sedimentary carbon present as carbonate relative to

organic carbon was similar at hydrate (40–50% in

4315 and 20% in 4324) and low seepage (20–30% in

4308) sites. Variability in the distribution of stable C

and N isotopes was observed between sites. At active

seep sites, the d15N-org was about 0x. At the

inactive site, the d15N-org was higher, around 2x



Fig. 6. Depth distribution of rates of the anaerobic oxidation of methane (E) and sulfate reduction (o) from sediments near gas hydrate mounds

(A: 4315 and B: 4324) and from a low seepage control site (C: 4308). Note that the scales of the y-axes vary between panels and that the range

of the AOM and SR scales are not the same.
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(Table 2). The carbon isotopic composition of carbon-

ate (d13C-carb) was typically heavier than organic

carbon (d13C-org), except in core 4324, where both

the d13C-carb and the d13C-org were approximately

� 25xat all depths. In core 4315, the d13C-carb
decreased by approximately 5xbetween 0.5 and 15

cm and the d13C-org varied between � 25xand

� 23x(Table 2). In the low seepage core, the d13C-
org was about � 25xand the d13C-carb was about

� 10x.
Table 3

Integrated rates of the anaerobic oxidation of methane and of sulfate redu

Core (cm) Process Rate within depth intervala

total 0–5 cm

4315 (10.5 cm) AOM 4.61 0.84

SR 12.62 10.2

4324 (13.5 cm) AOM 11.6 1.5

SR 244.3 72.9

4308 (22 cm) AOM 0.056 0.029

SR 0.727 0.108

a Integrated rate in mmol m� 2 day� 1.
b Pool turnover time [ = pool (nmol cm� 3)/rate (nmol cm� 3 day� 1)] i
c n.a. = not applicable.
3.6. Rates of AOM and SR

Rates of the anaerobic oxidation of methane and

sulfate reduction exhibited substantial heterogeneity

(Fig. 6, Tables 3 and 4). The depth distribution of

AOM and SR mirrored substrate concentrations (Figs.

5 and 6) and rates at active seeps were much higher (by

10 to 100 times) than the rates at low seepage control

sites (Fig. 6). Highest rates of AOM and SR were

observed in cores with the highest CH4 concentrations
ction and estimated turnover times of the CH4 and SO4 pools

Turnover timeb

5–10 10+ cm CH4 SO4

3.77 n.a.c 17–22 77–100

2.43 n.a

1.1 9.0 18–26 2–9

150.7 20.7

0.009 0.017 8–19 >1000

0.091 0.526

n days.



Table 4

Integrated rates of the anaerobic oxidation of methane and of sulfate

reduction in other cores where rates of both processes are available

Core (site) Process Total ratea minb maxb

4307 (GC185) AOM 0.16 to 0.28 0.3 1.3

ctrc SR 0.01 to 0.9 0 27

4309 (GC185) AOM 0.14 to 0.38 0.2 11.7

o Beggc SR 18.96 98 359

4313(GC234) AOM 0.1 to 0.38 0.2 9.7

w Beggc SR 6.9 to 13.4 17 604

4316 (GC234) AOM 0.34 0.3 3.4

w Beggc SR 49.13 7 2949

a Integrated rate in mmol m� 2 day� 1 (range of values shown for

nz 2).
b Minimum (min) or maximum (max) volumetric rate (nmol

cm� 3 day� 1).
c ctr= low seepage control (no mat), o Begg= orange Beggiatoa;

w Begg=white Beggiatoa.
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and the most rapid SO4
2� depletion over depth (Figs. 5

