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Abstract—Anaerobic oxidation of methane (AOM) and sulfate reduction (SR) were investigated in sediments
of the Chilean upwelling region at three stations between 800 and 3000 m water depth. Major goals of this
study were to quantify and evaluate rates of AOM and SR in a coastal marine upwelling system with high
organic input, to analyze the impact of AOM on the methane budget, and to determine the contribution of
AOM to SR within the sulfate-methane transition zone (SMT). Furthermore, we investigated the formation of
authigenic carbonates correlated with AOM. We determined the vertical distribution of AOM and SR activity,
methane, sulfate, sulfide, pH, total chlorins, and a variety of other geochemical parameters. Depth-integrated
rates of AOM within the SMT were between 7 and 1124 mmol m~ 2 a™ ', effectively removing methane below
the sediment-water interface. Single measurements revealed AOM peaks of 2 to 51 nmol cm™* d~', with
highest rates at the shallowest station (800 m). The methane turnover was higher than in other diffusive
systems of similar ocean depth. This higher turnover was most likely due to elevated organic matter input in
this upwelling region offering significant amounts of substrates for methanogenesis. SR within the SMT was
mostly fuelled by methane. AOM led to the formation of isotopically light DIC (8'*C: —24.6%0 VPDB) and

of distinct layers of authigenic carbonates (8'*C: —14.6%0 VPDB). Copyright © 2005 Elsevier Ltd

1. INTRODUCTION

The microbial process of anaerobic oxidation of methane
(AOM) effectively removes methane from marine sediments
before it reaches the sediment-water interface (Hinrichs and
Boetius, 2002, and references therein). AOM thereby plays a
significant role in the regulation of the global methane budget
and the emission of methane into the atmosphere, where it acts
as a strong greenhouse gas.

During AOM, methane is oxidized with concurrent sulfate
reduction (SR) according to the following net equation (Eqn.
1):

CH, + SO;” -HCO; + HS™ + H,0 (1)

Since sulfate is the electron acceptor, AOM is limited to the
zone where sulfate penetrates and overlaps with methane. In
diffusive systems, the activity of AOM leads to a typical
concave-up profile of methane concentration (Iversen and Jgr-
gensen, 1985). The peak in AOM profiles coincides with the
sulfate-methane transition (SMT), where both substrates are
exhausted. At methane seeps, high AOM activity was also
often found to result in the formation of authigenic carbonates
(e.g., Bohrmann et al., 1998; Peckmann et al., 2001) due to an
increase in alkalinity.

Experimental measurements of AOM have been conducted
mainly in shelf sediments (water depth <200 m), e.g., the
Baltic Sea, Cape Lookout Bight, and Scan Bay (Reeburgh,
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1980; Iversen and Blackburn, 1981; Alperin and Reeburgh,
1985; Iversen and Jgrgensen, 1985; Hoehler et al., 1994; Han-
sen et al., 1998; Bussmann et al., 1999). Determinations of
AOM rates in sediments from more than 200 m water depth are
primarily based on modeling (e.g., Reeburgh, 1976; Borowski
et al., 2000; Jgrgensen et al., 2001). Several recent investiga-
tions of AOM focus on extreme environments such as methane
seeps and gas hydrate sites revealing high advective methane
fluxes and AOM rates (Boetius et al., 2000; Orphan et al., 2001;
Michaelis et al., 2002; Treude et al., 2003; Joye et al., 2004).
However, since methane is a general product of organic matter
degradation in marine sediments where considerable amounts
of organic matter reach the ocean floor (Claypool and Kaplan,
1974; Reeburgh, 1996), rates of AOM need to be investigated
throughout the productive marine regions worldwide, from
littoral to bathyal depths.

Very little is known about AOM in coastal upwelling sys-
tems, which are some of the most productive regions of the
ocean. In sediments off the Namibian coast, estimates of AOM
rates were made by modeling the methane and sulfate profiles
(Niewohner et al., 1998; Fossing et al., 2000). Methane pro-
duced in these organic-rich sediments is completely consumed
within the anoxic sediment pointing to the important role of
AOM in such systems. In the present study we investigated
AOM in sediments of another major upwelling system located
off the Chilean coast. The euphotic zone along the Peruvian and
Chilean shelf is the world’s largest high-productivity area (up
t0 0.11 mol C m™ 2 d ™! off central Chile; Peterson et al., 1988)
among the eastern boundary current systems (Berger et al.,
1987). The ocean floor, especially of shallow water depths,
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Fig. 1. Location of the investigated stations along the Chilean con-
tinental margin.

receives a continuous deposition of organic material produced
by phytoplankton (Arntz and Fahrbach, 1991). We can expect
that despite degradation processes in the water column the
sediments even of greater water depths still receive sufficient
amounts of degradable material to result in significant methane
production—and consequential methane turnover. In the
present study we sampled three stations along the Chilean
continental margin at water depths between 800 and 3000 m (1)
to investigate whether organic matter input to the sediments is
sufficient to support significant microbial degradation pro-
cesses including methane production, and therewith AOM sup-
ported by in situ methane production; (2) to investigate whether

organoclastic SR, i.e., SR based directly on the degradation of
organic matter, at the sediment surface affects the distribution
of sulfate and methane in the sediment; (3) to determine the
ratio between AOM and SR within the SMT; (4) to investigate
the formation of authigenic carbonates related to AOM; (5) to
evaluate AOM rates in an upwelling system in comparison to
other marine systems.

2. MATERIALS AND METHODS
2.1. Sampling Sites

Sediments were sampled with gravity and multiple corers at three
stations along the Chilean continental margin (Fig.1, Table 1) during
R/V Sonne cruise SO-156/3 in April/May 2001. Station GeoB (Geo-
wissenschaften Bremen) 7155 and 7165 were located off Central Chile
at 34°35 and 36°32S, respectively. Station GeoB 7186 was located
further to the south at 44°09S. A detailed core description for each
station is given by Hebbeln et al. (2001). The main sediment charac-
teristics can be summarized as follows:

At Station 7165 (800 m) the lithology changed between dark olive-
green hemipelagic mud in the upper 320 cm to reddish-grey muddy
clay from 320 cm downcore. Dark-colored burrows were found
throughout. H,S smell was detected from 200 cm and below.

At Station 7186 (1160 m) the sediment was dominated by hemipe-
lagic mud. The upper 170 cm was olive-green with black-colored
burrows and black grains. Below 170 cm the sediment color was
olive-green with black patches and horizons, gradually turning into
black with olive-green patches. H,S smell was detected between 140
and 170 cm.

At Station 7155 (2750 m) the sediment was dominated by hemipe-
lagic mud. The color was olive-green in the upper 200 cm, gradually
changing to olive-green with black patches forming around faunal
burrows. In the lower part (300 to 600 cm) the sediment was black.

