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Abstract. This study focused on biogeochemical processesn assessing the consequences of deep-seas€questration
and microbial activity in sediments of a natural deep-seaon benthic element cycling and on the local ecosystem state.
CO, seepage area (Yonaguni Knoll 1V hydrothermal sys-
tem, Japan). The aim was to assess the influence of the geo-

chemical conditions occurring in highly acidic and £€at-

urated sediments on sulfate reduction (SR) and anaerobi¢ Introduction

methane oxidation (AOM). Porewater chemistry was investi-

gated from retrieved sediment cores and in situ by microsenJ he increase in atmospheric @@ill lead to global warm-

sor profiling. The sites sampled around a sediment-hosted"d and acidification of the ocean. One of the possible coun-
hydrothermal C@ vent were very heterogeneous in porewa- l€rmeasures considered is to separate €0m waste gas

ter chemistry, indicating a complex leakage pattern. Near thef large production units, such as power plants and cement
vents, droplets of liquid C@were observed emanating from OVens, and to pump itin liquefied form into the deep seafloor.
the sediments, and the pH reached approximately 4.5 in Hepending on in situ pressure and temperature, it will be-
sediment depth- 6 cm, as determined in situ by microsen- come gas hydrate, liquid or supercritical, and may be se-
sors. Methane and sulfate co-occurred in most sediment sanfiuéstered during the weathering of sedimentary carbonates
ples from the vicinity of the vents down to a depth of 3m. and silicates (House et al., 2006; IPCC, 2007; Wallmann et
However, SR and AOM were restricted to the upper 7-15 cm@l-,» 2008). This process of carbon dioxide capture and storage
below seafloor, although neither temperature, low pH, nor thCCS) would not bind C@as such, but lead to neutralization
availability of methane and sulfate could be limiting micro- of the acidified seawater. Besides economic costs and safety
bial activity. We argue that the extremely high subsurface@SPects, the risks of such activities for biodiversity and ele-
concentrations of dissolved GQ{1000—-1700 mM), which ~ment cycling in the deep sea are to be considered (Seibel and
disrupt the cellular pH homeostasis, and lead to end-producyvalsh, 2001). Here we focused on the long-term effects of
inhibition. This limits life to the surface sediment horizons high CQ; and low pH on biogeochemical processes in deep-
above the liquid C@ phase, where less extreme conditions S€@ sediments of a natural g@enting hydrothermal sys-

prevail. Our results may have to be taken into consideratiorié™- CQ emitted from hydrothermal sediments can be con-
sidered as a natural analogue of thexG€akage associated
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with CCS in the deep-sea floor under realistic environmen-Nunoura et al., 2010). Here we have investigated the biogeo-
tal conditions and scales. Experimental studies of the interchemistry of the CQvented sediments, focussing on the dis-
action of liquid CQ with microorganisms and geochemical tribution of microbial aerobic and anaerobic respiration path-
processes in deep-sea sediments remain challenging, becausays. Combining in situ and ex situ analytical techniques, we
of the high pressure and steep gradients associated with poiitvestigated rates of benthic oxygen consumption, sulfate re-
sources of CQ(Liu et al., 2010). duction (SR) and anaerobic oxidation of methane (AOM) to
A main question for CCS risk assessment is as to the efcover the ecologically important biogeochemical processes
fect of high CGQ emissions on the functioning of marine inthe CQ-impacted system. These data form the basis for a
ecosystems. Numerous studies of seafloor microbial ecoldiscussion of the effects of low pH and high €&nditions
ogy and biogeochemistry have demonstrated that microbiabn the functioning of deep-sea ecosystems to be considered
processes dominate the biogeochemistry of deep-sea seihtthe risk assessment of offshore geological CCS.
iments (Jgrgensen and Boetius, 2007; Jgrgensen and Nel-
son, 2004; Reeburgh, 1983). When not limited by thermo-
dynamics or transport, their function may be limited by ki-
netics due to physicochemical conditions in the habitat. Mi-
crobial metabolic activity can be inhibited and kinetics can

be changed by toxic compounds (e.g. strong oxidants, heavamples were taken in February—March 2008 during the RV
metals, uncouplers of membrane potentla!s). H|gh temperagynne 96 expedition with ROVQUESTin the project SUM-
tures (- 122°C) can also degrade enzymatic function. How- g (“Studies of marine Csequestration associated with
ever, highly adapted microorganisms have been found to pops patyral hydrothermal Gsystem of the northern west Pa-
ulate environments with extremes in pH values, pressurecific») (Rehder and Schneider von Deimling, 2008). The area
salinity, and radiation levels. Thus, these parameters do nQj, 55 revisited for a few additional samples during the JAM-

limit life in general (Stan-Lotter and Fendrihan, 2012); in sTEC NT10-06 Leg 3 cruise with RMatsushimand ROV
other words, life has shown to be remarkably adaptive tOHyper Dolphinin April 2010.