and 6). Surprisingly, rates of AOM rarely balanced

rates of SR. Instead, integrated SR rates were typically

5–10 times higher than the integrated AOM rates

(Tables 3 and 4; Fig. 6 note different scales for

AOM and SR). Within distinct depth zones, however,

AOM and SR rates were sometimes more closely

coupled (Table 3, core 4315, 5–10 cm depth interval

and core 4324, 10 + cm depth interval). Within other

depth zones, coupling between the two processes was

not apparent, that is, we observed high SR without

concomitant elevations in AOM rates. The estimated

turnover times for the CH4 pool averaged tens of days

while the estimated turnover times of the SO4
2� pool

varied between tens to >1000 days (Table 3). Rates of

AOM and SR varied by three to five times in duplicate

sub-cores from the same core. Similar variability was

observed in AOM and SR rates from sub-cores repre-

senting the same type of flux regime but collected on

different dives (e.g., orange Beggiatoa) and between

cores collected from the same flux regime on different

sites (again, e.g., orange Beggiatoa; Table 4).
4. Discussion

4.1. Biogeochemical signatures of Gulf of Mexico

cold seeps

Seepage of gas and petroleum charged fluids

through Gulf of Mexico sediments supports elevated
rates of microbial metabolism, resulting in distinct

pore water and solid phase geochemical signatures.

Microbial mats, a dynamic and vital component of

seep environments in the Gulf of Mexico and else-

where, are a good indicator of high fluid flux (Barry et

al., 1996; Judd et al., 2002; Torres et al., 2002; Tyron

et al., 2002). Our results show: (1) Active seep

sediment metabolism is elevated significantly relative

to sediments from low seepage control sites. However,

oxidation of methane and other hydrocarbons and oil

does not regenerate dissolved inorganic nutrients, as

would be expected for other highly active organic-rich

sediments. The distribution and activity of vacuolate

sulfur bacteria at seep sites impact nitrogen, sulfur,

and carbon, cycling significantly. (2) Rates of the

anaerobic oxidation of methane and sulfate reduction

were high and variable near active seeps. The turnover

time for the CH4 pool was consistently < 1 month

while the turnover time for the SO4
2� pool varied

between weeks to months at seep sites to years at low

seepage sites. The high SR rates observed at seeps

underscores the need for both high seepage rates and

biological (oxidation of H2S) activity to maintain

substrate pools at levels capable of supporting the

measured SR rates at active seeps. (3) Loose coupling

between the anaerobic oxidation of methane and

sulfate reduction suggests that other seep-related or-

ganic substrates, probably other hydrocarbons and oil,

fuel a significant portion of sulfate reduction in these

habitats.

4.2. Sediment metabolism, nutrients and vacuolate

sulfur bacteria

At cold seeps, high reduced carbon fluxes fuel

sulfate reduction, generating hydrogen sulfide, which

serves as reductant for free-living (e.g., Beggiatoa,

Thiothrix, and Thioploca) and symbiotic (vestimenti-

feran tube worms, Escarpia sp. and Lamellibranchia

sp., and Lucinid clams) thiotrophs (Barry et al., 1996;

Fisher, 1990). Methane fluxing from deep reservoirs

into the cold seep ecosystem is consumed by aerobic

free-living (de Angelis et al., 1991) and symbiotic

(seep mytilids; Childress et al., 1986; Fisher, 1990)

methanotrophs but a large portion of seep-derived

methane is consumed by anaerobic methanotrophs

within the anoxic sediments. High rates of chemosyn-

thetic production in seep ecosystems lead to a signif-
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icant transfer of carbon to higher trophic level con-

sumers as well as to mobile predators (Carney, 1994;

MacAvoy et al., 2002).

Little information on the nutrient biogeochemistry

of cold seeps is available in the literature. The

observed concentrations of dissolved inorganic nitro-

gen (DIN) and dissolved inorganic phosphorus (DIP)

in active seep sediment pore waters (Fig. 2) and the

elevated DIC/DIN (>25) and DIC/DIP (>300) ratios

show that the majority of organic carbon oxidized in

these sediments is non-Redfield (C/N/P p 106:16:1),

nitrogen- and phosphorus-poor material, most likely,

methane, hydrocarbons and oil. Gulf of Mexico seep

sediments contain large amounts of hexane extractable

hydrocarbons (up to 12%, Brooks et al., 1984, Ken-

nicutt et al., 1988a). Many of the cores we collected

were oil-stained and high in total organic carbon

(TOC) content, ranging between 5 and 10 wt.%

TOC (Table 3). Seep sediment TOC content is sub-

stantially higher than the TOC content observed at

other non-seep sites in the northern Gulf of Mexico

(about 1% TOC, Goñi et al., 1998). The stable

isotopic signature of seep sediment TOC is about

� 25x(Fig. 6), a value lighter than typical marine

organic matter (� 20x; Claypool and Kaplan, 1974)

but is similar to the bulk isotopic signature of oils

(� 26xto � 28x) in deep Gulf of Mexico reser-

voirs (Kennicutt et al., 1988a).