Estimated sedimentation rates are 48 cm kyr ' (7165), 250 cm kyr ™~
(7186) and 120 cm kyr~' (7155).

2.2. Gravity Core Sampling
2.2.1. Presampling

We presampled the intact gravity core for methane concentration and
other parameters to determine the length of the subsections into which
the core was later divided and the sizes of the appropriate sampling
intervals. This helped to insure that the AOM zone was not inadver-
tently exposed during subsectioning of the core.

After retrieval, the intact core (two 6 m long PVC-liners, ends sealed
with plastic caps and gas-tight tape, inner diameter 120 mm) was
placed horizontally on a table. For presampling, holes of ca. 4 X 7 cm

Table 1. Data from GeoB stations (Geowissenschaften Bremen). Stations are sorted by water depth. Note that GeoB 7162 and 7165 represent the

same location.

Station Sampling date Recovery Water depth
GeoB No. Core type® Position 2001 (cm) (m)
7162-5 MUC 36°32'32S 24.04 20 797
73°39'59W
7165-2 GC 36°32'32S 25.04 760 799
73°40'02W
7186-2 GC 44°08'59S 05.05 490 1168
75°09'31W
7186-4 MuUC 44°09'00S 05.05 30 1151
75°09'30W
7155-1 MuUC 34°34'59S 21.04 40 2746
72°53"13W
7155-4 GC 34°35'00S 21.04 670 2744
72°53'11W

#MUC = multiple corer; GC = gravity corer.
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were cut into the core liner at 20 cm depth intervals from bottom to top
using a vibro saw. Only one hole was open at a time to minimize
degassing of methane and oxidation of the sediment. After sampling,
each hole was sealed with gas-tight tape before the next window was
opened. The duration of the whole procedure was kept to a minimum
(approx. 2 hrs. per core) to reduce warming of the sediment.

First a sediment sample of 2 cm® was taken with a cut-off plastic
syringe to determine the methane concentration. The sample was then
transferred into a 10 mL glass vial filled with 5 mL sodium hydroxide
(2.5% wiw). The vial was closed immediately with a butyl rubber
stopper, sealed with an aluminium crimp, and shaken thoroughly to
equilibrate the pore water methane between the aqueous and the gas-
eous phases. After equilibration, the methane concentration of the
sample was determined by gas chromatography (see analytical methods
below).

After presampling for methane, probes were plugged into the sedi-
ment to measure the inner and peripheral temperature of the core, pH,
sulfide, porosity and density (see analytical methods below).

According to the methane and sulfide profiles, the core was divided
into subcores. The zone of the steep methane gradient and the presence
of sulfide, i.e., the presumable zone of AOM activity, was cutina 1 m
subcore. Above and below that zone the core was divided into 1 m
subcores. The subcores were sealed with plastic caps and gas-tight tape
and stored at 4°C until further treatment.

2.2.2. Main sampling

The main sampling was done in a cold room (4°C). Subcores were
positioned vertically and the sediment was pushed out of the liner using
a plastic plunger and a car-jack. From the center of the core, samples
were taken for the determination of AOM and SR rates, as well as other
geochemical parameters (see below).

For AOM and SR rate measurements, the sampling intervals were 10
cm (2 cm for core 7155) within the SMT and 20 cm above and below
the SMT. Samples were taken vertically with glass tubes (5 mL) that
were closed after sampling with butyl rubber stoppers at both ends.
Two replicates per sampling depth as well as 10 controls from different
depths were taken for AOM and SR, respectively. For core 7155, the
SMT was sampled with push-cores (400 X 26 mm) instead of glass
tubes.

From core 7165, samples for total organic carbon (TOC), total
inorganic carbon (TIC), C/N-ratio, 8'3C of TIC, and total chlorins were
taken with 60 mL cut-off syringes in 20 cm intervals. The samples were
transferred into polypropylene bags and immediately frozen at —25°C.

Pore water for the determination of sulfate and 8'*C of DIC was
extracted from whole round core sediment slices, with the outer rim
(1-2 cm) cut off, taken at 10 cm intervals within the SMT and 20 cm
intervals above and below the SMT. The pore water was extracted at
4°C using a Macrolon pore water press (Reeburgh squeezer) with
cellulose acetate filters (0.45 type 11306-100-N, Sartorius, Germany)
and an argon gas pressure of 3—4 bar. To minimize oxidation during
loading of the pore water press, a continuous laminar flow of argon was
directed over the sample holder. The pore water was collected in a 10
mL glass syringe. For the determination of sulfate concentrations 1 mL
pore water was transferred into plastic tubes filled with 1 mL ZnCl,
(2% wi/w). For 8'3C DIC determinations 1 mL pore water was trans-
ferred into exetainers (glass vials, Labco Limited, England) filled with
10 uL HgCl (in vacuum) and was frozen at —25°C.

2.3. Multicore (MUC) Sampling

Multicores (800 X 100 mm) were sampled for SR rates, total
chlorins, and other geochemical parameters at the same sites as the
gravity cores to investigate the surface sediment, which is usually
disturbed upon retrieval of gravity cores. For total chlorins, TOC, and
C/N-ratio one core was sampled at 1 cm intervals from O to 6 cm, and
at 2 cm intervals from 6 cm to the end of the core. The sediment was
transferred into cleaned glass vials and frozen at —25°C. For SR rate
measurements, one core was sampled vertically with a push-core and/or
cut-off glass tubes (5 mL, 2-3 replicates per interval) as described
above. Push-cores were sliced into 1 cm intervals, whereas glass
syringes covered a depth interval of 5 cm each.

2.4. Analytical Procedures
2.4.1. Methane concentration

Methane concentrations were determined by the injection of 200 uL
from the headspace of the glass vials into a gas chromatograph (5890A,
Hewlett Packard). The gas chromatograph was equipped with a packed
stainless steel Porapak-Q column (6 ft., 0.125 in., 80/100 mesh, Agilent
Technologie) and a flame ionization detector. The carrier gas was
helium at a flow rate of 30 mL min~'. The column temperature was
40°C. Methane concentration of the headspace was calculated via a
standard curve from standards of known methane concentration (Su-
pelco methane standards).

2.4.2. Temperature

Warming-up of the core during handling was recorded using two
thermometers with steel probes (Amarell, digital thermometer, preci-
sion * (0.1°C) that were positioned on the periphery and center of the
core.

24.3. pH

Pore water pH was determined with an ion-selective Ross combina-
tion electrode (Orion). The precision of pH measurements was * 0.05
pH units.

2.4.4. Sulfide concentration

Pore water sulfide was determined with a WT-573-H,S combination
electrode (Water Test, Thailand). Total sulfide concentrations were
calculated from the sulfide, pH and temperature measurements. The
detection limit of the probe was 0.3 ug L™' (~10 uM) sulfide with a
precision of = 0.5 mV or * 4% error.