a very wide range of conditions. Yet it remains unknown - “the yonaguni Knoll IV hydrothermal field is located in

if main ecosystem functions such as aerobic and anaerobig, okinawa Trough (240.7 N, 12242.0 E; 1320-1399 m
remineralization and respiration of matter, autotrophy, andyater depths) (Table 1). The hydrothermal system is part of
methane oxidation can be maintained under extremely highy sedimentary basin covered by volcanic rocks in its north-

CO; levels, as will occur at CCS sites in the deep-sea floor.gagtern part, hosting several large hydrothermal vent chim-
Here we tested the hypothesis that the main blogeochemmaf,{eyS (Konno et al., 2006; Suzuki et al., 2008). A sedimen-

processes mediated by microorganisms can function ig COy4yy venting site characterized by a few holes in the seafloor

saturated porewater of deep-sea sediments. emitting hot fluids was discovered on the southern end of

~ The occurrence of liquid COIn a natural marine set-  yhe hydrothermal field and named “Abyss Vent” (Inagaki et
ting has been firstly observed in the Jade hydrothermal fieldg, 2006). In situ measurements were carried out along a

Okinawa Trough (Sakai et al., 1990), and was subsequently,snsect from Abyss Vent (i.e<1m, 10m, 100m, 125m

found also at other hydrothermal systems at water depths bq}istance), as well as in sediments near “Swallow Chimney”

tween 1200 and 1700 m, such as the NW Eifuku hydrothery,ene 100 m north of the Abyss Vent and a sedimentary site

mal field in the Mariana Arc and the Yonaguni Knoll IV g 51m southwest of the hydrothermal system for non,CO
hydrothermal system in the Okinawa Trough. The Yonagunijnacted reference samples. Sediment samples from the up-

Knolls are submarine volcanoes located in the SOUthweSterBermost sediment horizons (top 20-30 cm) were taken either
end of the Okinawa Trough (Suzuki et al., 2008). The Yon- it 3 video-guided multiple corer (MUC, 10 cm diameter
aguni Knoll IV hydrothermal system is one of the few sites .qreq) with push cores (PCs, 8 cm diameter cores) collected

on earth known where liquid CQeaks through thick layers it the manipulator of the ROV, or with gravity cores (GC,
of terrigenous sediments supplied from the Asian continent; 5 -, diameter up to 3m sediment depth). All sampling in-
(Sibuet et al., 1987). It comprises a sedimentary valley sur-, '

J i - - struments were equipped with a POSIDONIA (Ixsea SAS)
rounded by large piles of rock debris, enclosing a string of ,sjtioning system for targeted geo-referenced seafloor sam-
active hydrothermal vents. A previous characterization of thesjing - After recovery, the sediment samples were transferred
hydrothermal fluids indicated the generation of liquid £LO

! _ _to a cold room that was cooled to near in situ temperature
by subsurface phase separation (Konno et al., 2006; Suzuki %OC)_ Subsequently, the cores were vertically subsampled

al.,, 2008). Besides their high G@ontent, the hydrothermal it small subcore tubes for activity rate analyses and pore-
fluids exhibit a wide variation in gas composition including \yater extraction as described below.

Ho, CHs, H2S and NH. Previous studies have focussed on
the distribution of bacterial and archaeal communities of the
Yonaguni Knoll IV hydrothermal sediments and overlying
bottom waters (Inagaki et al., 2006; Yanagawa et al., 2012;

2 Methods

2.1 Sampling location and methods

Biogeosciences, 10, 5639649 2013 www.biogeosciences.net/10/5639/2013/
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Table 1. Station list with sampling dates and locations.

