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Abstract. The forearc of the convergent margin offshore biogenic methane at Mound 12. The results demonstrate that
Costa Rica is a region characterized by strong advectioomeasurements of methane-driven microbial activity in com-
of methane-charged fluids causing the formation of ubig-bination with humerical modelling are a valid tool for con-
uitous cold seeps (mounds). Presented here are the firstraining recent methane fluxes in the study area. In addi-
measurements of microbial anaerobic oxidation of methandion, the analysis of methane-derived authigenic carbonates
(AOM) and sulfate reduction (SR) rates in sediments fromprovides an independent line of evidence for long-term fluid
two mounds (11 and 12), applying radiotracer techniquescontribution to the porewater chemistry of shallow sediments
in combination with numerical modelling. In addition, inthe study area.
analysis of microbial, methane-dependent carboa&le,
813C, and 8'Sr/86sr signatures constrained the origin of
the carbonate-precipitating fluid. Average rates of micro-
bial activities differed by a factor of~5 to 6 between 1 Introduction
Mound 11 (AOM 140.71 £40.84 SD) mmolm?d—1, SR
117.25 ¢82.06 SD) mmol m2d—1) and Mound 12 (AOM  Fluid emanation at the seafloor is a common feature occur-
22.37 (0.85SD) mmolm?2d-1, SR 23.99 £5.79SD) ring in forearcs of convergent margins. The most important
mmolm2d-1). Modelling results yielded upward fluid mechanisms that create fluid overpressuring and expulsion
advection velocities of 200cmyt at Mound 11 and are tectonic compression, rapid burial of underconsolidated
15cmyr! at Mound 12. Analysis of oxygen and car- sediments, the release of mineral-bound water, the forma-
bon isotope variations of authigenic carbonates from thetion of gas from the biogenic or thermogenic breakdown of
two locations revealed more enriched values for Mound 11organic material, and the dissolution of gas hydrates (Kopf,
(6180:3.18 t0 6.15%0313C: —14.14 t0—29.56 %) com-  2002; Saffer et al., 2011). Compressional release of porewa-
pared to Mound 128%80 :3.09 to 4.48 %0$13C:—39.53 to  ter and the release of mineral-bound water from subducting
—48.98 %o). The variation of carbona®éSr/86Sr indicated ~ sediments are thought to play a major role in terms of fluid
considerable admixture of deep-source fluid at Mound 11cycling in the forearc of the Costa Rican margin (Hensen et
while seawatef’Sr /86Sr characteristics prevailed at Mound al., 2004; Ranero et al., 2008).
12 during precipitation. The present study is in accordance When these fluids exit the sediment surface, they form
with previous work supporting considerable differences ofwhat is commonly known as cold seeps. Cold-seep sys-
methane flux between the two mounds. It also strengthengems can be associated with different geological structures
the hypothesis of a dominant deep fluid source with ther-such as crater-like structures (pockmarks) or mud extrusions
mogenic methane at Mound 11 versus a shallow source ofmounds, volcanoes) (Judd et al., 2002). These systems are
often characterized by authigenic carbonate concretions of
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micritic crystal morphology (Naehr et al., 2007), produced coast of Central America. Offshore Costa Rica, the trench
by microbial anaerobic oxidation of methane (AOM) in the is formed by the eastward subduction of the oceanic Cocos
sediment (e.g. Bohrmann et al., 1998; Greinert et al., 2001Plate beneath the Caribbean Plate. A characteristic feature of
Suess, 2010). this trench is the subduction of seamounts and ridges (Ranero
The prerequisite for microbial-related authigenic carbon-and Von Huene, 2000). As these structures are thrusted into
ates at cold seeps is the advection of methanesfCH and below the continental plate, subduction of material may
In marine sediments, methane is formed either as the reeause fractures in the upper plate and overlying shelf sedi-
sult of microbial (biogenic methane) or thermal (thermo- ments through which fluids rise towards the surface (Ranero
genic methane) degradation of organic matter (Schoell, 1988t al., 2008).
Thauer, 1998). Thermogenic methanogenesis is either facil- Fluid emanation off Costa Rica predominantly occurs at
itated by (1) pyrolysis of organic matter or (2) water—-rock bathymetric elevations, so-called mounds, which are ubiqui-
interaction, resulting in different carbon isotope signaturestous and composed of authigenic carbonates, mud extrusions,
compared to biogenic methane formation (Whiticar, 1999). and hemipelagic sediments (Hensen and Wallmann, 2005).
In anoxic sediments, methane removal is mediated by mi-The present study focuses on the two neighbouring mounds,
crobial, sulfate (SﬁT)- dependent AOM (Boetius et al., Mound 11 and 12 (Figs. 1 and 2), which are situated north-
2000). The general reaction of AOM is (Barnes and Gold-east of the Osa Peninsula (Greinert et al., 2001; Bohrmann et

berg, 1976) al., 1998) at water depths 6f1000 m (Klaucke et al., 2008).
3 B 8 Mound 11 is located at 08520" N and —84°18'14' W
CH4+S0; — HCO; +HS™+H,0. (1) and has two summits that are300m apart and~ 250 m

AOM and sulfate reduction (SR) increase porewater alka-?n diameter (Klaucke et al., 2008). Previous investigations,

linity, producing bicarbonate (HCD, which can dissociate including sediment sampling and video survey, showed that

int bonat C@ In th ¢ wurati the surface of Mound 11 consists of fine-grained sediment
into carbonate ( ). In the case of supersaturation, car- with mats of sulfur bacteria (Mau et al., 2006; Morz et al.,

bonate minerals may form, predominantly with?C&ons 2005: Schmidt et al., 2005).

(Peckmann et al., 2001). The chemical and isotopic COMpO-  \6und 12 is located about 1 km north of Mound 11 and is
sition of authigenic carbonate provides information regard-.p4racterized by a differing geological morphology, includ-
ing the fluids present at the site of precipitation (Naehr et al.,ing a solitary summit with a diameter of 800 m (Klaucke
2007; Peckmann et gl., 2001). '_I'herefore, authigenic carb_onét al., 2008). Sediment sampling and video surveys of the
ates represent a suitable archive of the palaeohydrologicalgjiment surface revealed fine-grained sediment and typical
and geological settings present during precipitation. cold-seep features, such as mats of sulfur-oxidizing bacteria,

Here, we report the first rate measurements of AOM ande|gs of chemosymbiotic vesicomyid clams, and carbonate
SR as well as carbonate mineralogy and isotopy from tWOprecipitates (Linke et al., 2005: Mau et al., 2006).
adjacent mud extrusions (Mound 11 and 12) located at the

subduction zone forearc off the Pacific Costa Rican coast. '”2.2 Sediment and carbonate sampling
addition, a numerical model, constraining fluxes of the main

chemical species in the porewater, is presented. An acCessO/ediment samples from Mound 11 and 12 were obtained dur-
data set of strontium isotopic signatures from carbonates Obrng the research expedition SO206 (June 2010) on board the
tained during previous cruises is also included, representingsarman RVSonne Stations for sediment recovery on both
a supporting indicator for potentially different fluid sources ,qngs were situated at water depths of 10001010 m (Ta-
and their contribution to mineral composition during precip- pe 1). Samples were collected with a gravity corer (GC)
itation. Both mound structures have been extensively StUdie‘Ebarrel length 6m) and a video-guided multicorer (MUC)
(e.9. Hensen et al,, 2004; Schmidt et al., 2005; Mavromatis,qnsisting of eight core liners per deployment, each 60 cm
et al., 2012), focusing mound-specifically on either individ- |ong and 10 cm in diameter. MUC sampling was performed at
ual geological or blogepcher_nlca! aspects. Here, we directly,ations with microbial mats of filamentous sulfur-oxidizing
compare the geochemical situation of the two mounds ang)acteria visible on the sediment surface, indicating areas
characterize differences, especially emphasizing methane ag high methane flux (Torres et al., 2004; Treude et al.
vectiqn and resulting microbial activity applying on-board 2003). The obtained carbonates from GC and MUC sam-
techniques. ples varied in size from centimetres to decimetres, form-
ing irregular, elongated, and flattened nodules. The carbon-
ate nodules were picked from GC and MUC cores using
gloves, wrapped in aluminium foil, and subsequently stored
2.1 Geological settings and study sites at —20°C. Two bivalve shell fragments found within sedi-
ment from SO206-39 (MUC) were sampled in the same way.
The Middle American Trench is a large-scale subductionln addition, strontium isotope ratios of carbonate samples ob-
zone with a length of 2750 km located off the south-westerntained from Mound 11 and 12 during three previous cruises

2 Material and methods
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S0173/4 (September 2003) on board the&dneM66/3a  and to stop all bacterial activity (Bowes and Hornibrook,

(October—November 2005), and M54/3a (September 20022006). The sample was stored upside down to minimize po-
on board the RwWeteor (Table 1) were also used in this tential gas exchange with the atmosphere and allowed to
study. An overview of carbonate samples taken from GC ancequilibrate with the vial headspace for 48 h. The gas was then

MUC cores is given in Table 2. extracted with a syringe while injecting an equivalent amount
of 10 % KCI solution. A blank sample (air equilibrated with
2.3 Core processing for porewater extraction 10% KCI solution) was taken for background corrections.