2.4.5. Porosity and density

Porosity and wet density of the sediment were determined from the
specific electric resistance of the sediment using a resistivity probe
(Bergmann, 1995). The probe consists of four equidistant (4 mm)
platinum electrodes of 0.6 mm diameter embedded in a PVC rod (200
X 16 X 2.1 mm). The precision of sediment porosity determinations

was * 0.02. The precision of sediment wet density was = 0.03 g cm ™ °.

2.4.6. Anaerobic oxidation of methane

Radioactive methane (**CH, dissolved in seawater, injection volume
15 L, activity 1 kBq) was injected into each sample. For the SMT of
core 7155, radioactive methane was injected into push-cores at 1
cm-intervals according to the whole core injection method (Jgrgensen,
1978). The samples were incubated at in situ temperature (4°C, Heb-
beln et al., 2000) for 24 hrs in the dark. To stop bacterial activity, the
samples were transferred into 50 mL glass vials filled with 25 mL
sodium hydroxide (2.5% w/w) and closed immediately with rubber
stoppers (1.5 cm thickness). The glass vials were shaken thoroughly to
equilibrate the pore water methane between the aqueous and the gas-
eous phase. Controls were fixed with sodium hydroxide before addition
of tracer. In the home laboratory, AOM was determined according to
Treude et al. (2003). In short, a 200 uL aliquot of the headspace was
injected into a gas chromatograph to measure the total methane con-
centration of the sample. The amount of residual '*CH, was determined
by scintillation counting after the combustion of '*CH, at 850°C in a
quartz tube filled with Cu(Il)-oxide, and subsequent trapping of the
formed '*CO, with phenylethylamine. The amount of microbially
formed '*CO, was determined by scintillation counting after acidifi-
cation of the aqueous sample and trapping of '*CO, on a filter saturated
with phenylethylamine. AOM rates were calculated by the following
equation (Eqn. 2):

“C0, X CH,
AOM = ——— 2)
CH, X v Xt

where '*CO, is the radioactivity (dpm) of the microbially produced
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carbon dioxide, CH, is the amount of methane in the sample, '*CH, is
the radioactivity (dpm) of the residual methane, v is the volume of the
incubated sediment, and t is the incubation time.

2.4.7. Sulfate reduction

Sampling, injection and incubation were similar as for AOM. We
injected approx. 5 uL of carrier-free °SO, (activity 50 kBq uL ™',
prepared in 3% w/v NaCl solution) into each sample. To stop bacterial
activity after incubation, the samples were transferred into plastic
centrifuge tubes filled with 20 mL zinc acetate (20% w/w). Control
samples were fixed with zinc acetate before addition of tracer. SR rates
were determined using a cold-chromium-distillation method according
to Kallmeyer et al. (2004). The samples were centrifuged (3500 g for
10 min) and the supernatant was removed. An aliquot of the superna-
tant was taken for radioactivity measurement. The sediment samples
were mixed with 20 mL of 1,2-N,N-dimethyl-formamide (DMF) tech-
nical grade and immediately transferred into 3-neck glass flasks and
bubbled with N, to drive off oxygen. After 15 min, 8 mL of 6 N HCI
and 16 mL of 1 N CrCl, solution were added. The total reduced
inorganic sulfur species (TRIS, comprising metal mono- and disulfides
and elemental sulfur) were liberated as H,S and driven out of solution
by bubbling with N, for 2 h. The outflowing gas was led through an
aerosol trap with 7 mL 1 N Na-citrate solution buffered at pH 4 and a
final trap with 7 mL of zinc acetate (5% w/w) and a drop of Antifoam.
In this trap all the H,S precipitated as zinc sulfide. Quantification of
radioactivity was done by liquid scintillation counting. By comparing
the activity of the radiolabeled TRIS to the activity of the injected
sulfate radiotracer the SR rate was calculated (Eqn. 3):

_ [SO,]-®-aTRIS - 1.06
t-aTOT

SRR

3)

where SRR is the sulfate reduction rate (nmol cm > d '), [SO,] is the
pore water sulfate concentration of the sediment (uM), [¢] is the
porosity of the sediment (as a fraction of 1), aTRIS is the radioactivity
of TRIS (dpm), 1.06 is a correction factor for the expected isotopic
fractionation (Jgrgensen and Fenchel, 1974), t is the incubation time
(days), and aTOT is the total radioactivity injected (dpm).

2.4.8. Sulfate concentration

Pore water sulfate concentrations were measured using nonsup-
pressed ion chromatography with a Waters 510 HPLC pump, Waters
WISP 712 autosampler (100 L injection volume), Waters IC-Pak
anion exchange column (50 X 4.6 mm), and a Waters 430 conductivity
detector. The eluent was 1 mM isophthalatic acid with 10% methanol,
adjusted to pH 4.5. The flow was 1.0 mL min~".

2.4.9. TOC, TIC, C/N

Before elemental analysis, the samples were freeze-dried and ho-
mogenized by gentle grinding in an agate mortar. Total carbon (TC)
and total nitrogen (TN) concentrations were determined by combus-
tion/gas chromatography (Carlo Erba NA-1500 CNS analyzer) with a
precision of * 0.7% for N and * 0.6% for C. Total inorganic carbon
(TIC) was measured on a CM 5012 CO, Coulometer (UIC) after
acidification with H;PO,. The precision for TIC was * 0.4%. Total
organic carbon (TOC) was calculated as the difference between TC and
TIC. The C/N-ratio is given as the molar ratio of TOC and TN.

2.4.10. 8"°C of DIC and TIC

The carbon isotopic composition of DIC and TIC was measured
using a MultiFlow system connected to an Isoprime (Micromass, UK)
mass spectrometer. Sediment or water samples were introduced into
exetainers (glass vials, Medical Instruments Corporation) to reach
~100 wg of carbonate content. After the exchange of air with helium,
samples were acidified with phosphoric acid (85%) and equilibrated at
90°C for 5-6 hrs. The CO, that degassed from the samples was then
transported via a helium flow into the mass spectrometer. Results are
reported in the & notation (Eqn. 4):

13, 12,
C/ " Cuampte

3BC(%o) = {
PC/Cyundana

- 1} X 1000 4)

and are related to the VPDB (Vienna Peedee belemnite) standard.
Average standard deviation for four replicates was * 0.15%0 VPDB for
DIC and = 0.12%c VPDB for carbonate measurements.