5641

Cruise Device No. Date N E Depth
name type (m)
S0196 MP D201,1 13.03.2008 2450.781 122 42.0307 1382
S0O196 MP D201,2 13.03.2008 2450.782 122 42.0251 1381
S0196 MP D201,3 13.03.2008 2450.826 122 42.0842 1365
S0O196 PC D201,1 13.03.2008 2450.781 122 42.0273 1382
S0O196 PC D201,5 13.03.2008 2450.781 122 42.0273 1382
S0196 PC D201,21 13.03.2008 2450.781 122 42.0273 1382
S0O196 PC D201,23 13.03.2008 2450.781 122 42.0273 1382
S0O196 PC D203,11 16.03.2008 2450.783 12242.0347 1380
S0O196 PC D203,14 16.03.2008 2450.783 12242.0360 1380
S0O196 PC D203,24 16.03.2008 2450.780 122 42.0285 1383
S0O196 PC D203,29 16.03.2008 2450.784 122 42.0365 1380
S0196 PC D203,33 16.03.2008 2450.782 12242.0290 1383
S0O196 MUC 3 08.03.2008 2450.827 122 42.086 1372
S0O196 MUC 8 08.03.2008 2450.838 12241.992 1362
S0196 MUC 10 09.03.2008 2450.791 122 42.020 1392
S0O196 MUC 23 17.03.2008 2450.355 12241.736 1324
S0O196 MUC 28 21.03.2008 2450.781 122 42.028 1394
S0196 GC 1 12.03.2008 2450.841 122 42.003 1382
S0O196 GC 3 15.03.2008 2450.851 12242.019 1383
S0O196 GC 8 20.03.2008 2450.341 12241.726 1320
S0O196 GC 9 20.03.2008 2450.774 122 42.043 1399
S0O196 BC D203,1 16.03.2008 2450.783 122 42.0303 1380
S0O196 BC D203,2 16.03.2008 2450.781 122 42.0266 1382
S0196 BC D206,1 21.03.2008 2450.479 122 41.8599 1347
S0O196 BC D206,2 21.03.2008 2450.776 122 42.0383 1381
NT10.06 MP 1 17.04.2010 2450.515 12241.882 1355
NT10.06 MP 2 17.04.2010 2450.784 122 42.099 1387
NT10.06 PC 1 17.04.2010 2450.515 12241.882 1355

MP = microprofiler, PC = push core, MUC = multicore, GC = gravity core, BC = benthic chambeQUEST
Dive No.

2.2 Porewater extraction and chemical analyses 2.3 Microprofiling

Porewater was extracted _using a_lovy-pressure squeezer (aﬁlicrosensors for @ H,S, and pH were made and used as
gon at 1-5 bar) at approximately in situ temperature W04 o0 rined previously (de Beer et al., 1997; Jeroschewski et
in the ship’s cold room. While squeezing, the porewater Was,| 1996 Revsbech, 1989). The tip diameters were approx-
filtered thr_oug_h 0.2 um polycarbonate Nuclepore filters andimately 20 um, the response timeg| less than 3s. A tem-
collected in vials. Onboard, the collected porewater sam-e a1 re sensor was used (Pt100, UST Umweltsensortechnik
ples were analyzed for their content of dlssolvedjN H,S, GmbH, THiringen, Germany), with a length of 18 cm, a shaft
and Sig}" using standard photometric methods (Grasshoffang tip diameter of 3mm and length of sensing element of
et al., 1999), and total alkalinity (TA) by titration with 0.01 1 ¢m and a response time 6f5s. Microsensors for redox
N HCI against an indicator mixture consisting of methyl red potential (ORP) were made from Pt wire of 50 um diame-
and methylene blue. In addition, subsamples were taken ang, fused in a glass capillary, leaving a length of 100 pm Pt
stored at 4C for shore-based analysis of $Ousing ion exposed as sensing surface. After mounting, the Pt tip was
chromatography. Porosity was determined from 5 mL of wetcjeaned in 6 M HNQ@ for 10 min, and rinsed with distilled
sediment by freeze-drying and weight difference assumingyater before calibration in standard redox buffers. All sen-
a sediment density of 2.5gcm and a porewater density sors were calibrated after mounting on the profiler. The sen-
of 1.023gcm®. An additional 3mL of sediment was sus- sors were mounted on the bottom of the titanium housing
pended in 9mL of 0.1NNaOH in a 20 mL vial for methane yithin a distance of maximally 11 cm. The titanium housing,
headspace analysis. Methane was measured using a stand@htaining amplifiers and a computer for data acquisition and
gas chromatograph using a flame ionization detector. motor control, could be moved vertically by a high precision
motor. The profiler was preprogrammed to measure vertical

www.biogeosciences.net/10/5639/2013/ Biogeosciences, 10, 5&3%®-2013
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profiles, with steps of 250 um, over a depth of 17cm. The3 Results
profiler was positioned at the seafloor by a ROV and started _ .
by a switch on the profiler. After finishing a profile, the pro- 3.1 Visual observations

filer could be repositioned and restarted. ) . .
The slope of the pH calibration was taken, as during the!N€ Yonaguni Knoll IV study area comprises an approxi-

calibration the pressure induced offset was corrected for wit{nately 1 nautical-mile-wide sedimentary valley surrounded
the pH determined from Niskin bottle samples from 50 cm PY rocky slopes in the west and northeast. A number of hy-
above the sediment surface. The€@nsors were 2-point cal- drothermal chimneys are located roughly on a line in the

ibrated in situ, by using the signal in the bottom water and inNW-SE-direction (Fig. 1). In addision to the mineral chim-
the anoxic zones of the sediments. The bottom wagerdd- neys through which hot fluids 300°C escape, we observed

centration was measured by Winkler titration from the samePavements of elemental sulfur and amorphous,$i@cipi-
Niskin bottles. Total sulfide was calculated from the local pH tates associated with holes and cracks in the underlying soft
and HS concentrations, using a pK value for sulfide of 6.92, Sediments from which hot fluids and liquid G@manated.