The KCI solution was not acidified so as to avoid production
The GC obtained at station SO206-50 (length 300 cm) waof CO, by dissolution of carbonate minerals. The headspace
sectioned into 1 m intervals and cut in half vertically. One gas was injected into either 10 or 20 mL sterile serum vials
half was stored at 4C, serving as archive, whilst the other filled (bubble-free) with acidified (pH 1), 10% KCI solu-
half was used for sediment and porewater sampling. Nindion to terminate any microbial activity, whilst displacing an
samples for porewater extraction were obtained at 30—-45 cnequivalent amount of solution. The vials were stored upside
intervals over a total length of 300cm. From each MUC down until analysis. The methane concentration was deter-
cast (Mound 11, SO206-39; Mound 12, SO206-44 and 46)mined on board by gas chromatography coupled to a flame
one core was assigned for sediment porewater analysis aridnization detector (GC-FID) using a Shimadzu GC14A in-
sampled at 10 discrete 1 cm depth intervals from the surfacstrument fitted with a Restek ®&lumina Bond/KCl capil-
down to the bottom of the core. lary column (50m, 0.53 mm ID) operated atgQD. N, was

used as a carrier gas.
2.4 Porewater analysis

2.5 Sediment sampling for ex situ microbial turnover
Porewater was extracted from sediments using a pressure fil-  rates of methane and sulfate
tration system (argon 3—4 bar, 0.2 um regenerated cellulose
filters). Retrieved porewater was analysed on board for todmmediately after retrieval of the MUC, six replicate poly-
tal alkalinity (TA) and total dissolved sulfide concentrations. carbonate push cores (three for AOM rates, three for SR
Additional porewater samples were stored frozen for furtherrates; inner diameter 26 mm, length 25cm) were sampled
measurements on land. from pristine surface sediment from one MUC liner. Open

For TA determination, 1 mL of porewater was titrated ends of push cores were sealed tightly with rubber stoppers,
manually with 0.01 M HCI using an open cell and a Metrom avoiding air entrapment. Sediment from gravity corers was
Titrino plus titration unit. A methyl red—methylene blue so- sampled with six 5 mL glass tubes, closed with syringe pun-
lution with the following composition was used as indicator: cheons, and dipped in Antifodfto enable a better gliding. In
sodium salt of methyl red (37 mg) was mixed with 1.19 mL of addition, 10 controls (5 mL each) were sampled from anoxic
0.1 M NaOH and dissolved in 80 mL of ethanol (96 %) (so- sediment of the same core (GC or MUC) using 5 mL syringes
lution 1). Methylene blue (10 mg) was dissolved in 10 mL with cut-off tips. For sampling with glass tubes or syringes,
of ethanol (96 %) (solution 2). Both solutions were mixed the puncheons were pushed to the open ends and placed on
(80 mL of solution 1 and 4.8 mL of solution 2) to obtain a the sediment. While the puncheons remained in place, the
greenish-brown product. IAPSO standard seawater was useglass tubes or syringes were pushed forward into the sedi-
for TA calibration. Hydrogen sulfide concentration measure-ment. After retraction, open ends of glass tubes and syringes
ments were carried out photometrically after Cline (1969).were sealed tightly with rubber stoppers for anoxic incuba-
For sulfide calibration, Titris@lstandard 0.1 N Ng5,03 was tion. Subsequently, incubations with radiotracers were car-
used. For sulfate measurements, porewater samples wered out in the closed glass vials.
acidified with ultra-purified HN@ (65 %) and cooled to 4C
until further use. Sulfate and chloride concentrations were2.6 Anaerobic oxidation of methane (AOM)
determined using ion chromatography (METHROM 761) at
GEOMAR laboratory, Kiel. The determination of main and On board, radioactive methan&CHj, dissolved in water,
trace elements was carried out using atomic emission spec5 L injection volume, activity 1-2 kBq, specific activity
troscopy with inductively coupled plasma atomic emission 2.28 GBq mmot?) was injected into replicate push cores at
spectroscopy (ICP-AES) at GEOMAR, Kiel. 1cm intervals according to the whole-core injection method
Methane was stripped on board from sediments accordef Jgrgensen (1978). Alternatively, radioactive methane was

ing to the method of McAullife (1971). Sediment plugs were injected through the rubber stoppers into sediment sampled
recovered using clean, disposable 10 mL polypropylene syfrom GC cores. After tracer injection, the push cores or glass
ringes with the end removed. The sediment plug was immetubes were incubated at in situ temperaturédgfor 24 h
diately transferred to a 30 mL glass vial filled with 10 mL in the dark. Subsequently, microbial activity was terminated
of 10 % aqueous potassium chloride (KCI) solution. The vial by sectioning 1 cm intervals of sediment into 40 mL glass
was sealed and vigorously shaken to disaggregate the mudals filled with 20 mL of sodium hydroxide (2.5 % w/w). All
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Table 1. Overview of sampled stations at Mound 11 and 12 during cruises SO206, SO173/4, M66/3a, and M54/3a.

Site Station Instrument Lat. N Long. (W°) Water depth (m)
Mound 11  SO206-38 GC °§5.36 —84°18.27 1016
Mound 11 S0206-39 TV-MUC &5.34 —84°18.23 1005
Mound 11  S0O206-50 GC °$5.33 —84°18.23 1003
Mound 11  M54-155 GC ®5.36 —84°18.23 1018
Mound 12 S0206-44 TV-MUC ®H5.69 —84°18.79 1007
Mound 12 S0206-46 TV-MUC ®5.72 —84°18.83 1009
Mound 12 M54-97-2 GC ®5.90 —84°18.70 1001
Mound 12 SO0173110-1 GC °85.74 —84°18.81 1008
Mound 12 M66-213 GC 5.8 —84°18.60 980

Table 2. List of carbonate samples from Mound 11 and 12 used for 1 cm intervals of sediment into 50 mL plastic centrifuge vials
mineralogy and stable isotope analysis of carbonates. Samples froffilled with 20 mL of zinc acetate (20 % w/w). Controls were
S0173, M66, and M54 were used ffSr/36Sr ands13C analysis  first transferred into zinc acetate before addition of radio-
(cmbsf= centimetres below seafloor). tracer. SR rates were determined using the cold-chromium
distillation method by Kallmeyer et al. (2004).