Though some portion of the sediment organic

matter could be derived from non-seep sources, either

via sedimentation of autochthonous water column

primary production or allochthonous terrestrial mate-

rials (see below, Goñi et al., 1998), the high TOC

content, the d13C of sediment TOC, and the high DIC/

DIN and DIC/DIP ratios in sediment pore waters

suggest that seeping hydrocarbons and oil are the

primary source of organic matter fueling SR at Gulf

of Mexico cold seeps. Our study sites lie along the

continental slope, where surface waters are extremely

oligotrophic. We did not determine rates of water

column primary production; however, given the low

nutrient (Montoya, unpublished data) and low chlo-

rophyll (0.05 to 0.5 Ag chla l� 1; Davis et al., 2002)

concentrations in the water column in this area, rates

of photosynthetic primary production are probably

low, and thus sedimentation from this source would

be negligible. Estimates of sedimentation rate in the

Green Canyon region range between 1 and 60 cm/
1000 years (Behrens, 1980, 1988; Anderson et al.,

1983; Hackworth and Aharon, 2002) and the average

for the specific areas where we worked is reported to

be about 6 cm/1000 years (Aharon and Fu, 2000).

High rates of sediment metabolism, as indicated by

elevated sulfate reduction rates, demonstrate an abun-

dance of labile organic matter in seep regions. Given

the low sedimentation rates documented (Aharon,

1991), it is unlikely that pelagic sedimentation could

support the measured sulfate reduction rates. Even if

10-fold high estimates of sedimentation (0.6 mm

year� 1) occurred and if all of the sedimented material

was labile organic carbon (which is unlikely), the SR

rates measured at active seeps could not be main-

tained. Thus, most of the organic matter oxidized in

the seep sediments was likely derived from the

advecting organic-rich fluids.

Because of the nutrient-poor nature of the organic

matter oxidized at these cold seeps, high rates of

sediment metabolism do not generate large inventories

of remineralized inorganic nutrients in sediment pore

waters (Fig. 2). The DIN/DIP ratios of active seep

sediment pore waters are suggestive of relative phos-

phorus limitation (Fig. 2). This suggests that DIP

availability could limit accumulation of microbial

biomass in cold seeps and might thereby influence

the ability of seep microbial communities to efficient-

ly consume methane and other hydrocarbons, partic-

ularly at times of high methane flux (e.g. when

advection rates are high). Documenting and under-

standing nutrient limitation dynamics of seep micro-

bial production requires further study.

Typical DIN profiles illustrate surface peaks in

concentration of DIN, and decreasing concentrations

with depth and only small (2–10 AM) increases with

DIP over depth (Figs. 2 and 3). Potential DIN sources

to benthic communities include regeneration within

sediments (which does not appear to be important

here), nitrogen fixation, and uptake from the water

column, a process that could be stimulated by VSB

activity. No data are available on nitrogen fixation

rates from cold seep habitats, but Brooks et al. (1987)

invoked nitrogen fixation as a possible explanation for

the extremely light d15N (as low as � 12x) values

observed in tissues of seep organisms. The average

d15N of seep sediment organic matter (0x, Table 2)

was lighter than the d15N of sediment organic matter

(>2x, Table 2) from low seepage sites, suggesting
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the possibility of inputs of N via nitrogen fixation at

active seeps.