as calculated from the local temperature and salinity (Millero 1 "€ séafloor area surrounding the vents and sulfur pavements

etal., 1988). The b sensors had detection limits fos&lof  lacked bottom-dwelling megafauna and showed no typical
1 umol L2, For profile analysis, the surface was taken as thfeatures of bioturbation, burrows or other traces of life. Only

reference point (depth =0), defined by the steepest slope df" active chimneys was dense accumulation of chemosyn-

the oxygen profile (Gundersen and Jargensen, 1990). Negéhetic fauna observed, including the musBathymodiolus

tive depths indicate positions above the sediment surface. Platifrons the shrimpAlvinocaris longirostris and the crab
Shinkaia crosnietiNo mats of giant sulfide-oxidizing bac-

2.4 Benthic chamber measurements teria typical for sulfide-emitting hydrothermal vents and hy-

drocarbon seeps were observed on the rocks or the seafloor.
Methane, dissolved inorganic carbon (DIC), and ammoniumThe sedimentary seafloor was flat and featureless; i.e. there
fluxes were determined with a cylindrical benthic chamberwere no pockmarks or ebullition holes away from the vents.
module as previously described (Felden et al., 2010) oper- In the absence of morphological indications for sub-
ated by the ROVQUEST Briefly, the stirred chamber (ra- seafloor CQ leakage, our sampling strategy was to sam-
dius 9.5cm) enclosed a seafloor area of 284 tagether  ple the sediments in the immediate vicinity of active £O
with 10-15 cm (equivalent to 4—6 L) of overlying bottom wa- emitting vents, such as the Abyss Vent and the Swallow
ter. A valve in the chamber lid ensured the release of over-Chimney vent. When push cores were pulled out of the
pressure while placing the chamber gently into the sedimentvented sediments by the ROV arm, liquid g@roplets es-
Five water samples were taken with 50 mL syringes at pre<caped from the sampling hole. This phenomenon was re-
programmed time intervals to determine the fluxes of dis-stricted to the< 20 m vicinity of the vents. Abyss Vent was
solved methane, silicate and ammonium. All chemical anal-marked by a couple of round openings of 10cm diameter
yses followed standard procedures (Grasshoff et al., 1999¥rom which hot CGQ-rich water & 60°C) was ejected. Swal-
The fluxes were calculated from the linear regressions of contfow Chimney was surrounded by sulfur pavements and emit-
centration vs. time over the area of the sediment enclosed bted relatively cold fluids dominated by liquid GO

the chamber.
3.2 Microprofiles

2.5 Methane oxidation and sulfate reduction rates
In situ microprofiles of pH, oxygen, sulfide, redox poten-
Sediment cores for measurements of anaerobic oxidation dfial and temperature at three different sites were measured
methane and sulfate reduction were subsampled on boarth 2008 (Fig. 2a—c) and at two sites in 2010 (Fig. 2d and e).
with three replicates per sample site. The rates were meafhe distances of the five profile sites from the Abyss Vent
sured according to previously published protocols (Treude etvere 0.5m, 10m, 100m, 125m and 0.5km (the reference
al., 2005). Briefly, either 25 pl**CH, (dissolved in water,  site). The oxygen sensors were damaged before the measure-
2.5kBq) or 5-10 pL carrier-fre@SOf[ (dissolved in water, ments at 0.5m and 100 m, all other microprofile measure-
50 kBq) were injected in 1 cm intervals into the subcores. Thements were successful. The oxygen concentrations in the bot-
sediment was incubated in the dark at in situ temperature fotom water, measured with in situ sensors and on retrieved wa-
12-48 h. After the incubation, the reaction was terminated byter samples in 2008 and 2010, were approximately 0.08 mM
cutting 1 cm sections of the sediment cores into the respecat all sites. The reference site showed an oxygen penetra-
tive fixative for further analysis in the home laboratory. tion into the sediments of 8 mm. No significant decrease in
pH was measured, sulfide was absent, and the redox poten-
tial and temperature remained that of the bottom water in the
upper 12 cm (Fig. 2e).