Site Station Depth
(cmbsf) 2.8 X-ray diffraction and isotope analysis of carbonates
Mound 11  SO206-38 172-185
Mound 11  SO206-39 8 Carbonate samples and bivalve shell fragments were dried
Mound 11 SO206-39 10-12 at 37°C for 12h and gently cleaned of sediment remains.
Mound 11 SO206-39 11 The top surface from each carbonate piece was scoured
mOunS ﬂ 28;82'33 sg_gg over an area of~5mmx 5mm, after which a small cav-
oun i B ity was drilled to yield mineral powder. The powder was
Mound 11  S0O206-39, shell 25 . . . . L
analysed for mineralogy using X-ray diffraction (Philips X-
Mound 11  SO206-39, shell 26-30 . . .
Mound 11 M54-155 A 90 ray diffractometer PV\{ 1710 with monochrom:?mc_ GoK
Mound 11 M54-155 B 100 40KkV, 35mA, 0.0ts7) between 2 and 7092(|f10|dent
angle). The resulting spectra were analysed using the soft-
Mound 12 S0206-44 5-8 ware XPowde? (XPowder, Spain). Quantitative analyses of
Mound 12 S0206-46 6-7 the spectra were carried out by the reference intensity ra-
Mound 12 S0173-110-1 50-60 tios (RIR) method with a precision of approximately 5 %.
Mound 12 M66-213 0 In order to calculate the molar percentage of MgC&
Mound 12 M54-97-2 353 magnesian calcite, the d-104 calcite peak shift was deter-
Mound 12 M54 97-2 353

mined after Goldsmith et al. (1961). The standard error was
about+1 mol % MgCG; content according to lab standards
(Mavromatis et al., 2012).

sediment from a glass tube was transferred into a 40 mL glass From each homogenized carbonate powder sample (see
vial with sodium hydroxide. Vials were closed immediately above), an aliquot of 10 mg was separated for caioe

after sediment transfer and shaken vigorously before storageind oxygers80 stable isotope analysis. A fraction (approx-
Controls were first transferred into sodium hydroxide beforeimately 1 mg) was dissolved by water-free phosphoric acid
addition of radiotracer. At GEOMAR, AOM rates were deter- at 73°C in a “Carbo-Kiel” (Thermo Fischer Scientific Inc.)
mined after Treude et al. (2005) (gas chromatograffiGiis online carbonate preparation line, and measured for carbon
combustion, and calculation) and Joye et al. (2004CQ; and oxygen stable isotope ratios with a MAT 253 mass spec-

trapping). trometer (Thermo Fischer Inc.). T#é3C ands'®0 values
are reported as permil deviation from laboratory standard re-
2.7 Sulfate reduction (SR) rates ferred to the V-PDB (Vienna Pee Dee belemnite) scale. The

standard deviations given are based on replicate analyses
Sampling, injection, and incubation conditions were identi- (n = 7) of the laboratory standard. External reproducibility
cal to that of the AOM samples. The injected radiotracer waswas 0.032 %o fos13C and 0.054 %o fo5180 (1o values).
radioactive sulfate?’(‘ssofl‘ dissolved in water, 6 L injection The 8180 values of carbonates are strongly dependent on
volume, activity 200 kBq, specific activity 37 TBq mmd). the temperature at which precipitation occurred and also on
After 24 h, microbial activity was terminated by sectioning the §180 signature of the surrounding liquid phase. In order
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-85°00' -84°30' -84°00' -83°30'
c o
T ( C) =218-4.69 (518Oaragonite— 3180water)- (3)
10°00' 10°00' soc
100¢ The 5180 equilibrium fractionation factor between dolomite
£l 150¢ and water was calculated after Fritz and Smith (1970):
K=
930 930" Moo 1000INudolomite-water= 2.62x 10°T 2 +2.17. (4)
[
SE®% |y addition, strontium, oxygen, and carbon isotope data of
. . 300C visually selected carbonate-dominated nodule fragments of
i i millimetre size obtained from Mound 11 and 12 during pre-
3s0¢ vious cruises (listed in Table 2) are reported in this study. The
NS SN ; 400¢ strontium data were applied as a potential indicator of differ-
-85°00' -84°30' -84°00' -83°30'

ent fluid sources and their contribution during precipitation.
Fig. 1. Bathymetric map of the Pacific continental slope of Costa  FOr Strontium isotope analysis, samples were leached with
Rica: locations Mound 11 and Mound 12 are shown. 2.25 N HNG; to ensure complete dissolution of carbonate
phases. The average concentration of strontium in terrige-
nous sediments is 240 ppm (Capo et al., 1998), while ma-
rine carbonates contain at least by a factor of 5 to 30 more
600 strontium (Dasch, 1969; Bayon et al., 2007). As the sam-
ples were carbonate dominated, the contribution of strontium
800 from etched and partially dissolved terrigenous material was
considered to be of minor impact.

Strontium isotope ratios were determined by thermal ion-
ization mass spectrometry (TIMS) after chemical separation
by cation exchange chromatography using Sr-specific resin
1400 (Eichrom). Reported strontium isotope data are normalized

to a®/Sr/86Sr ratio of 0.710248 for NIST 987 according to

McArthur et al. (1998). IAPSO standard seawater was mea-

sured as a reference for modern seaw&tsr /86Sr, giving

a value of 0.709176. During the present study, the analyti-
Flg 2.3-Drelief map of the study area offshore of Costa Rica show- cal precision of Samp|es was h|gher than the external repro-
ing stations at Mound 11 and 12 sampled during expeditions SOZO%ucibiIity of £ 1.5% 10~° (20). Only sample SO173 110-1-a
(red), SO173 (blue), M86 (grey), and M54 (black). (Table 6) showed a lower precision (x1107° 25).

1000

Water depth (m)

1200

. ) . i _ .. 2.9 Numerical modelling of measured data
to constrain the hydrological conditions during the precipita-

tion, the equilibriums*®0 values for the different carbonate A simple one-dimensional transport—reaction model similar
phases with water were calculated for present local seafloofg previously published approaches (Hensen and Wallmann,
conditions, i.e. a bottom-water temperature 68(derived  2005:; Schmidt et al., 2005; Wallmann et al., 2006; Dale et
from measurements during SO206) aidO of + 0.2%  al., 2010) was formulated to simulate the measured pore-
(50206-39 (MUC) bottom water). The equilibrium fraction- \ater profiles of Cf, 30421—, CHa, total hydrogen sulfide,
ation factor for'80 between calcite and water was calculated (TH2S,~ H,S + HS™), HCO; , and C&" in the three MUC
according to Kim and O'Neil (1997): cores and one gravity core (Table 3). The model was primar-
ily used to quantify upward flow velocities, benthic fluxes,
and rates of AOM and CaC{precipitation. Processes con-
with temperature7, in kelvin. The equilibriums180 value sidered include porewater advection and irrigation (non-local

for magnesian calcite and water was calculated by applying £X¢hange), sediment accumulation, and molecular diffusion
correction factor of 0.06 %o for each mol % of MgGQTaru- of dissolved species. Organic matter degradation was not

tani et al. 1969). The equation of Grossman and Ku (1986)simulated as its rate is assumed to be insignificant compared
was used for calculating th#80 equilibrium fractionation © Méthane-related SR and AOM (Karaca et al., 2010; Wall-

factor between aragonite and water: mann et al., 2006).

1000 |mCa|citgwater= 1803 X 103T71 — 3242, (2)

www.biogeosciences.net/11/507/2014/ Biogeosciences, 11,%78-2014
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Table 3. Summary of model input parameters and boundary conditions used for numerical modelling of biogeochemical processes at Mound
11 and 12.

Mound 11, Mound 11, Mound 12, Mound 12, unit constraint
S0206-39 S0206-50 S0206-44  S0O206-46

Model parameter values

Length core 35.5 290 13 9 cm measured
Length of simulated sediment column 100 500 100 100 cm  pre-defined
Number of model layers 200 120 200 200 —  pre-defined
Temperature®) 8 8 8 8 °C measured
Salinity () 35 35 35 35 PSU measured
Pressure®) 101 101 101 101 bar measured
Porosity at sediment surfacggp ) 0.84 0.65 0.76 0.82 1 measured
Porosity at infinite sediment deptifqr) 0.66 0.68 0.68 0.68 1 fitted
Attenuation coefficient for porosity decrease with depth (const) 0.04 0 0.12 0.16 “lem fitted
Burial velocity at depthdpot) 0.02 0.02 0.02 0.02 cmyt  pre-defined*
Fluid flow at the sediment-water interface:gp) 200 1.2 15 15 cmyrt fitted
Kinetic constant for the anaerobic oxidation of methane),) 15000 200 6400 1000 mnot cm® yr—1 fitted
Kinetic constant for CaC@precipitation kca) 50000 0.85 80 500 yit fitted
Kinetic constant for HHS removal from porewatek ) 0.01 0.0005 0 0 mmolcmyr1 fitted
Attenuation coefficient for decrease ip 8 removal rate (remS) 0.01 0 0.00002 0 < fitted
Non-local mixing coefficientd”) 500 1.2 50 250 yrl fitted
Depth of irrigated layetxmix) 1 20 3 0 cm fitted
Irrigation parametermix) 1.7 30 0.8 2 cm fitted
Porewater concentration upper/lower boundary