2.4.11. Total chlorins and Chlorin Index

For the determination of total chlorins, which include a suite of
degradation products of chlorophyll, 200 mg of freeze dried sediment
was extracted with acetone by three-fold sonication and centrifugation.
During extraction, the samples were cooled in an ice bath under low
light conditions to prevent decomposition of the chlorins. The sediment
extracts were measured fluorimetrically (Hitachi F-2000 fluorometer;
Aex = 428 nm, A, = 671 nm) immediately after extraction. Phaeo-
phytin a, obtained by acidification of chlorophyll a (Fluka) with a few
drops of hydrochloric acid, was used as standard. The relative precision
of the method was * 10%. As labile compounds are easily degraded by
acid treatment, the pigment extracts were acidified and measured again.
The ratio of the fluorescence intensities (FI) of the acid-treated and the
untreated pigment extract provides a measure of the lability of the
pigments. This ratio is defined as the Chlorin Index (Eqn. 5; Schubert
et al., 2005):

FI,

acidified sample

Chlorin — Index (CI) =
FI

(5)

original sample

2.4.12. Diffusive flux calculation

Diffusive fluxes of methane and sulfate were calculated from linear
pore water concentration gradients according to Fick’s first law assum-
ing steady state conditions (Eqn. 6; e.g., Berner, 1980):

dc
J=—-®.-D,-— (6)
dx

where J is the diffusive flux (mmol m~2 a™ '), ¢ is the porosity, Dy is

the sediment diffusion coefficient (m?> a™'), ¢ is the concentration of
either sulfate or methane (mmol m~>), and x is the depth (m). The
steepest concentration gradient into the SMT was used in the calcula-
tion. The gradients are marked by solid lines in the concentration
profiles of methane and sulfate (Figs. 2a,b, 3a,b, and 4a,b).

Sediment diffusion coefficients, D,, of methane and sulfate were
calculated according to Iversen and Jgrgensen (1993) from the mea-
sured porosities (Eqn. 7):

D

= 7
(1+3(1 — d)) @

s

At the in situ temperature of 4°C (Hebbeln et al., 2000) the molecular
diffusion coefficients, D, in seawater are: D, opane = 8.7 X 107° cm?
s 'and D = 55X 107> cm® s~ ! (Iversen and Jgrgensen, 1993).

sulfate

3. RESULTS
3.1. Temperature Increase during Presampling

At the beginning of the presampling the temperatures of all
cores were around 5°C. Highest core temperatures were re-
corded towards the end of the presampling procedure (after
approx. 2 hrs) due to a gradual warming from in situ (4°C,
Hebbeln et al., 2000) towards the ambient temperature (approx.
20°C). Highest temperatures at the periphery were 20.7°C,
13.7°C, and 15.9°C for core 7165, 7186, and 7155, respec-
tively. Highest temperatures in the center were 15.0°C, 9.2°C,
and 10.0°C, respectively.
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Fig. 2. Parameters measured at Station 7165. The depth of total sulfate depletion is marked by a horizontal line. Gradients
used for calculations of methane and sulfate fluxes are marked by solid lines within the profiles. SR rates of the surface are

shown in inset.

3.2. Porosity and Density

In cores 7165 and 7155, porosity and density revealed a
steady decrease and increase, respectively, with depth (data not
shown). The porosity was 0.80 at the top (40 cm) of core 7165
and decreased to 0.72 at the bottom (750 cm). Density was 1.39
(40 cm) and 1.59 g cm ™ (750 cm) at the top and the bottom of
the core, respectively. In core 7155, porosity was 0.80 at the top
(0 cm) and decreased to 0.65 at the bottom (580 cm). Density
was 1.36 (0 cm) and 1.60 g cm > (580 cm), respectively. For
Station 7186 porosity and density data were not taken due to a
malfunction in the probe. For further calculations we assumed
a depth-porosity correlation described by the following equa-
tion (Eqn. 8):

®[%] = —3.506-1n z + 90.22 (8)

where z is the sediment depth in cm. This equation was ob-
tained by combining porosity data of several gravity cores
taken along the Chilean and Peruvian coast (data not shown). A
mean wet density of 1.5 g cm ™ > was assumed for the determi-

nation of sediment volume from sediment wet weight at Station
7186.

3.3. C/N, Total Chlorins, and Chlorin Index

The C/N ratio (Figs. 2j, 3h, and 4g) at the shallowest Station
7165 was 8.5 at the sediment surface and slightly increased to
8.8 at 21 cm most likely due to the loss of protein-rich material
during early degradation of organic matter. At Station 7186, the
C/N ratio was 6.7 at the sediment surface and increased to 7.1
at 31 cm. At the deepest Station 7155, the C/N ratio was ~9.8
in the top 30 cm with no clear trends over depth.

Total chlorins (Figs. 2k, 3i, and 4h) were highest at the
sediment surface of all three stations. Surface concentrations
decreased from the shallowest Station 7165 (22 ug g~ ' d.w.) to
the deepest Station 7155 (15 pg g~ ' d.w.). At Station 7165 and
7186, total chlorins dropped to <10 ug g~ ' d.w. at 10 cm. At
the deepest Station 7155, total chlorins dropped below 10 pg
g~ ' d.w. at 2.5 cm. Between 15 and 31 cm the values reached
a constant level around 5 pug g~ ' d.w.
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Fig. 3. Parameters measured at Station 7186. The depth of total sulfate depletion is marked by a horizontal line. Gradients
used for calculations of methane and sulfate fluxes are marked by solid lines within the profiles. SR rates of the surface are

shown in inset.

The Chlorin Index (data not shown) was always lowest
(around 0.7) at the surface where relatively fresh chlorophyll
material was deposited. At the shallowest Station 7165, hardly
any change occurred within the top 21 cm. At Station 7186, the
Chlorin Index was low (0.67) only at the very surface. At 2.5
cm the index had increased to 0.74 and stayed relatively con-
stant within the upper 31 cm. At Station 7155, the Chlorin
Index increased from 0.69 at the surface to 0.81 at 15 cm and
stayed relatively constant to the bottom of the core (31 cm).

3.4. Sulfate, Methane, Sulfide Concentrations, and pH

At all stations, sulfate concentration revealed a steady de-
crease with depth (Figs. 2a, 3a, and 4a). At the southern station
7186 this decrease started right from the sediment surface. At
the central stations 7155 and 7165 no significant change in
sulfate concentrations was visible within the top 30 and 50 cm
of the sediment. Total sulfate depletion was reached at 365, 290
and 215 cm at Station 7165, 7186 and 7155 respectively. At
Station 7155, sulfate remained at low but nonzero concentra-
tion (max. 0.5 mM) between 305 and 590 cm. We interpret this

as an artifact. The zone was located in the lower subcores
(>305 cm) that were sampled several hours after the upper
ones (<305 cm). The low nonzero sulfate concentrations were
caused most probably either by oxidation of dissolved sulfide
and solid AVS (acid volatile sulfides) in the outer layer or by
contamination with seawater in the core liner during storage,
although the outer part of the sediment was removed before
pore water pressing. At Station 7186, the same might be valid
for low concentrations of sulfate (max. 0.5 mM) detected below
180 cm.