Elevated bottom water concentrations of nutrients

(DIN, DIP, see above, Montoya, unpublished data)

could serve as a nutrient source for seep sediment

microorganisms, such as Beggiatoa, and for macro-

fauna, such as tube worms or mussels. Beggiatoa in

particular could serve as an effective nitrogen shuttle

between the overlying water to the sediments. Vacu-

olate sulfur bacteria, like Beggiatoa and Thioploca,

are abundant at cold seeps (Jannasch et al., 1989;

Gundersen et al., 1992; Ahmad et al., 1999; Boetius et

al., 2000). These large bacteria concentrate NO3
� in a

central vacuole and vacuole NO3
� concentrations can

be as high as 500 mM (Fossing et al., 1995; McHatton

et al., 1996; Jørgensen and Gallardo, 1999). The VSB

are chemoautotrophic (Nelson and Jannasch, 1983)

and couple H2S oxidation to the reduction of oxygen

(Beggiatoa, Jørgensen and Revsbech, 1983, Nelson et

al., 1986) or NO3
� (Thioploca, Otte et al., 1999, and

Beggiatoa, Sweerts et al., 1990). Whether the sulfide

oxidizers of the Gulf of Mexico seeps reduce NO3
� to

NH4
+ (Otte et al., 1999) or N2 (Sweerts et al., 1990)

remains to be determined; however, the fate of vacu-

ole NO3
� has important consequences for seep nitro-

gen budgets.

4.3. Rates of the anaerobic oxidation of methane and

sulfate reduction

Areas of active seepage within Gulf of Mexico

cold seeps are characterized by reduced, gas charged

sediments that exhibit high rates of AOM and SR

(Figs. 5 and 6). The integrated SR rates reported here

were low at low seepage control sites ( < 1) and

averaged 54F 94 (n = 7, range: 3 to 244) mmol

m� 2 day� 1 in the vicinity of active seeps (Table 3

and 4). The SR rates reported here from active sites

are similar to previously reported rates at Gulf of

Mexico cold seeps (41 mmol m� 2 day� 1 reported in

Aharon and Fu, 2000 and 10 to 800 mmol m� 2 day� 1

reported in Arvidson et al., in press). Our SR rates are

similar also to those documented at other methane

seeps (Bussman et al., 1999; Boetius et al., 2000).

The AOM rates reported here are the first directly

determined (e.g., using 14CH4 tracer) AOM rates from

an active hydrocarbon seep where oil and gas hydrates

are present. Integrated AOM rates were small at low
seepage control sites ( < 0.05 mmol m� 2 day� 1) and

averaged 2.8F 4.6 (n = 8, range: 0.1 to 12) mmol

m� 2 day� 1 at active seep sites (Table 3 and 4). Rates

of AOM and the rate constants for AOM were higher

at active seeps but the turnover times for the methane

pool were similar at active and low seepage sites

(Figs. 5 and 6). These data suggest that anaerobic

methanotrophs are present even at sites experiencing

ephemeral seepage and further infer that AOM rates

are probably CH4-limited. At seep sites, pore water

CH4 concentration is correlated to the fluid flow rate

(Torres et al., 2002), so AOM rates would be pre-

dicted to be maximal in areas with the highest

advection rates. Fluid flow also impacts the presence

of hydrates, and hydrate dissociation can also provide

substrate (CH4) for AOM, so the relative importance

of fluid flow in controlling AOM rates becomes even

more obvious. Torres et al. (2002) report extremely

high fluid flow rates (30–100 cm year� 1) and meth-

ane fluxes (30–90 mmol CH4 m� 2 day� 1) in sedi-

ments harboring bacterial mats at Hydrate Ridge.

Sulfate reduction rates in Beggiatoa mat samples from

Hydrate Ridge were also extremely high (140 mmol

m� 2 day� 1, Boetius et al., 2000). Rates of AOM

were not measured directly but were inferred to be

extremely high (Hinrichs and Boetius, 2002).