BW SO; /BS SG;~ 27/0 28.5/0 28.5/0 28.5/0 mM  measured
BW CH4/BS CH, 0.00001/75 0.00001/85 0.00001/85 0.00001/85 mM measured
BW CI~/BS CI™ 548/200 550.5/10 557.5/550 550.5/550 mM measured
BW HCO;/BS HCGy 2.3/4.5 4.0/0 2.3/30 2.3/30 mM calculated
BW Ca&t/BS C&t 10.18/9.20 10.5/10.0 10.4/6.0 10.42/8.54 mM measured
BW total sulfide/ BS total sulfide 0.001/0.0 0.001/1.0 0.001/0.0 0.001/0.0 um measured

BW indicates concentrations of dissolved species at the upper boundary of the model column, whereas BS represent concentrations at the bottom of the sedirdentseoletal. (2005) and Karaca et
al. (2010)

A partial differential equation based on the classical ap- The velocity of pore fluid advection through sediments
proach for early diagenesis (Berner, 1980) was used to simueonsists of a downward component due to burial and com-

late the steady-state concentrations and fluxes: paction and an upward component due to fluid advection
2 from depth:
IC(x) (P (x)- Dsed(x) - =5,)
. = X 5 . — .
¢ (x) Y ax (5) V(x) = Whot ¢bc()£( ;)top ¢top’ @)
g (x)v(x)C(x)) X

HOEVWEED | o) R(w) | -

X wherewypt is the sedimentation rate at the lower boundary

whereC (x) is the concentration of dissolved species in pore (€M Y1), ¢bot is the porosity at the lower boundary, and
fluids (mmol 1), ¢ is the time (yr),x is the sediment depth  Vtop (cm yr 1) is the upward-directed fluid velocity at the
(cm), ¢ (x) is the sediment porosityseq(x) is the molecular ~ sediment surface.
diffusion coefficient in sediments (Gyr—1), v(x) is the ad- Temperature-dependent molecular  diffusion  coeffi-
vection velocity of pore fluid (cmyrt), andR(x) represents ~ cients of dissolved species were calculated according to
the sum of all reactions considered in the simulated sedimenBoudreau (1997) and corrected for tortuosity:
domain. D

Due to compaction, sediment porosity decreases withDgeq(x) = 9 5
depth and can be approximated by 1-In(p(x))

where Dg is the molecular diffusion coefficient in seawater
at the in situ temperature.

Admixing of bottom water into the upper sediment col-
umn is a process which is typically observed in seep envi-
ronments and has been ascribed to various processes such
as density-driven formation of convection cells or irrigation
through bubble ebullition (Henry et al., 1996; Haeckel et al.,
2007; Chuang et al., 2013). In general, these processes can be

)

¢ (X) = (Prop — Dot - €™ 1 dpor, (6)

where ¢y is the porosity at the upper boundary and const
(cm1) is the attenuation coefficient for the decrease of
porosity with depth.
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simulated by including a non-local mixing term (Boudreau The loss of HCQ during precipitation of CaC®and the
and Marinelli, 1994; Schmidt et al., 2005): production of HC@ and HS™ during AOM strongly affect
porewater total alkalinity (TA). Neglecting minor porewater

Rmix(x) = a(x) - (C(x) — C(0)), ©) constituents such as B(O}1) TA can be defined as
Y TA =HCOj +2CCO5™ +HS™. (17)
o (x) = T—T— (10)
(1+ elrrms/wmix) At prevailing pH values between 7 and 8, HC@ontributes

more than 90 % to the carbonate alkalinity and H®mi-
nates THS, and as such a simplified alkalinity calculation
can be performed considering only these two major species
in our modelling approach:

whereo/(x) (yr~1) is the depth-dependent irrigation coeffi-
cient,o’ (yr—1) is a site-specific irrigation coefficient (yt),
(C(x) — C(0)) is the difference in solute concentration be-
tween seawater and sedimentix (cm) is the depth of the

mixed layer, andumix (cm) represents the thickness of the 15 _ oo~ s~ (18)

transition layer between irrigated and non-irrigated sediment 3 '

layers. This approach is not meant to substitute a full representation

Methane is oxidized with sulfate during AOM, resulting in of the carbonate system. Instead, the comparison between

the production of hydrogen sulfide and bicarbonate: measured and modelled alkalinity and hydrogen sulfide pro-

CH4+SO§*—>HCO§+HS‘+HZO. (11) fi!e; provides a constraint on chosen AOM and Ca(@ge-
cipitation rates.

The rate of AOM Raom, mmolcnt3yr—1) was calculated At the upper and lower boundary of the model column,

using a bimolecular rate law: constant concentrations of dissolved species were prescribed
(Dirichlet boundary conditions). The individual bottom-

Raowm (x) = kaom - ((SOﬁ‘)(CH;;)) ; (12)  water concentrations of chemical species were defined as up-

per boundary conditions (0cm) for each of the four mod-
elled cores. Chemical species concentrations at the base of

of methane (in mmolt cm3yr—1). .
. ' . the cores served as lower boundary conditions. The upper
In order to produce fits to porewater profiles of dissolved .
and lower boundary conditions as well as other model pa-

hydrogen sulfide, precipitation of iron sulfides is assumed us-

. . rameters are summarized in Table 3.
ing Eq. (13) as suggested by Wallmann et al. (2008): Reliable measurements of dissolved methane were not

HZS+2/5FeZO3—>2/5Fe83+1/5FeS+1/5FeO+H20. (13)  available since most of the dissolved methane is typically
lost during core retrieval (e.g. Hensen et al., 2007). Because

The general depth-dependent function of sulfide removaly; mogelled cores indicate methane saturation at some depth

wherekpowm is a kinetic constant for the anaerobic oxidation

from pore fluid Rspredx)) is defined as below the zone of sulfate penetration, methane concentra-
(H2S) (_remSx) tions at the lower boundary were defined by calculating the
Rsprec(x) = Kept (H2S) ~kres-e s (14)  (temperature-, pressure-, and chlorinity-dependent) solubil-

] _ ) . ity with respect to gas hydrate stability (Tishchenko et al.,
whereKsp is the Michaelis—Menten constant for sulfide re- 2005) for each core separately.
moval in mmol cnm?, kres is a kinetic coleﬁstarltlfor total sul-  cengral finite differences were applied to approximate
fide removal from pore fluids in mmolcniyr™, and remS o spatial derivatives of the partial differential equations
is the attenuation coefficient for the decrease in sulfide re'(PDEs). The NDSolve object of Mathemaffcaersion 7.0

moval rate with depth in le _ o (method-of-lines technique) was used to solve the resulting
Rates of CaC@ precipitation were derived by fitting the systems of ordinary differential equations (ODES).
model curve to the porewater &aprofile:

Rca(x) = kca: (Cémneas(x) — Camod (X)), (15) 3 Results

An analytical function was fit through the data (feadx)). ) ) .
The rate of CaC@precipitation is thus a function of the con- 3-1 Porewater chemistry and microbial turnover rates
centration difference between Hacalculated in the model
during each depth interval and time step {fedx)) and
the measured G& (Caneadx)). Precipitation rates were ad-
justed by varying the rate constat, (in yr—1). Precipita-
tion of CaCQ consumes two moles of bicarbonate per mole