At all stations, methane was present only at submicromolar
concentrations at the top of the cores (Figs. 2b, 3b, and 4b). A
steep increase in methane concentration was found at all sta-
tions from the depth of sulfate depletion, thus sharply defining
the SMT. At Station 7165 and 7155, methane concentrations
exceeded atmospheric saturation levels below 460 and 220 cm,
respectively. Thus, methane losses due to decompression, heat-
ing and bubble formation most likely took place below those
depths despite the smooth profiles. Perhaps the sampling tech-
nique from bottom to top was fast enough to obtain samples
before a significant amount of methane was lost.
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Fig. 4. Parameters measured at Station 7155. The depth of total sulfate depletion is marked by a horizontal line. Gradients
used for calculations of methane and sulfate fluxes are marked by solid lines within the profiles. SR rates of the surface are

shown in inset.

Sulfide was detected within the SMT at Station 7165 (0.2—
1.6 mM between 340 and 420 cm, Fig. 2e) and 7186 (27 uM,
Fig. 3e). At Station 7155, sulfide concentrations were below the
detection limit (10 uM) throughout the core.

pH values (Figs. 2f, 3f, and 4e) were elevated within the
SMT. At Station 7165, a major pH peak (7.7) was located 40
cm above the SMT. However, the pH was still elevated (7.5—
7.6) within the SMT compared to values at the top and the
bottom of the core (between 7.3-7.4). At Station 7186 and
7155, the pH increased to a maximum of 7.6 and 7.4, respec-
tively, within the SMT. In all cores, pH revealed an increase
towards the bottom, most pronounced at Station 7155.

3.5. Rates of SR and AOM

SR rates had two maxima at all stations: at the sediment
surface and within the SMT (Figs. 2c¢, 3c, and 4c). At Station
7165, SR rates of the surface sediment reached a maximum of
9.3 nmol cm™ > d~ ' at 18 cm (Fig. 2c, inset). Within the SMT
only one replicate showed SR activity (1.1 nmol cm > d ™' at
355 cm). However, this activity matched well with the depth of
the SMT and with the occurrence of sulfide. Table 2 gives an

overview of areal SR and AOM rates of the surface and the
SMT interval integrated over depth. Seventy-nine percent of
the integrated SR rates were located within the top 70 cm of the
sediment.

At Station 7186, SR steadily decreased from the surface (2.7
nmol cm™ > d~ ! at 7.5 cm) to 125 cm (0.06 nmol cm ™ > d !,
Fig. 3c). Below 125 cm, SR increased to 0.9 nmol cm™ > d ™" at
the maximum sampling depth of 270 cm. However, rates de-
tected below 180 cm have to be regarded as possible artifacts
for reasons mentioned above (see sulfate concentrations) and
were therefore excluded from depth integrated calculations.
Integrated over depth (Table 2), 83% of the measured SR
activity was within the top 120 cm of the sediment.

At Station 7155, SR at the surface sediment reached a
maximum of 11.7 nmol cm™> d~ "' at 17.5 cm (Fig. 4c, inset).
Within the SMT, significant turnover of *>S-sulfate tracer was
detectable between 207 and 303 cm with a maximum rate of 4.2
nmol cm ™3 d™! at 290 cm. However, sulfate was depleted at
215 cm (for rate calculations below that depth we assumed a
residual sulfate concentration of 0.1 mM) and low sulfate
concentrations found below 305 cm are questionable (see sul-
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Table 2. Depth integrated areal rates of measured AOM and SR.*

Methane Methane Sulfate
Station oxidation oxidation Sulfate reduction reduction Methane oxidation
GeoB No. (mmol m2a™ ') (% of total) (mmol m2a™ ') (% of total) (% of sulfate reduction)
7165 (880 m)
0-70 cm 734 40 165 79 445
255-365 cm 1124 60 43 21 2614
7186 (1160 m)
0-120 cm 80 46 208 83 38
120-180 cm 93 54 44 17 211
7155 (1750 m)
0-90 cm 3 30 95 98 3
90-215 cm 7 70 2 2 350

* The sediment intervals were chosen according to zones of surface and deep (SMT) activity. Rates detected below sulfate penetration (see text)
were excluded. For SR, data of multiple and gravity corer deployments were combined. For integration, the mean of replicates of the same depth

interval was used.

fate concentrations). Therefore we used only rates measured
between 90 and 215 cm sediment depth for depth integrated
rates of the SMT (Table 2). The SR rates within the SMT
revealed large deviations between the replicates. Often one
replicate showed high SR activity whereas the other revealed
low activity or was inactive. Ninety-eight percent of the inte-
grated SR rates at Station 7155 were located within the top 90
cm of the sediment.

At all stations, the majority of AOM activity was located
within the SMT (Figs. 2d, 3d, and 4d). At Station 7165 and
7186, a separate zone of methane oxidation was detected close
to the sediment surface revealing decreasing activity with
depth.

At Station 7165, considerable rates of methane oxidation
were detected subsurface with a maximum of 10.7 nmol cm >
d~ " at 10 cm (Fig. 2d). The rates decreased with depth to zero
at 90 cm. Within the SMT, AOM was recorded between 255
and 375 cm. A maximum of 51.2 nmol cm™* d~ ! was located
at 365 cm. This peak matched the SMT. It was located 10 cm
below the peak of SR. AOM rates revealed the same large
variation among replicates as observed for SR in this core.
Integrated over depth, 60% of the measured AOM activity was
located between 255 and 365 cm (Table 2). Rates below sulfate
depletion at 365 cm were not considered. In both the surface
and the deep zone, AOM rates were much higher (4 and 26
times, respectively) than SR rates.

At Station 7186, methane oxidation was detected close to the
sediment surface, revealing a maximum peak of 0.76 nmol
cm? d~!' at 15 cm (Fig. 3d). Below this peak, methane
oxidation decreased to 0.05 nmol cm > d~ ' at 105 cm. Below
105 cm, i.e., the onset of the SMT, AOM rates increased
steadily reaching a maximum of 1.81 at 270 cm, the maximum

sampling depth. The increase in AOM rates within the SMT
was in accordance with the increase of SR. As for SR, rates
measured below 180 m have to be considered as artificial due
to possible sulfate contaminations (see above) and were not
considered in depth integrations. Integrated over depth, 54% of
the measured AOM activity was located between 120 and 180
cm (Table 2). In this zone, AOM was twice the rate of SR.

At Station 7155, AOM was detectable between 205 and 305
cm revealing a peak of 5.0 nmol cm > d ™! at 222 cm (Fig. 4d).
Deviations of replicates were the same as described for AOM
and SR in core 7165. Integrated over depth, 70% of the mea-
sured AOM activity was located between 90 and 215 cm (Table
2). In this zone, AOM was three times the SR rates. Rates
below 215 cm, i.e., the depth of sulfate depletion, were not
considered for integrations.