Biogeosciences, 10, 5639649 2013 www.biogeosciences.net/10/5639/2013/
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3.3 Geochemistry

Generally, the porewater profiles were surprisingly hetero-
geneous, indicating a complex spatial scaling of subsurface
transport of hydrothermal fluids and liquid GCas well as

: : A intense reactions with the surface sediments. Porewater pro-
Swallow NN —— = files showed elevated concentrations of sulfide, methane, am-

Chimney

monium (Figs. 3 and 4), manganese and iron (not shown),
which may serve as electron donors for microbial oxygen
consumption and could explain the enhanced oxygen fluxes
in vented sediments. The subsurface porewater retrieved
from the vents showed increased concentrations of methane
compared to the background site {mM, 3 out of 5 sites
sampled) and sulfidex(2 mM), but these could not be quan-
tified with precision due to the vigorous degassing upon re-
trieval on deck. This outgassing was mainly driven by the
strong supersaturation of G@nd often continued for 10 to

20 minutes after arrival on deck. The loss of £during re-
trieval increased the pH to 6 or 7 in the sediments.

Beyond high gas content and elevated concentrations of
reduced compounds, the geochemistry showed further sub-
stantial effects of C@leakage and hydrothermalism in sedi-
Fig. 1. Bathymetric map of the working area. The microprofiler lo- ments retrieved close to the vent sites (Figs. 3 and 4). These
cations are indicated, at 550 m (1, Reference, MP1 2010), 125 m (2included steep porewater profiles and high total alkalinity
MP2 2010), 100m (3, MP3 2008), 10m (4, MP1 2008) and 0.5 m (> 60 meq L-1), low sulfate, and elevated concentrations of
(5, MP2 2008) distance from Abyss Vent. The black arrow indicatessilicate (Figs. 3 and 4). Since the sediments around the Swal-
the main bottom water current direction. low Chimney were extensively covered with volcanic rock
debris and chimney material, sediment samples could only be

Fecovered by gravity coring. The collected porewaters exhib-

The sites closer to the vent showed increasing effects o . L !
fluid advection. The oxygen penetration decreased to 5 mm a'é?d also very high total alkalinity and NH elevated sulfide,

the site of 125 m distance from the vent (Fig. 2d) and 1 mm issolved silicate and methane (Fig. 5). Accordingly, ben-
at < 10m distance (Fig. 2b). Sulfide was détected in Sedi_thic chamber incubations recorded effluxes of ammonium,

ments at 100 m distance (Fig. 2d), and the sulfide profilesmethane’ DIC and S"'C?‘te near the ver_1ts. None of the sites

. . investigated leaked sulfide to the overlying bottom water.
became increasingly steeper closer to the vent. Remarkably,
they were almost perfectly linear, indicating high transport

rates, but relatively low sulfide production in the upper 5cm.

The sediment redox potential decreased rapidly to negativq_he benthic chamber measurements showed rather low total

values at the sites closer than 100 m from the vent. The CO Xvaen consumption rates at and near the vent sites which
sensors showed a drastic increase in signal with depth, Su'\g/)_ve);ge however ?ﬂ her than at the reference site (Table 3)
passing the calibration range of the sensors attm depth, S » N9 . '

Similar to porewater geochemistry, the rates of sulfate re-

and hence could not be used for quantification of,@0on- tion and anaerobic methane oxidation were found to b

centrations. The pH profiles became steeper close to the veng,uchl0 hat anaerobic F'e % eto da g d E’Tet:. ound to et

showing a pH of~4.5> 6 cm below the seafloor (cmb.s.f.) Ighly ‘heterogeneous (Fig. , Standard deviations are no
shown for clarity). Areal rates in cores, taken less than 40 cm

at sites closer than 100 m from the vent. Accordingly, the ) i .
fluxes of oxygen and sulfide increased when approaching thgpart, could differ an order of ma_g_mtqde in SR and AOM
rates. Consequently, areal quantification was not possible

vents (Table 2). At the site 10m from the A Vent, th .
ents (Table 2). At the site 10 om the Abyss Vent, t ebased on our sparse coring, but trends can be seen. Gener-

diffusive oxygen flux was almost ten times the sulfide flux. .

Thus other electron donors than sulfide are needed to explai ",Z;] Z?tg]ssi;gg tiﬁgfs ;aéti']s ;’:\ZE :ggireﬂgsei;é%;zteu\éi?sts

the high oxygen consumption rate in the sediments. of the hydrothermal fluids fuelled these microbial processes,
even under the conditions of high G@oncentrations and
low pH associated with the vents. However, measurable rates
of SR and AOM were limited to the upper 7-15cm in re-
trieved cores (Fig. 6a and b). Accordingly, AOM or SR
were below detection level in gravity cores from Swallow

3.4 Microbial respiration rates

www.biogeosciences.net/10/5639/2013/ Biogeosciences, 10, 5&3%®-2013
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Table 2. Fluxes of oxygen and sulfide near the sediment—water interface, calculated from the microprofiles using Fick’s law of diffusion, the
average integrated areal SR and AOM measured in MUC and PC taken in and near seeps, and fluxes of methane and DIC measured with th
benthic chambers. The distances are between the microprofiler and the Abyss Vent. The station code is given in parentheses (see Table 1).