Biogeochemical profiles obtained at Mound 11, stations
S0206-39 (MUC) and SO206-50 (GC) respectively (Fig. 3)
revealed considerable differences regarding the vertical po-
sition of the sulfate—methane transition zone (SMT) and

of Ca2+ the location of peak microbial turnover rates of methane
' and sulfate (Fig. 3a, e). The sediment core from SO206-
Ca2++2HCO3‘—>CaCQ+COZ+H20. (16) 39 showed a strong decline of sulfate from a surface
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concentration of 27.4 mmol ﬁo L-1 to <0.5mmol -1 ing steeply to < 0.2 mmol CiH. 1 towards the sediment sur-
within the first 6¢cm below seafloor (cmbsf). Methane face.
concentration increased from 2 mmol gH 1 at 21 cmbsf Highest rates for AOM and SR at Mound 12 were mea-
to 17.9mmolCHL~! at 7.5cmbsf. Towards the surface, sured between 2 and 5cmbsf at both stations. At sta-
values further declined to 0.6 mmolGH-1. The SMT  tion S0O206-44, peak values of 0.58umolQtin=—3d1
was located at~5cmbsf. Sulfate concentration at sta- and 0.52 umol S§T cm3d~1 were measured (Fig. 4b, c).
tion SO206-50 (GC) decreased from a surface concenintegrated average areal rates of the top 10cm yielded
tration of 27.5mmolS& L1 to <0.5mmolS@ L~ at  22.37 ¢0.85SD, n=3) mmolCHm2d~! and 23.99
150.5 cmbsf. Methane declined from 5.1 mmolaH?! at  (£5.79SD, n=3) mmolSG m~2d~! for AOM and
the bottom of the core (290 cmbsf) to 1.9 mmol AH1 SR, respectively (Table 4). At station SO206-46, micro-
at 210 cmbsf. At a sediment depth of 190 cmbsf methanebial rates were slightly higher, reaching maximum values
concentration steeply increased to 20.9 mmokCH?, fol- of 0.65 umol CH cm~3 d~1(AOM) and 2.30 pmolcm3d—?1
lowed by a sharp decline to a surface concentration of(SR) (Fig. 4f, g). Corresponding average areal rates were
0.06 mmol CH L 1. The SMT at station SO206-50 was lo- 10.68 (3.53SD,n = 3) for AOM and 64.97 £6.79 SD,
cated at~ 125 cmbsf, i.e. considerably deeper compared torn = 3) for SR.
S0O206-39.

At Mound 11, AOM and SR rates from S0206-39 3.2 Numerical modelling results
showed peak values of 4.4umolgem—3d-! and
8.1umolSG cm=3d-%, respectively, between 2 and The advective fluid flow velocity and AOM and calcium
5cmbsf (Fig. 3b, c). Corresponding integrated averagecarbonate precipitation rates were determined by fitting the
areal rates (0-10cm) were 140.7%40.84SD, n =3) model to the porewater data. Parameter values and bound-
mmolCHym—2d~1 for AOM and 117.25 482.06SD, ary conditions used for simulations (Table 3) yielded good
n=3) mmol S(j* m—2d-1 for SR (Table 4). At fits to the measured porewater profiles (see supplementary
S0206-50, maximum rates for AOM and SR reachedinformation, Figs. 1S-4S). Considerable deviations between
0.01pmolCHcem3d~1 and 0.017 pmol ng cm—3d1, model results and porewater data occurred only for methane
respectively, at 65cmbsf (Fig. 3f, g). Corresponding and hydrogen sulfide profiles, as measured concentrations
areal rates, integrated over the sampled core lengthvere lower than simulated values. This discrepancy is caused
(290 cm), yielded average values of 4.462(21 SD,n = 3) by the loss of methane and hydrogen sulfide due to out-
mmol CHy m~2d~1 for AOM and 45.48 £53.67 SDj1 = 2) gassing during core retrieval and has been reported before
mmol SG~m=2d~* for SR. Despite the differences in (e.g. Karaca etal., 2010; Hensen et al., 2007).
AOM and SR rates of stations SO206-50 and S0206-39, The depth-integrated AOM rates differed considerably
maximum sulfide (2.3 and 4.4 mmott) and total alkalin-  between the two cores obtained at Mound 11 (SO206-39
ity (2.1 and 4.2 meqt?) levels were of the same order of (MUC) and SO206-50 (GC)) (Table 4). For station SO206-
magnitude in both cores (Fig. 3d, h). In contrast to SO206-5039 an AOM rate of 143.69 mmol CHn—2d~! (integrated
the curvatures of sulfide and TA at SO206-39 showed afom 0 to 100 cm sediment depth) was calculated. In con-
downward concavity below the SMT. trast, at station SO206-50 the modelled AOM rate (integrated

At Mound 12, the sulfate and methane concentration profrom 0 to 500 cm sediment depth) was two orders of mag-
files differed between the two stations SO206-44 (MUC) andnitude lower (1.62 mmol Clim—2d~1). The two stations at
S0206-46 (MUC) (Fig. 4a, €). At station SO206-44, sul- Mound 12 (SO206-44 (MUC), SO206-46 (MUC)) showed
fate decreased gradually from surface concentrations of 28.modelled AOM rates (each integrated from 0 to 100 cm sedi-
to 4.2mmol SG~ L~ between 5 and 7 cmbsf. Below this ment depth) of 22.23 and 16.16 mmol g2 d~*, respec-
depth, sulfate concentration declined to 1.4mmofSD1  tively. Between stations SO206-39 and SO206-50 (Mound
at the core bottom (13cmbsf). Methane concentrationstl) depth-integrated calcium carbonate precipitation rates
in SO206-44 sediment varied considerably over the en-aried between 6.52 and 0.61 mmol Ca®d~*, respec-
tire core length of 20cm. At the surface, methane con-tively, while the two stations from Mound 12 showed values
centration was 3.5mmol GHL~L, followed by an increase Of 2.35 (SO206-44) and 1.53 mmol&am~2d~* (SO206-
to ~14mmolCH ™! between 2.5 and 6.5cmbsf. Below 46).-
this depth, methane concentration varied between 1 and According to model results, considerable differences of
12 mmol L"%. Due to the presence of massive carbonatesediment—water column total fluxes of the dissolved chemi-
layers in the sediment, core liner penetration at stationcal Species occurred between the two mounds (Table 4). Due
S0206-46 was limited to 12—15cmbsf. Here, sulfate de-t0 the 1:1 stoichiometry of methane and sulfate consump-
clined from surface concentrations of 28.3mmoﬁS(D—1 tion during AOM, the total influx of sulfate from the water
to 11.5 mmol S@f L1 at 9 cmbsf. Methane increased from ¢elumn into the sediment was in accordance with the depth-

1 . integrated AOM rates at the four stations with highest sul-
1.310 19.1mmol CHL ™= between 11 and 9embsf, declin- . % o at station SO206-39 (Mound 11) and SO206-44
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Fig. 3. Mound 11 porewater profiles for sulfate, methane, sulfide, and total alkalinity (TA) as well as rates of sulfate reduction (SR) and
anaerobic oxidation of methane (AOMA-D): SO206-39 (MUC) (covered by sulfur bacteria mgg:-H): SO206-50 (GC). For SR and

AOM profiles of individual replicates (fine lines with symbols) average profiles (bold lines without symbols) are given. Note the difference
in depth (cmbsf) between station SO206-50 (GC) and stations SO206-39, 44, and 46 (MUC).

Table 4.EXx situ determined rates of anaerobic oxidation of methane (AOM) and sulfate reduction (SR) obtained from SO206 MUC sediment
cores, in comparison with previous studies. Modelled AOM rates and benthic fluxes are also presented. All rates are expressedh mmolm

d~1. Standard deviations (SD) are given.