3.6. Calculated Fluxes of Methane and Sulfate

Table 3 shows calculated fluxes of methane and sulfate for
all three stations. The gradients used for calculations are plotted
as solid lines in Figures 2a,b, 3a,b, and 4a,b. Methane fluxes
were between 25 and 47 mmol m~ 2 a~'. Sulfate fluxes were on
average higher, i.e., between 46 and 100 mmol m~2 a~'. We
calculated the ratio between AOM and SR rates by division of
the fluxes according to Niewohner et al. (1998). The result
showed that 72, 27, and 47% of the SR activity was coupled to
AOM at Station 7165, 7186, and 7155, respectively. Compared
to depth-integrated rates of SR, there was good agreement
between calculated sulfate flux and measured SR activity
within the SMT at station 7165 (Tables 2 and 3). At Station
7186 and 7155, however, the calculated sulfate flux was 2 and
50 times, respectively, the measured SR activity. The calcu-

Table 3. Calculated methane and sulfate fluxes, sediment diffusion coefficient Dy, depth integrated porosities, and the ratio between AOM and SR

expressed in % AOM of SR.

Diffusive flux of

Diffusive flux of

Station D, of methane methane D, of sulfate sulfate Methane oxidation
GeoB No. (m?a Porosity (mmol m~2a™ ") (m?a™ ! Porosity (mmol m™2a™ 1) (% of sulfate reduction)

7165 1.49 X 1072 0.72 333 9.60 X 1073 0.72 46.0 72

7186 1.52 X 1072 0.73 25.4 9.92 X 1073 0.74 95.8 27

7155 1.52 X 1072 0.73 46.7 9.92 X 1073 0.74 99.7 47
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lated methane flux was 34 and 4 times lower compared to
integrated AOM rates of the SMT at station 7165 and 7186,
respectively. At Station 7155 the calculated methane flux was
6 times higher than the integrated AOM rates.

3.7. TOC, TIC, 8*C-TIC, and 8*C-DIC

TOC in core 7165 decreased with sediment depth from the
top (2.3% d.w.) to 230 cm (0.94% d.w.) (Fig. 2i). Below 315
cm, TOC stayed relatively constant around 0.7% d.w. The TIC
profile revealed some interesting anomalies. Beside a steady
increase of TIC from the top (0.09% d.w.) to the bottom (0.35%
d.w.), two distinct peaks of 0.86 and 1.3% d.w. occurred at 375
and 455 cm, respectively. The shallower peak matched the peak
of AOM. The §'C-TIC exhibited a minimum of —14.6%o
VPDB for both TIC peaks (Fig. 2g) which was distinct from the
background level of about —4%. VPDB. The 8'*C-DIC re-
vealed a steady depletion in '>C below 150 cm reaching a
minimum of —24.6%0 VPDB between 335 and 375 cm (Fig.
2h). This minimum was in accordance with the peaks in AOM
and SR. Below 375 cm 8'*C-DIC values increased steadily
reaching —4.8%0 VPDB at 590 cm, the maximum sampling
depth.

At Station 7186 and 7155 (Figs. 3g and 4f), TOC data are
available only from multicorer sampling. In the top 30 cm of
station 7186, TOC stayed constant around 1.7% d.w. At Station
7155, TOC decreased from 2.8% d.w. to 2.3% d.w. at 27 cm
sediment depth.

4. DISCUSSION

4.1. Organic Matter Input and Consequences for
Microbial Degradation Processes

Organic matter input from the water column is the main
carbon and energy source for microbial decomposition pro-
cesses in the sediment. The TOC concentrations reported in this
study were higher than those in hemipelagic slope sediments
from nonupwelling regions, that typically contain 0.3%-1%
TOC, and deep sea sediments with a medium value of 0.1%
TOC (Rullkétter, 2000, and references therein). High chlorin
concentrations and low Chlorin Indices indicate an input of
fresh phytodetritus (Schubert et al., 2005) and the C/N-ratios
are characteristic for moderately altered marine organic mate-
rial (e. g. Meyers, 1994). Numerous studies showed that the
quality of sedimentary organic matter affects the rate and extent
of degradation (e. g. Westrich and Berner, 1984). In the sedi-
ments investigated in this study, SR rates coupled to organic
carbon remineralization near the sediment surface were high
compared to SR rates reported for slope sediments from non-
upwelling regions (Ferdelman et al., 1999, and references
therein) reflecting the higher input of fresh sedimentary organic
material in upwelling regions. High sedimentation rates limit
the time for initial degradation in the surface sediment (Zabel
and Hensen, 2002). Thus, a significant fraction of the initially
deposited organic material escapes degradation in the surface
sediment and is buried. This buried material is the source for
bacterial methanogenesis deeper in the sediment that fuels
AOM in the SMT (see chapters 4.3 and 4.6).

4.2. Coupling between SR at the Surface and the Depth
of the Sulfate-Methane Transition

We showed that the high productivity in the euphotic zone of
the Chilean upwelling system results in an elevated input of
fresh organic matter to the ocean floor therewith fueling intense
degradation processes, including organoclastic SR. We further
analyzed whether organoclastic SR at the sediment surface
impacted the depth of sulfate penetration and therefore the
location of the SMT. Past investigations at the Namibian con-
tinental margin (Niewohner et al., 1998; Fossing et al., 2000)
and the Black Sea (Jgrgensen et al., 2001) demonstrated that
the depth of sulfate penetration of diffusive systems is not very
sensitive to high reduction rates at the sediment surface. This
has been explained by bioirrigation which maintains a high
sulfate concentration in the inhabited surface sediment (Fossing
et al., 2000) and by diffusion distance (Jgrgensen et al., 2001).
Due to the long diffusion distance from the surface sediment
down to the depth of the SMT, the main drop in sulfate is
located between the most active surface sediment (top few
decimeters) and the SMT (Jgrgensen et al., 2001). Accordingly,
the decrease in sulfate concentration within the most active
surface sediment tends to be small.

In our study, the sulfate concentration profiles had a quasi-
linear gradient from the surface to the depth of complete sulfate
depletion. A consumption of sulfate above the SMT apparently
did not cause a strong sulfate depletion or curvature of the
sulfate profile. Therefore, organoclastic SR at the sediment
surface, although clearly detected by radiotracer measurements,
had little impact on the location of the SMT. The location was
consequently determined primarily by the upward diffusive
flux of methane from the methanogenic zone and the downward
diffusive flux of sulfate from the sediment-water interface.
Sulfate consumption in the surface sediment might be balanced
by active transport of sulfate into the sediment (bioirrigation)
and concurrent reoxidation of sulfide. Such processes seem to
be particularly distinctive at the two northern Stations 7165 and
7155. Sulfate concentrations revealed no significant change in
the top 30—50 cm of the sediment despite elevated SR rates. We
found living polychaetes inside tubes within the upper 10 cm of
multicores at both stations. Approx. 30%—60% of the gravity
cores were visibly bioturbated throughout and black-colored
burrows were found (Hebbeln et al., 2001) indicating recent
and ancient activity of macrofauna in the sediment. Therefore,
an active transport of sulfate into the surface sediment by
tube-dwelling fauna seems plausible.