Areal rates and fluxes (molﬁ? s 1

Distance to Abyss Vent: 3 Sulfide SR AOM CH DIC
Reference 500m (MP12010) —2x 1078 0 005x10°8 0 0 n.d.
125m (MP2 2010) —23x108% 0 n.d. n.d. nd n.d.
100 m (MP3 2008) # Bx108 015x108 0 06x10°8 115x10°8
10 m (MP1 2008) —21x1077 35x10°8 nd. n.d. O0lx 1078 30x10°8
0.5m (MP2 2008) # Bx108 6x10°8 01x108 46x10°% 300x10°8
(2 x 107 8)*
* Disregarding one outlier rate obtained from MUC10.
n.d. =not determined.
T(°C) (©c) T(°c) T(%)
2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8
-0.02 0.02 l -0.02 I 0.02 I
i C 1 D | E
0.00 0.00 7 0.00 I 0.00
-7 |
0.02 0.02 yd -~ 0.02 ' 0.02
E 0.04 0.04 0.04 : 0.04
£ ! {
@ 006 006 1 0.06 | 0.06
1]
|
0.08 0.08 0.08 0.08 , 0.08 '
] I} == pH
0.10 0.10 0.10 0.10 ' 0.10 l — T
0.5m 10m 100m 125m | referencey
0.12 0.12 012 0.12 0.12
4 5 6 7 4 5 6 7 a4 5 6 7 7 8 9 6 7 8 9
pH pH pH pH pH
ORP (mV) ORP (V) ORP (mV) ORP (mV) ORP (mV)
100 -400 -300 200 -100 0 100 400 -300 -200 -100 0 100 -400 300 -200  -100 0 100 -400 300 -200  -100 0 100
0.02 & -0.02 -0.02 -0.02
0.00 0.00 0.00 M 0.00 F"MMJ
0.02 0.02 0.02 0.02
E 0.04 0.04 0.04 0.04
g 0.06 0.06 0.06 0.06 —_ st
3 008 —— ORP
008 0.08 0.08 0.08 0.08 —e— O2
0.10 0.10 0.10 0.10 0.10
0.5m 10m 100m 125m reference
012 012 012 0.12 - 012 L1

0 1 2 3 4

sulfide (mol m™3)

o 1 2 3 4
sulfide (mol m-3)
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Oy (mol m3)
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sulfide (mol m-3)

6 1 2 3
sulfide (mol m-3)

4

o 1 2 3 4
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0.00 0.02 0.04 0.06 0.08 0.10

0, (mol m™3)

0.00 0.02 0.04 0.06 0.08 0.10

0, (mol m™3)

Fig. 2. In situ microprofiles of oxygen, pH, sulfide, ORP (redox potential) and temperature, measured during two cruisegarQ@oRl
in 2010(d) and(e), at different distances to Abyss Vent. The distances are indicated in the plots; the reference was taken approximately 1 km
southwest of the vents. The positions can be found in Table 1. All gradients clearly increase towards the vent.

Chimney, which were sampled in 50 cm intervals, starting at0.8x 108 (+£0.2x 108 molm—2s~1 in CO, vented sed-
50cmb.s.f. (data not shown). Integrated SR rates were ofiments near seeps, thus almost a magnitude lower than the

average 6.6 1078 (+8 x 10~8) molm=2s~1 for sites with
high CO, leakage (reaching 60 meqtL total alkalinity in

SR rates. AOM rates were below the detection limit away
from the vents and at the reference site. This suggests that

> 15 cm sediment depth) around the Abyss Vent and Swalimost SR is driven by electron-donors other than methane,

low Chimney, 0.15¢ 108 (+0.16x 10 8) molm2s1 for

indeed B was found in the vent fluids and sediments. The

the sites with low CQ leakage, and negligible at the ref- sulfide fluxes, measured with microsensors (Table 2), were
erence site. The average of all areal rates of AOM wasmuch higher than the areal SR rates, indicating that most of
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core approximately 550 m southwest of the vents, are indicated with! € data from the reference site, approximately 550 m southwest of
black symbols. Other distances from the Abyss Vent; PC1 (1 m),the vents, are indicated with black symbols. The other cores are