Depth of Precipitation Simulated

Site Station AOM SR integration ~ AOM CaCO3 %O* CHg* HCO3* Ca2t* core
(cm) length (cm)
measured modelled

Mound 11 S0206-39 140.7%¢40.84 SD) 117.25482.06 SD) 0-10 143.69 6.52 143.82-201.63 —151.43 -35.82 100
Mound 11 S0206-50 4.7642.21 SD) 45.48453.67 SD) 0-270 1.62 0.61 1.62 -0.30 —0.40 0.40 500
Mound 12 S0206-44 22.32{.85 SD) 23.99+45.79 SD) 0-10 22.23 2.35 2224 —-4.28 —26.89 0.48 100
Mound 12 S0206-46 10.68{3.53 SD) 64.974£6.79 SD) 0-10 16.16 1.53 16.16 —12.45 2321 -1.35 100
Mound 12 16.11 0-10
Mound 11 modelle®l 9.64 0-27.5
Hydrate Ridgé 99.00 ¢-102.00 SD)  65.00458.00 SD) 0-10
Hakon Mosb 19.45 (£5.48 SD) 0-10

1 Linke et al. (2000)2Karaca et al. (2010% Treude et al. (2003f, Niemann et al. (2006} Total benthic flux; negative values indicate upward flux from sediment into the water column, while positive values represent downward flux from the

water column into the sediment.

www.biogeosciences.net/11/507/2014/

Biogeosciences, 11,%51¥ 2014



516 S. Krause et al.: Microbial activity and carbonate isotope signatures

Sulfate mmol I ¢ SR pmol cm-3d- AOM pmol cm=3d-! Sulfide mmol I' a
0 10 20 30 0 0.2 0.4 0.60 0.2 0.4 060 2 4 6 8 10 12

T - M B BN BN N

Depth cmbsf
>

15k ®° - - o -
A C D
20 A A A A A A A A A A A A A A A A A A A A
0 4 8 12 16 0 10 20 30 40
Methane mmol I' @ TAmeql'm
Sulfate mmol I ¢ SR pmol cm=2d- AOM pmol cm-3d-! Sulfide mmol I' a

0 10 20 30 0 05 1 15 2 250 05 1 15 2 250 2 4 6 8 10

o

Depth cmbsf

-
o

15 ko b o L o 1 . ko b o L o 1 . ko b o L o 1l . PR NN N — |

0 4 8 12 16 20 0 2 4 6 8
Methane mmol I @ TAmeql |

Fig. 4.Mound 12 porewater profiles for sulfate, methane, sulfide, and total alkalinity (TA) as well as sediment rates of sulfate reduction (SR)
and anaerobic oxidation of methane (AONA-D): SO206-44 (MUC) (covered by sulfur bacteria mdf:-H): SO206-46 (MUC) cores
(covered by bacterial mat). For SR and AOM profiles of individual replicates (fine lines with symbols), average profiles (bold lines without
symbols) are given.

(Mound 12) of 143.82 and 22.24mmol $Om~2d~%, re-  Mound 12, total upward bicarbonate flux ranged between
spectively (Table 4). The calculated methane flux yielded26.89 (SO206-44) and 23.21 mmol CAd—1 (S0206-46).
negative values for all stations, indicating a flux from the Modelled flux rates of calcium showed an upward flux into
sediment to the water column. The two stations at Moundthe water column of 35.82 and 1.35 mmoFtan—2d~! at

11 showed contrasting values for the absolute methane fluxstations SO206-39 (Mound 11) and SO1206-46 (Mound 12),
ranging from 201.63 (SO206-39) to 0.30 mmol Q2 d~1 respectively. In contrast, stations SO206-50 (Mound 11) and
(50206-50). Furthermore, the two stations at Mound 12S0206-44 (Mound 12) were characterized by downward cal-
largely differed in upward methane flux, showing values of cium fluxes of 0.40 and 0.48 mmol &am—2d-1, respec-
4.28 and 12.45mmol CHn=2d~1, respectively. Modelled tively.

total flux of dissolved inorganic carbon — taking into ac-

count methane advection rate, AOM rate, and carbonate pre3.3 Carbonate mineralogy and isotopic composition
Cipitation rate — showed bicarbonate (HEOexport from

the sediment into the water column at both mounds (Ta-The carbonate nodules obtained during the SO206 cruise
ble 4). In accordance to fluid flow and AOM rate, highest were composed of a matrix consisting of carbonate-cemented
bicarbonate flux was found at station SO206-39 (Moundsediment with carbonate contents varying between 52 and
11, 151.43mmol Cm?d~1), while the corresponding flux 61 wt%. Encountered carbonate shapes varied from elon-
rate at the neighbouring station SO206-50 was considerablyated structures, some of which exceeded 12cm in length,
lower (0.40 mmolHC@ m~2d~1). At the two stations at  to roundish nodules of <1 to 4cm diameter. The two shell
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calcite and aragonite. In contrast, Mound 12 samples from

cruises M54, M66, and SO173 were largely dominated by

aragonite (Table 6). The carbon and oxygen isotopic sigha-

tures of carbonate samples obtained from Mound 12 were in

n general more negative than at Mound 11. ValuessfoC
ranged from—48.98 to —39.53 %0 0.03 SD) (Tables 5
and 6),8180 ranged between 3.09 and 4.48 %:0(05 SD).

: In contrast to Mound 11, the carbonate samples collected

from Mound 12 generally showed high&fSr/86Sr ratios

-30 1 R (0.709088 to 0.709167), ranging close to the value for mod-

ern seawater (0.709176) (Table 6). The composition of mag-

8180 (V-PDB)

-40 - Group 2 nesian calcite was rather homogeneous in all samples from
o S | ®Mound 11 the two mounds, with a Mngco_ntent ranging petwegn 12
50 - A N and 16 mol %. The results for mineralogy and isotopic com-
“““““““ Antound ' position of sampled carbonates are compiled in Tables 5 and
Mound 12
6.
-60 -

Fig. 5. 813C vs.5180 plot of carbonate material sampled from var-
ious locations during SO206 (solid symbols). The grouping was4 Discussion
based on isotopic, petrographic, mineralogical, and morphological
similarities according to Han et al. (2004). All values refer to the In the present study, considerable differences of microbial
V-PDB scale. AOM and SR activity as well as 20, §13C, and®”Sr /8¢Sy
isotopic signatures of carbonates from surface sediment sam-
ples of the two neighbouring mounds are indicative of differ-
fragments showed carbonate contents of 17 and 31wt %ent fluid contributions. In the following sections the differ-
The mineralogy of the carbonate nodules from Mound 1lences in microbial activity and carbonate isotopic signatures
was largely dominated by magnesian calcite, representingetween Mound 11 and 12 will be discussed.
42 to 49wt % of the total sample mass, and aragonite (10—
13wt % of the total sample mass) (Table 5). In one sam-4.1 Microbial activity
ple at station SO206-39, magnesian calcite occurred together
with dolomite. Another Mound 11 sample showed arago-Measured areal AOM and SR rates obtained from Mound
nite as the sole carbonate mineral present. In contrast to th#1l were up to one order of magnitude higher compared to
carbonate nodules, the two shell fragments most likely beMound 12, and were in the same order of rates reported
longing to the vesicomyid family were mainly characterized for high-advective cold-seep systems such as Hydrate Ridge
by aragonite and calcite. Carbonate samples excluding th€Treude et al., 2003) and Hakon Mosby Mud Volcano (Nie-
shell samples from Mound 11 were characterizedsbiC mann et al., 2006) (Table 4). To our knowledge, areal mea-
values ranging from-29.56 to—14.14 %0 ¢-0.03 SD) (Ta- sured AOM rates of Mound 11 (SO206-39) exceed values
ble 5, Table 6, Fig. 5). Correspondirg®O values varied that have been published for marine cold-seep locations so
between 3.18 and 6.15 %«(0.05 SD). Isotopic signatures far (e.g. Treude et al., 2003; Joye et al., 2004; Kriger et al.,
of the two bivalve shell fragments deviated from the au-2005). AOM and SR rates at the Mound 11 station SO206-50
thigenic carbonate samples, wish8O being lower (3.55— were considerably lower than at SO206-39, illustrating the
3.96 %) (0.05SD) ands'3C values being considerably strong spatial heterogeneity in fluid flow often encountered
higher 9.61 to —6.98 %) (£0.03 SD). The two samples at seep locations.
from Mound 11 collected during cruise M54 were character- The observed difference in AOM and SR rates between
ized by varying contents of aragonite and calcite (Table 6). Inthe two mounds might be due to different advective trans-
addition, the carbonate-dominated leachates (2.25 N NO port velocities of methane charged fluid. Previous reactive-
of these samples showeédSr/8Sr ratios (0.708829 and transport modelling (Mound 11) (Karaca et al., 2010) and
0.709049), which were considerably lower than for modernbenthic flux chamber experiments (Mound 12) (Linke et al.,
seawater (Table 6). 2005) yielded maximum fluid flow at Mound 11 as high as
The two carbonate samples from Mound 12, obtained dur200 cmyr ! at the centre of the seep (within microbial mat
ing SO206, also consisted mainly of magnesian calcite (Tapatches), while only approximately 10 cnmyrwas calcu-
ble 5). In comparison to Mound 11, the mass of magne-lated for Mound 12. In contrast to these previous investiga-
sian calcite was smaller, ranging from 33 to 39wt %. Thetions, the present study derived fluid flow velocities of the
two samples also differed amongst each other; one contwo mounds from a comprehensive data set acquired during
tained magnesian calcite and calcite, the other magnesiaa single cruise. As the same methodological approach was
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Table 5. Mineralogy and stable isotope composition of carbonate samples from Mound 11 and 12 (cruise SO206). The standard deviation
(SD) of lab standard is given.