4.3. Ratio between AOM and SR within the Sulfate-
Methane Transition

The methane profiles of the investigated cores demonstrated
that methane was effectively consumed by AOM within the
SMT and did not reach the sediment-water interface. AOM is
reported to be mediated by a syntrophic consortium of meth-
ane-oxidizing archaea and sulfate-reducing bacteria (Hoehler et
al., 1994; Hoehler and Alperin, 1996; Boetius et al., 2000). The
archaea are phylogenetically related to the methanogens but are
thought to operate in reverse, i.e., to oxidize methane instead of
producing it (Valentine and Reeburgh, 2000, and references
therein; Kriiger et al., 2003). Sulfate reducers presumably cre-
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ate conditions that thermodynamically favor AOM by oxidiz-
ing an unknown intermediate with sulfate. During AOM,
equimolar amounts of methane and sulfate react (Eqn. 1).

We wanted to know whether SR within the SMT was com-
pletely fueled by methane and therefore calculated the ratio
between AOM and SR for depth-integrated rates and for fluxes
of methane and sulfate. For depth-integrated rates of the SMT,
AOM was higher than SR at all stations, i.e., the observed
stoichiometry was in conflict with the proposed stoichiometry
of the process. This disagreement was not confirmed by calcu-
lated methane and sulfate fluxes, where AOM was always
lower compared to SR reaching between 27 and 72% of the
sulfate turnover (Table 3).

The depth-integrated rates of AOM and SR should, however,
be taken with caution because we observed substantial vari-
ability between replicate samples in core 7155 and 7165. In
some cases, only one of the two replicates revealed activity.
This scatter may have different reasons as discussed in more
detail below: (1) loss of methane; (2) penetration of oxygen; (3)
(natural) heterogeneity of the sediment.

The glass tubes used for rate measurements had to be sealed
without headspace during incubation. This can be done easily
when the sediment is soft and has a high water content. How-
ever, when the sediment becomes more consolidated at depth it
also becomes more difficult to close the tubes without small air
inclusions. A small headspace in the sample could lead to
losses of methane from the pore water into the headspace and
to the penetration of oxygen from the headspace into the
sediment. The activity of AOM is very sensitive to changes in
both parameters. Anaerobic methane turnover was found to
decrease with decreasing methane concentration (Nauhaus et
al., 2002) and to be inhibited by oxygen (Zehnder and Brock,
1980). It is possible that small air inclusions affected some of
the measured rates from greater depths. The only way to avoid
any inclusion of oxygen would be a sample handling inside an
anaerobic glove box. This, however, would be extremely time
consuming. Moreover, only the inclusion of oxygen would be
avoided, the loss of methane due to equilibration with the
headspace would still occur.

By investigations of further parameters we also found indi-
cations for a strong heterogeneity of the sediment in all cores.
During the main sampling, we took additional samples from
different depth intervals within the SMT for lipid biomarkers
analysis and potential AOM rate measurements, i.e., turnover
rates under optimum conditions (1.4 mM methane, 28 mM
sulfate, see Nauhaus et al., 2002). All samples were mixed
together and homogenized in a glass bottle. The samples were
kept anoxic and cold at 4°C. Measurements of potential AOM
rates revealed no activity. No lipid biomarkers, typical for
organisms involved in AOM, were found. We conclude from
these findings, that AOM organisms were possibly too strongly
diluted within the mixed samples to reveal detectable potential
rates or to show signals in lipid biomarkers, i.e., AOM might be
limited to hot spots rather than a broad homogeneous layer. We
also investigated replicate sediment samples from depths of
known AOM activity by fluorescence in situ hybridization
(FISH). No organisms could be detected using FISH probes
targeting cells of the ANME-1 cluster (Hinrichs et al., 1999;
ANME = anaerobic oxidation of methane), ANME-2 cluster
(EeelMS932; Hinrichs et al., 1999), or archaea in general

(ARCH915; Amann et al., 1990). This result further indicates
that probe-targeted cells were either statistically too low in
numbers to be found by microscopy or the selected FISH
samples were taken outside of AOM hot spots. It is also
plausible that AOM at these locations is mediated by so far
unknown organisms. However, if the distribution of AOM hot
spots in the sediment is very heterogeneous, the extrapolation
of few AOM and SR data over broad depth intervals may not
provide a representative picture of the total AOM capacity in
the sediment.

To answer the question, what part of SR is fueled by methane
within the SMT, we considered the vertical distribution of SR
activity in the cores. In all cores there were two separate
maxima of SR located in the surface sediment, i.e., involved in
organic matter degradation, and within the SMT, respectively.
Furthermore, the SMT was always very distinct showing the
depletion of sulfate along with methane. Thus, we suggest that
SR in the SMT was to a major part fueled by methane and that
discrepancies between stoichiometric and observed AOM to
SR ratios were due to methodical problems, such as degassing
of methane, introduction of oxygen and/or heterogeneous dis-
tribution of AOM hot spots among replicate samples. It is
important to consider these methodical problems in future
research on AOM in deep SMTs, since common sampling and
incubation techniques bear potential problems.

4.4. Methane Consumption above the Sulfate-Methane
Transition

At Station 7165 and 7186, considerable methane oxidation
was measured above the SMT between 10 and 70 cm sediment
depth, revealing increasing rates towards the sediment surface.
Although methane concentrations were very low close to the
surface (<1 uM), concentrations of the experimentally added
"“CH, were still <5% of the unlabelled methane. Thus, an
artificial enhancement of methane concentration due to tracer is
less likely. Increasing methane consumption towards the sedi-
ment surface despite submicromolar concentrations indicate
that there is a production of methane but also a rapid reoxida-
tion. Methanogenesis is generally excluded from the sulfate
zone due to substrate competition (Martens and Berner, 1974;
Iversen and Jgrgensen, 1985; Whiticar, 2002), yet it may take
place at a low rate based on noncompetitive substrates (Orem-
land et al., 1982). The electron acceptor was unlikely to be
oxygen throughout the 70 cm deep zone as oxygen is usually
not penetrating several decimeters into upper slope sediments
(Wenzhofer and Glud, 2002). Therefore, aerobic oxidation of
methane was most likely replaced by AOM below the depletion
of oxygen.