Rates of SR and AOM in Gulf of Mexico seep

samples greatly exceed rates in non-seep habitats in

the Gulf of Mexico and elsewhere. Lin and Morse

(1991) report SR rates of 2.1 mmol m� 2 day� 1 along

the Texas Shelf and 13 mmol m� 2 day� 1 along the

Mississippi River Delta. Arvidson et al. (in press)

showed that SR rates in Gulf of Mexico seep sediments

exceeded those available from any other habitats,

including intertidal microbial mats (about 150 mmol

m� 2 day� 1, Canfield and Des Marais, 1993) and

coastal salt marshes (40 to >100 mmol m� 2 day� 1,

King et al., 1985; Kostka et al., 2002). Our SR rates are

similar to those reported by Arvidson. The AOM rates

reported here are about 2–10 times the average rates

reported for nearshore, shelf, or margin sediments

(range: 0.2 to 2.8 mmol m� 2 day� 1, Hinrichs and

Boetius, 2002). However, the rates determined in tracer

studies at other methane seeps are similar to the rates

reported here (about 5 mmol m� 2 day� 1, Bussman et

al., 1999; Lein et al., 2000).

In diffusion-dominated gas hydrate provinces, such

as the Blake Ridge, AOM and SR appear to be tightly
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coupled (Hoehler et al., 2000; Borowski et al., 1996,

1999). In laboratory studies, a 1:1 stoichiometry for

AOM and SR was documented in sediments from a

hydrate environment where methane was the only

carbon source (Nauhaus et al., 2002). Using a 1:1

stoichiometry for SR and AOM at our study sites

would have overestimated AOM by about a factor of

10. This overestimation results from the loose cou-

pling between AOM and SR at Gulf of Mexico seep

sites, which is caused by the availability of other

labile hydrocarbons in addition to methane.

A variety of short- and long-chain alkanes and

complex aliphatic and aromatic compounds can be

oxidized by sulfate reducing bacteria (Rueter et al.,

1994; Heider et al., 1999; Spormann and Widdel,

2000); many such compounds are abundant in Gulf

of Mexico seep sediments. For example, in addition to

C1–C5 alkanes and oil (oil concentrations can be

>500 ppm; Kennicutt et al., 1988a,b, a wide variety

of other alkanes, alkenes and alkylbenzenes are pres-

ent in Gulf of Mexico sediments (e.g., hexadecane,

napthalene, phenanthrene, toluene, etc.; Kennicutt et

al., 1988a,b). It is likely that most of the SR we

measured was coupled to the oxidation of hydro-

carbons other than methane, as evidenced by the

imbalance between SR and AOM rates. Even for a

substrate like toluene, oxidation coupled to sulfate

reduction yields more energy (about � 205 kJ per

mole of substrate oxidized; Heider et al., 1999) than

syntrophic AOM (about � 25 kJ per mole of substrate

oxidized). It is reasonable and probable that the

oxidation of other deep reservoir derived hydrocar-

bons supported a substantial fraction of the SR we

measured at active seep sites in the Gulf of Mexico.

Combining the size of CH4 and SO4
2� pools with

the rates of oxidation and reduction, respectively,

allowed us to estimate pool turnover times (Table

3). The turnover time for the CH4 pool was short,

being days to weeks, even in inactive control cores.

Even low seepage control cores that had low pore

water CH4 concentrations ( < 5 AM) exhibited efficient

consumption of methane as it diffused through the

sediment. In active seep samples, surface (0–2 cm)

concentrations of CH4 were also low ( < 25 AM) but

deep (>10 cm) concentrations were high (>1000 AM),

illustrating efficient consumption by AOM over

depth. Rapid turnover time for the CH4 pool suggests

that AOM rates are CH4-limited in this system. In
contrast, the turnover time of the SO4
2� pool varied

with the SR rate: in cores with high SR rates, the pool

turnover time was weeks while in cores with lower

rates, the SO4
2� turnover time was weeks to years.

This suggests that SR rates may be limited by organic

carbon availability (in cores with low rates) or by

SO4
2� availability (in cores with high rates).