Depth Total Magnesian mol% of Calcite Aragonite Dolomite $13Cc  sD s180 sD
Site Station  (cmbsf) carbonate calcite ~ Mgg€O (wt%) (wt %) (wt %)
(Wt %) (Wt %)

Mound 11 S0206-38 172-185 54 44 14 10 —-27.14 0.03 5.65 0.05
Mound 11 S0206-39 8 60 49 13 12 —26.21 0.03 5.87 0.05
Mound 11 S0206-39 10-12 58 48 15 11-21.20 0.03 4.72 0.05
Mound 11 S0206-39 11 53 42 13 11 —-27.49 0.03 5.71 0.05
Mound 11 S0206-39 20-25 58 46 15 13 —29.56 0.03 6.15 0.05
Mound 11 S0206-39 26-30 48 48 —29.01 0.03 5.85 0.05
Mound 11  S0206-39, shell 25 17 6 12 7 11 —6.98 0.03 3.55 0.05
Mound 11  S0206-39, shell 26-30 31 12 19 —-9.61 0.03 3.96 0.05
Mound 12 S0206-44 5-8 55 33 15 13 —-48.98 0.03 4.15 0.05
Mound 12 S0206-46 6-7 54 39 15 27 —45.70 0.03 4.48 0.05

Table 6. List of 87Sr/86sr ratios,s13C, ands180 of carbonate-dominated fragments from Mound 11 and 12 carbonates obtained during
cruises M54, M66, and SO173. Second standard ereor §Ad standard deviations (SD) are given.

Site Station Depth (cmbsf) 87Sr/86sy % s13c  sp s180 SD  Aragonite (Wt%) Calcite (wt %)
Mound 11 M54-155 A 155 0.708829 1.4E-05-14.14 0.02 3.18 0.09 10 90
Mound 11 M54-155B 155 0.709049 7.0E-06—15.57 0.02 422 0.04 70 30
Mound 12 M54-97-2 A 353 0.709167 7.5E-06—46.28 0.02 3.56 0.04 >08 <2
Mound 12 M54-97-2 B 353 0.709164 6.1E-06—46.87 0.02 3.62 0.04 >08 <2
Mound 12 M66-3 213 A 0 0.70909 7.0E-06—39.53 0.02 4.13 0.04 95 5
Mound 12 M66-3 213 B 0 0.709158 8.0E-06—42.46 0.02 3.96 0.04 >08 <2
Mound 12 S0173110-la 50-60 0.709114 2.1E-0549.13 0.02 3.29 0.04 90 10
Mound 12 S0173110-1b 50-60 0.709098 8.0E-0648.61 0.02 3.24 0.04 >08 <2
Mound 12 S0O173110-1 50-60 0.709088 7.0E-06-47.50 0.02 3.09 0.04 >08 <2
Mound 12 S0O173110-1 50-60 0.709097 6.0E-06-48.58 0.02 3.27 0.04 >08 <2

Modern seawatér 0.709176 1.5E-05

* |APSO standard seawater was used to represent modern se2(&tieSr ratio.

applied for both locations, measured and modelled result#\s for Mound 11, measured and modelled areal AOM rates
can be compared directly. were generally similar for Mound 12. However, the mea-
The applied modelling approach indicated an advectivesured AOM rate for station SO206-46 was approximately
fluid flow 13 times larger at Mound 11 than Mound 12. 51 % lower than predicted by the model. The data used to
The fluid velocity constrained using the numerical transport—constrain the model were obtained from the same multiple
reaction model at Mound 11 (SO206-39) was 200 cmtyr  corer deployment but using different cores from those used
which is the same value as determined by Karaca et al. (2010fpr rate measurements. Therefore, it may be that variations
at this site. The modelled depth-integrated areal AOM rateof AOM activity between individual MUC cores could ex-
for Mound 11 (station SO206-39) was similar to the mea- plain the observed differences between measured and mod
sured rate (Table 4). Thus, the modelling approach is suitablelled areal AOM rates at both mounds.
to describe the rate of methane turnover and related biogeo- Previous studies of seep sites at Hydrate Ridge showed
chemical processes at this station. The modelled AOM rateconsiderable lateral sediment heterogeneity regarding AOM
for station SO206-50 was approximately 66 % lower than theactivity (Treude et al., 2003), which can also be assumed for
measured one. Considering that the measured AOM rate dhe region off Costa Rica (Hensen et al., 2004, Linke et al.,
S0206-50 had a standard deviation of approximately 54 %2005; Schmidt et al., 2005). However, spatial heterogeneity
the measured and modelled results were still in good agreesf AOM activity is not accounted for in the current model ap-
ment. proach, as it assumed that concentrations and consequently
For both stations at Mound 12, best-fit model results werereaction rates only vary with sediment depth. Therefore, the
obtained using a fluid flow velocity of 15cmyt. Linke et deviation of measurement- and model-based AOM rate for
al. (2005) (16 cmyr!) and Karaca et al. (2010) (10 cnTyh station SO206-46 does not necessarily indicate that model
yielded similar results, which indicate that spatial variation accuracy was insufficient to describe the methane-related
of fluid advection is less pronounced than at Mound 11.
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biogeochemical processes at Mound 12, but rather illustrates In order to constrain the prevailing fluid sources during
the spatial heterogeneity of sedimentary AOM activity. precipitation, the equilibriun$180 values for the present

It should be mentioned that the observed difference incarbonate phases and bottom water were calculated. Based
AOM and SR rates between the two mounds, measured heren the bottom-water conditions used®@®, +0.2 %o §180),
in surface sediments covered by thick sulfur bacteria mats, ilthe equilibriums180 values for calcite, magnesian calcite,
lustrates the wide range of methane turnover that can be cordolomite, and aragonite with water were 1.5, 2.4, 5.1, and
nected with this type of chemosynthetic habitat. Sulfur bac-3.1 %., respectively. Considering the dominant carbonate
teria are capable of oxidizing sulfide (Jgrgensen and Nelsorphases of the samples, the measué® values apparently
2004), and are typically present at localities of high anaer-exceeded the equilibrium values for bottom water (Table 5).
obic methane turnover (Treude et al., 2003). ConsequentlyHowever, thes'80 value of one shallow sample from Mound
the sulfate, produced by microbial sulfide oxidation, is par-11, including magnesian calcite and dolomite, was close to
tially introduced into the sediment, thus adding to the amountthe equilibriums*80 values for dolomite. Therefore, it can-
of sulfate originating from seawater. The process of sulfidenot be excluded that carbonate from this sample formed un-
oxidation is not explicitly resolved in the model; however, der considerable influence of bottom water. In contrast, the
it is mimicked by intense non-local transport of sulfate into highers'0 values of the remaining carbonates from Mound
the sediment; that is, sulfide oxidation occurs on top of thell indicate that precipitation occurred under considerable
sediment column. Regardless of the ultimate source of sulfatinfluence of a deep-source fluid, which is enriched-i®
(re-oxidation or bottom water), shallow downward mixing of (Mavromatis et al., 2012). According to Hensen et al. (2004),
bottom water is required to obtain measured AOM rates athe observed positiv&'80 values of deep-source fluids from
Mound 11 and is also suggested by shallow concave-dowithe study area are the result of clay-mineral dehydration at
type sulfate profile of the MUC core porewater (SO206-39) temperatures between 85 and *80at ~ 12 km depth and
at this location. The variability of AOM rates underneath sul- subsequent upward fluid transport. The two bivalve shell
fur bacteria mats observed in our study calls for caution withfragments were close to the equilibris?O value for arag-
respect to extrapolation of methane turnover rates based oonite bottom water, indicating that synthesis of the shell in-
visual seafloor observations. deed occurred in the bottom water. The two carbonate sam-
ples obtained from Mound 12 also showed hightO val-
ues than the equilibrium values for the dominant carbonate
phases (Table 5). Yet, in comparison to Mound 11,5K©
values of Mound 12 carbonates were closer to the equilib-
The authigenic carbonates from Mound 11 and 12 are a difxium values, indicating that deep-source fluid was present
rect result of methane-dependent microbial activity. Mea-during precipitation, but to a lesser extent than at Mound 11.
surements and modelling of the current microbial methane In comparison to Mound 12, carbonate nodules at Mound
and sulfate turnover can be utilized to constrain ongoingll were less depleted #3C, suggesting methane of thermo-
methane advection. In addition, the carbonate archive progenic origin predominantly present during concretion forma-
vides indications for the long-term fluid advection of the past. tion (Schmidt et al., 2005). In principal, tt8é3C values en-