PC5 (1m), PC11 (10m), PC33 (0.5m), PC24 (2m), PC14 (10 m),from the Abyss Vent area. MUC 10 is the only core among all sedi-
and PC1 2010 (100 m). ments sampled that showed sulfate depletion.

the sulfide diffusing to the sediment surface does not orig- s V\;y
inate from SR in the upper sediments, but was transportec |

with hydrothermal fluids. Indeed, the highest sulfide concen-
tration was found in a deep GC core (GC1) with clear hy-
drothermal signatures, such as high dissolved silica and am
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in its supercritical form from hot subsurface strata to the 20} ]

cooler surface seafloor where it liquefies and,CGdrates 251

may form (Konno et al., 2006). Spontaneous release of liquid
COy, was observed from the rocky vent chimneys, but rarely
from the sedimentary seafloor. Here, emission of liquicCO

was induced only upon disturbance of the surface seabedig. 5. porewater chemistry profiles obtained from sediments re-
e.g. by penetrating the top 20 cm with a temperature probe Ofrieved by the gravity corer (GC). The data from the reference core
with coring gear. The heterogeneity of the geochemistry canGC 8), taken approximately 1 km southwest of the vents, are indi-
partially be understood from the different phases in the sed<ated with black symbols. GC 9 was obtained 50 m south of Abyss
iments. The density of pure liquid GQSpan and Wagner, Vent; GC 1 and 3 were taken near the Swallow Chimney.

1996) is approximately 100 kgnd lower than that of C@-

saturated surrounding porewater (1050 Kgfgr(Duan et al., .

2008), whereas the GOhydrates on the shallow seafloor subsurface_hydrothermal reservoirs laterally through the vgl-
have a higher density; thus the system is unstable. Supercrit€ (Inagaki et al., 2006). Depending on heat gradients, its
ical and liquid C@ may finger upwards through the sedi- S€€Page is inhibited by gas hydrate formation and the high

ments, and may tend to creep inside the sediments from th¥iSCcosity of the liquefied C@(Fenghour et al., 1998).
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In situ, at pressures of 130 atm, dissolved COcon-  COy, as is clear from a more general formulation (Wallmann
centrations in equilibrium with C®hydrate, liquid, or su- et al., 2008):
percritical CQ may reach 1000-1700 mM (Duan and Sun, . o .
2003; Duan et al.,, 2006). We estimate that these Con_rea;twe S'"Cét_e& COZ__) metal cations )
centrations are reached at about 20cm depth, correspond=dissolved silica- HCO3 .

ing to our in situ flux measurement by benthic chamber g gissolved C@is indirectly a substrate, this process will

of 300x 10~®molm~2s~%. This flux can be explained by e grastically enhanced at the extremely high,0vels at
diffusion alone, as the calculated diffusive fluxes rangene vented sites, as confirmed by the high subsurface concen-
from 200-400< 10 ®molm™?s, assuming a diffusion rations of SiQ. Thus the sequestration of liquid G@ the
distance of 0.2-0.3m, an effective diffusion coefficient of geep seabed will indeed lead to enhanced weathering of the
0.6-0.8x 10~?m?s™* at the porosity of 0.7 at 1380 m water sediments, and consumption of protons. However, this prac-
depth, and a temperature of 515 However, fluid convec-  ice will also lead locally to strong ecosystem effects. We will

tion cells will develop in sediments very close to the seeps yther discuss the most severe consequences for microbial
where upward flow close to the hot seeps is compensated bite and element cycling.

inflow of seawater at some distance around the seeps. The COy-enriched hydrothermal fluids of Yonaguni Knoll IV
diameter of such cells is thought to be a few metres (HaeCke!:o-migrate from large depth with GHH,S and NH and H
and Wallmann, 2008). As a result of the complex transport(KOnno et al., 2006). The concentrations of &hd CHy in
phenomena, the porewater composition is highly variable bethe hydrothermal fluids vary between 1 and 10 mM. These
tween vents and seeping sediment sites. potential electron donors for microbial reactions are prod-
The fluxes of DIC, methane and ammonium far exceed thects of mainly thermal degradation of organic matter. When
oxygen uptake, the SR and the AOM rates. Thus, microbi-eaching the cooler, oxidized seawater, the high fluxes of re-
ological processes hardly influence the geochemistry of thgjced compounds could drive a suite of metabolic activities,
vented sediments. Despite the_ local yariability of heat, ﬂ“idvusually known to turn hydrothermal vents and cold seeps to
CQ, and energy transport, it is obvious that £@akage  ases of life, attracting numerous types of chemosynthetic
around the vent systems reduces the pH of the sedimentary,cieria. However, at the Yonaguni Knoll IV site chemosyn-
environment. The enhanced alkalinity and silicate concentrahesis seems limited to the chimneys. Microbial mats that
tions are due to weathering of silicates: are characteristic for highly productive sediments were ab-
MeSiO; + HyO + 2HT — Me?" + H4SiOy, 1) sen't. Generally, micro'bial life is gery limited in the vented
sediments. Notably, with- 5 x 10~° mol, oxygen consump-
where Me can be CGa or Mg?t. The reaction leads to a pH tion (Table 3) appeared substantially repressed compared to
increase, and thus shifts the carbonate equilibrium away fronthat of other seeps and vents with similar concentrations
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Table 3.In situ fluxes obtained from the benthic chambers near Abyss Vent.