Methane-limited AOM infers that AOM is con-

trolled strongly by factors that influence pore water

CH4 concentrations, such as the fluid advection rate

and gas hydrate stability. All sediment microbial

communities were poised to consume CH4 efficiently

and at high fluxes (generating high CH4 concentra-

tions), AOM could become oxidant limited (see

below). Seepage rates will also influence SR rates,

such that high fluxes of labile hydrocarbons drive SR

rates towards SO4
2� limitation. Likewise, low seepage

rates may limit SR and AOM by reducing the avail-

ability of carbon substrates. The activity of VSBs,

both in terms of H2S oxidation and by potentially

mixing of pore fluids, could impact rates of both

AOM and SR by increasing the SO4
2 � supply to

sulfate reducers. Gas bubbles streaming from sedi-

ments are a common feature at Gulf of Mexico cold

seeps. So, enhanced substrate transport by fluid ad-

vection, by the activity of VSBs, or by bubble-

induced pore water mixing (O’Hara et al., 1995)

may act in concert to maintain the CH4 and SO4
2�

concentrations required to sustain the rates of turnover

we documented.

The co-migration of oil and gas creates a unique

biogeochemical regimes at Gulf of Mexico cold seeps.

Both TOC and carbonate d13C data and the lack of 1:1

coupling between SR and AOM suggest that the

majority of SR at seep sites was fueled by the

oxidation of other hydrocarbons and oil; only a small

fraction of SR was coupled to AOM (Table 2). The

d13C of carbonate was lightest in cores from active

hydrate-dominated sites (Table 3). At seep sites, if

excess pore water DIC d13C was derived solely from

AOM, the d13C-DIC would be expected to be similar

to venting CH4 or hydrate-derived CH4, which have

similar d13C values, with the d13C-DIC eventually

approaching that of the CH4 being oxidized (Aharon,

2000). This would result in the precipitation of 13C-

depleted carbonates. Though the d13C-carbonate is

lighter than the expected carbonates derived from

precipitation of seawater DIC (0xto + 2x, Kump
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and Arthur, 1999), the d13C-carbonate is not driven

solely by methane (� 45x, Sassen et al., 1999),

again suggesting that oxidation of other hydrocarbon

or oil (� 28x) provides the bulk of pore water DIC

that precipitates as authigenic carbonates.
5. Conclusions and summary

Despite the abundance of methane at cold seeps in

the Gulf of Mexico, coupling between AOM and SR

is weak and AOM accounts for only a small fraction

of SR activity observed in the sediments. In this

system, CH4 is just one of a diverse suite of seep-

derived organic substrates that could fuel sulfate

reduction (Brooks et al., 1984; Aharon, 2000). A

variety of long-chain alkanes, complex aliphatic and

aromatic compounds, and oils can be consumed by

sulfate reducing bacteria and in this system. The lack

of strong (1:1) coupling between AOM and SR means

that SR in Gulf of Mexico seep sediments must be

driven by the oxidation of other organic compounds

more so than by AOM.

The magnitude of spatial and temporal variation in

fluid flow at Gulf of Mexico seeps is presently

unknown. Fluid flow data from Hydrate Ridge show

that temporal and spatial variations in seepage occur

(Torres et al., 2002; Tyron et al., 2002) and similarly

variable flow rates might be expected at Gulf of

Mexico cold seeps. The inherent variability in seep-

age rate, and hence in substrate supply, may select

for a metabolically plastic microbial community that

is adept at consuming a variety of organic substrates

when CH4 is limiting but one that is also poised to

take advantage of periods when CH4 is available.

Furthermore, the presence of other, more energetical-

ly favorable substrates could generate competition for

available sulfate between microbes involved in AOM

and microbes oxidizing other hydrocarbons and oil.

Such competition could serve to structure the micro-

bial community at mixed substrate (gas- and petro-

leum-rich) cold seeps. The capacity for AOM in such

sediments and the impact of other reduced carbon

substrates on AOM rates should be examined care-

fully in laboratory experiments to better elucidate the

biogeochemical and microbiological controls on

AOM in situ. Despite the presence of alternate

reduced carbon substrates, Gulf of Mexico seep
sediments harbor anaerobic methane-consuming

microorganisms that act as an efficient biofilter

preventing methane emission to the hydrosphere,

except at a few sites where hydrate dissociation and

fluid flow create so much gas pressure that free gas

emanates from the sediments in the form of gas

bubbles.
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