The majority of carbonate nodules, obtained duringcountered in Mound 11 carbonates could also originate from
S0206, were largely characterized by Mg-rich calcite as theorganic matter degradation (Curtis, 1987). However, organic
dominant carbonate phase, followed by aragonite, thus repmatter degradation is assumed to be a negligible sink for sul-
resenting typical seep carbonates (Han et al., 2004; Pierréate and a source of methane compared to SR and AOM fu-
et al., 2012). However, one carbonate sample from Mouncelled by upward advection of methane-rich fluids in the study
11 showed aragonite as the sole carbonate phase presesmtea (Karaca et al., 2010; Wallmann et al., 2006). Therefore,
(48wt% of the total sample). The chemical situation atthermogenic methane is considered a primary inorganic car-
which aragonite or magnesian calcite is primarily formed isbon source in Mound 11 sediments. In contrast, methane of
not well constrained (Burton, 1993), but there is evidencebiogenic origin from a shallower source might have been
that the combination of the carbonate saturation state and theausative for strongly depletéd3C in Mound 12 carbonates
Mg/ Ca ratio in solution largely define the carbonate pre- (Hensen and Wallmann, 2005).
cipitate mineralogy (De Choudens-Sanchez and Gonzalez, Han et al. (2004) identified five types of authigenic car-
2009). In addition, Burton and Walter (1987) showed thatbonate associated with fluid vents on the Costa Rica mar-
a low bottom-water temperature of about 25may favour  gin based on morphological, petrographic, and stable isotope
calcite precipitation. Furthermore, magnesian calcite couldcriteria (referred to the PDB scale): chemoherm carbonates,
have replaced highly metastable aragonite (Pierre et al.seepage-associated concretions, gas-hydrate-associated con-
2012). The occurrence of dolomite in one of the Mound 11cretions, as well as calcareous and dolomitic concretions.
carbonate nodules might be the result of locally enhancedRegarding the isotopic composition, carbonate samples ob-
microbial activity of sulfate-reducing bacteria (Krause et al., tained for Mound 11 and 12 during the SO206 cruise can
2012; Pierre et al., 2012). be divided into two groups (Fig. 5). Group 1 was comprised

4.2 Carbonate mineralogy and isotope systematics
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of Mound 11 carbonates samples, while group 2 included 60 -
samples from Mound 12. Carbonates from group 1 were
characterized by'80 values between 5.6 and 6.7 %o. Corre- ® Mound 12
spondings13C values ranged from-21 to —29 %o. Accord- -50 - -
ing to the carbonate classification mentioned above, group 1 Mound 11
carbonate isotope composition is indicative of gas-hydrate-
associated concretiong1fO 5.2 to 6.8 %0,613C —18.6 to )
—29.8%0); Han et al., 2004). This type of carbonate is char- E
acterized by layered Mg-rich calcite and aragonite precipi- 3
tated into spaces previously occupied by gas hydrates befor¢ ¢y
dissociation (Bohrmann et al., 2002; Suess, 2002). Bivalve %
shell material from Mound 11 was mainly composed of arag- -20
onite and organic components. Corresponding valués3af o i
showed an isotopic signature considerably higher comparec 10 -
to the carbonates6.9 and—9.7 %.), indicating shell for-
mation in seawater with atmospheric €8s a carbon source
(Emrich et al., 1970). The carbonates from group 2 had a 0 . . T
lower 5180 signature (4.1-4.5%o), while depletion &C 07088 = 0.7089 *20.7080 == 0.7091= 07092
was stronger compared to group-139 to —49 %.). Accord- Sri™sr
ing to Han et al. (2004), carbonates of group 2 are typical
for seepage-aSSOCIate_d Concretloﬁ§(() 4.310 5.4%051°C during cruises SO173/4, M66/3a, and M54/3a. Two standard devi-
—44.6 10-53.0%o). This type of carbonate occurs at or Near aiions (2) of individual 87Sr/88Sr measurements are given. The
the seafloor, forming small, individual carbonate blocks, con-syjiq line indicates the measur&dsr /86sr ratio of IAPSO stan-
cretions, and crusts of high Mg calcite. dard seawater; the dotted lines representThe standard deviation
The 87Sr/88Sr signature of the carbonate samples var-of §13C measurements was 0.02 %o (symbols larger than error bars).
ied between the two mounds depending on the arago-
nite / calcite ratio (Table 6). The aragonite-dominated sam-
ples from Mound 12, representing 90 to >98wt% of the bonates formed under considerable influence of deep-source
present carbonate, generally show®&r/8Sr signatures fluid, exposed to the weathering of abundant volcanic ashes
in the range of modern seawater or slightly lower. Con-in the sediment (Silver et al., 2000; Soeding et al., 2003; Kut-
sidering the variation of th&’Sr/86Sr encountered in car- terolf et al., 2008). Thé’Sr/86Sr ratios of Mound 11 car-
bonates from Mound 12, two groups can be distinguishedbonates were slightly higher than reported porewater values
(Fig. 6). One group, consisting of five samples, encompassesf 0.708699 (23.5 cmbsf) (Scholz et al., 2010). In contrast,
8731 /883r ratios slightly lower than modern seawater, rep- Mound 12 carbonates presumably precipitated under hydro-
resented by IAPSO standard seawater. The difference dbgical conditions dominated by seawater. The observed dif-
8751 /8631 between this group and IAPSO standard seawateference in thé&”Sr /86Sr ratio provides independent evidence
was larger than the second standard erron @ 1.5x 10° that the authigenic carbonates at Mound 11 were formed un-
for IAPSO standard seawater. Therefore, it can be assumeder influence of advecting fluid, while Mound 12 carbonates
that fluid, although to a small extend, contributed to the pore-formed in a seawater environment with only small contribu-
water during carbonate precipitation. Carbonates from thigions of ascending fluid.
group were retrieved from 50 to 60 cmbsf, with the excep- According to sediment petrographic interpretation, dat-
tion of one sample (M66-3 213 B), which was collected from ing of volcaniclastic layers and uranium—thorium dating of
the sediment surface. Consequently, precipitation of thesearbonates from the two locations (Kutterolf et al., 2008),
carbonates occurred under seawater conditions with minoMound 11 is considered to be currently active, implying that
fluid contribution. In contrast, the three remaining carbonateit has been expelling fluids and, potentially, mud onto the
samples showe®f Sr/86Sr rations similar to modern seawa- surrounding seafloor for at least the last 15ka. In contrast,
ter, indicating precipitation under seawater conditions. Twopelagic surface sediments (131 cm thickness) at Mound 12
of these carbonates were collected from 353 cmbsf, and onidicate that vertical mud transport has been inactive for
from the sediment surface. the last 5 ka (Kutterolf et al., 2008). The rate measurements
In contrast, Mound 11 carbonate samples showed conpresented in this study demonstrated recent methane-related
siderably lower”Sr/86Sr ratios. This difference correlated microbial activity at both mounds. Consequently, Mound
with the amount of calcite present, as the 90wt % calcite-12 also has to be considered as a site of active fluid vent-
dominated sample showed a lov#é8r /88Sr ratio compared  ing, delivering sufficient methane to support related micro-
to the sample containing 30 wt % calcite. The observed lowemial activity. The present study demonstrated that fluid and
873r /865y ratio, compared to seawater, of Mound 11 car- methane migration at Mound 12 showed spatial variations,

----—----—---—-—é-ﬁ-—---

1

Fig. 6. 813C vs. 87Sr/863r ratios of carbonate material sampled
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