4.5. Authigenic Carbonates Generated by Anaerobic
Oxidation of Methane

The formation of authigenic carbonates from AOM activity
was implied in several studies of methane seeps (e.g., Bohr-
mann et al., 1998; Peckmann et al., 2001). AOM leads to an
increase in alkalinity and consequently to an increase in pH due
to pore water enrichment in CO;>~ relative to HCO; ™. These
conditions favor the precipitation of carbonates. The net reac-
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tion of carbonate formation during AOM can be described by
(Eqn. 9):

CH, + SO;” + Ca®* — CaCO; + H,S + H,0 )

Direct evidence for carbonate precipitation from AOM was
given by Michaelis et al. (2002), who demonstrated precipita-
tion of radiolabeled carbonates in methanotrophic microbial
mats of the anoxic Black Sea after incubation with "*CH,. The
formation of authigenic carbonates by AOM activity is also
evident from the extremely light carbon isotopic signature. At
methane seeps, AOM leads to an enrichment of the lighter
isotope, '2C, in the precipitated carbonate due to a discrimina-
tion against the heavier 13CH4 (Elvert et al., 2001; Thiel et al.,
2001). Depending on whether the methane is of biogenic or
thermogenic origin, the enrichment is more or less pronounced
since methanogens also discriminate against the heavier '*CO,
during CO, reduction.

In the present study we found strong indications for the
formation of authigenic carbonates from AOM activity in one
core (7165). At this station, a distinct DIC peak with a §'°C
value of —24.6%0 VPDB was found along with AOM activity.
A simple mass balance calculation assuming a §'*C value of
the methane of —68%o (averaged value from Hydrate Ridge
with —62 to —72%o (Elvert et al., 2001) and from sediments of
the Black Sea with —60 to —76%o, data now shown) and a §'C
value of —4%o for DIC that has been measured below the SMT
zone leads to an estimated AOM-derived DIC fraction of 35%.

This means that DIC related to AOM was not dominating the
pore water DIC, however, its presence was still detectable in
the SMT. TIC as well, revealed depletion in '*C in this zone
with a 8'3C value of —14.6%c VPDB. The heavier carbon
isotopic value of TIC could be explained by a dilution of the
pure methane related signal with heavier carbonates occurring
in the form of foraminifers and other calcareous materials. The
sediments along the Chilean continental margin contain shells
of pelagic foraminifers with a 8'*C signal ranging from —1.4 to
1.73%0 VPDB (Hebbeln et al., 2000). The second, deeper peak
of *C-depleted TIC might be interpreted as a former horizon of
AOM. We assume that the SMT moves upwards over time due
to a continuous accumulation of sediment.

The carbon isotopic signals of authigenic carbonates found
in this study are less extreme than the light signals reported
from authigenic carbonates at methane seeps (e.g., —41%o
VPDB in the Black Sea; Peckmann et al., 2001) or at gas
hydrate locations (e.g., —54.2%0 VPDB at Hydrate Ridge,
Oregon; Bohrmann et al., 1998). This may be explained by: (1)
a lower contribution of methane-derived CO, to the DIC pool
in these sediments due to comparably low methane turnover
rates, and (2) a lack of a net isotope carbon fractionation during
AOM, as all of the upward diffusing methane is consumed in a
narrow zone.

4.6. AOM in Upwelling Systems

Investigations of AOM in coastal upwelling systems are rare
making it difficult to draw conclusions. To our knowledge only
two other studies have been published, both from the upwelling
area off Namibia (Niewohner et al., 1998; Fossing et al., 2000),
where cores were taken from water depths between 1300 and

2060 m. The SMT in those cores was generally deeper (3—10 m
sediment depth) compared to our study. No direct measure-
ments of AOM activity were made, but the SR within the SMT
revealed peak rates between 0.4 and 2 nmol cm > d ' (Fossing
et al., 2000), that are very similar to our measurements.

Sediments of both, the Chilean (this study) and the Namibian
upwelling regions (Niewohner et al., 1998; Fossing et al.,
2000), were found to be diffusive systems and methane was
quantitatively consumed within the SMT. These observations
indicate that AOM might be the major sink for methane
throughout the sediments of marine upwelling systems. Meth-
ane is exhausted far below the sediment surface and releases of
methane into the water column can be assumed to be inconse-
quential.

AOM activity should be studied also in shelf sediments of
upswelling systems, since even higher organic input and mi-
crobial turnover can be expected there. Unfortunately, coring at
shallower depths was very ineffective during our investigation,
due to very coarse grained sediments. Only very short cores
were obtained (<2 m) that did not penetrate the SMT. Ferdel-
man et al. (1997) measured rates of AOM in two cores from the
Bay of Concepcién at 37 and 87 m water depth. The rates were
low (between 0.04 and 0.12 nmol cm > d~') as they were
measured above the SMT (maximum sampling depth 20 cm,
sulfate concentration around 26 mM).

Compared to other methane-bearing sediments worldwide,
AOM rates of the Chilean continental margin were higher than
in other diffusive systems between 200 and 4000 m water depth
(see Hinrichs and Boetius, 2002, and references therein). Es-
pecially Station 7165 (800 m water depth) revealed AOM
maximum rates (20-51 nmol cm ™ > d~') several times higher
compared to maximum rates reported from 200 to 225 m water
depth (0.75-12 nmol cm ™ d~'; Devol, 1983; Iversen and
Jgrgensen, 1985). Higher methane turnover rates in the up-
welling region off Chile are most likely caused by higher input
and quality of organic matter to the ocean floor, even at greater
water depth, as compared to nonupwelling regions (see chapter
4.1). Degradation of this buried organic matter then leads to
enhanced formation and consequently consumption of meth-
ane. Hence, the microbial methane barrier operates according
to the methane supply from below, confirming the important
role of AOM in global methane budget.

5. CONCLUSION

Following the aims of the present study, we conclude the
following.

1. High input and fresh organic matter deposited in the
Chilean upwelling region fueled microbial degradation pro-
cesses near the sediment surface (e.g., organoclastic SR) as
well as methanogenesis deeper in the sediment.

2. Sulfate penetration depths were insensitive to organoclas-
tic SR activity near the sediment surface. High diffusion dis-
tances strengthened the effect of methanotrophic SR activity at
depth, and thus only methane and sulfate fluxes determined the
depth of the SMT.

3. SR within the SMT was to a major part fueled by methane
(27 to 72% in calculations).

4. AOM activity off the Chilean coast leads to the formation
of distinct layers of authigenic carbonates. The carbonates
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revealed a low 8'>C value due to the production of isotopically
depleted DIC by methanotrophic processes.

5. At the Chilean continental margin, AOM efficiently con-
sumed methane diffusing from deep, methane-rich sediments,
preventing significant methane release into the water column.
The methane turnover was found to be higher compared to
nonupwelling systems of the same water depth and reached in
some cases the magnitude of shelf sediments.
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