Distance Q CHgy DIC Si NH3 Dive,

to vent: (molm2s™ 1)  (molm2s1) (molm2s1) (moim2s1) (molm2s1) chamber
number

Reference 500m —0.9x 108 0 n.d. 0 0 206, 1

25m —46x108% 06x108 115x 10°8 52x 1078 0.7x 1078 206, 2

10m n.d. 007 x 108 30x 1078 58x 1078 58x 1078 203,1

0.5m —46x108%  46x108 300x 10~8 14x 1078 12x 1078 203, 2

n.d. =not determined.

of reduced compounds in surface porewaters (Felden et al1000-1700 mM far exceed the30 mM that can be reached
2010; Ristova et al., 2012). Typically, methane seeps at simin COy-saturated seawater at 1 atm.
ilar water depths show oxygen consumption rates of 10— Liquid and supercritical C®are highly powerful apolar
100x 10~8mol. solvents that will disintegrate cytoplasmic membranes, and
Furthermore, the interfacial fluxes of sulfide were almostthus are lethal for all life forms. Droplets of liquid GQvere
always much higher than the integrated SR rates (with ex-consistently observed upon retraction of push cores by the
ception of the rates measured in MUC10), thus most of theROV arm around the Abyss Vent, indicating that liquid £0
emitted sulfide originates from hydrothermal processes, andeached to 20—-30cmb.s.f. In the deeper sediments, where
microbial production by SR was only a small fraction of the temperature exceeded the critical point of Oe. 31°C),
sulfide budget. This is also clear from the almost linear sul-supercritical CQ was present. However, the liquid and su-
fide profiles, indicating the dominance of transport and thepercritical CQ only occupy a fraction of the pore space, as
absence of significant sulfide conversions. Interestingly, bothmany ionic species were found in concentrations common
sulfate and methane were consistently present in the sedfor seawater. C@may be unevenly present in the form of
ments, even at larger depths (Fig. 5), angdviths present in  droplets or bubbles that are retained in the low-permeability
the vent fluids and sediments (Konno et al., 2006), but nohydrothermal sediments. However, also in the porewater near
sulfate reduction was detected below 15cm depth (Fig. 6)liquid and/or supercritical C&) most life will be unlikely.
Only relatively low SR and AOM rates were measured at theAOM, with its very low energy yield, will not be possible
vents, as compared to other methane-rich hydrothermal ventdue to end-product inhibition. AsHs present in vent fluids
and seeps that are not impacted by d€éakage (Biddle et and sediments, sulfate reduction was expected wherever sul-
al., 2011; Felden et al., 2010). fate is present. However, sulfate reduction did not occur. The
Hence, an important question is as to what restricts mi-extremely high levels of Cowill be toxic for most forms of
crobial anaerobic respiration to the upper 7-15 cm layer, defife, as it will pass the membranes, dissipate Ay gH across
spite the availability of chemical energy. Experiments car-the cell membrane, and thus disrupt the cellular pH home-
ried out with marine sediments showed the potential forostasis. Most microbes need to maintain a near neutral cy-
SR up to temperatures of 8Q (Holler et al., 2011). From toplasmic pH, and do so even under the most extreme ex-
extrapolation of the interfacial gradients based on the temperternal pH levels. Thus cytoplasm acidification will inhibit
ature profiles measured with the microprofiler, we estimatemost microbial activity at pH4.5 and 1700 mM @OThe
that 60°C is reached at 2.5m, 0.8 m and 0.6 mb.s.f. at thestalling of biogeochemical processes in deep-sea §¥eps
locations 100 m, 10 m and 0.5m from the Abyss Vent. Thisand disposal areas will have drastic consequences for the lo-
indicates that lethal temperatures are only reached far belowal ecosystem. The current understanding of physiological
the upper 15 cm depth horizons and should not limit micro-adaptation strategies to high @@nd of overall ecological
bial activity here. Then, possibly, the low pH might constrain consequences of GQeakage for seafloor ecosystems is still
AOM and SR. However, shore-based incubation experimentdéimited; however, our observations at the Yonaguni natural
with sediments from the same site showed that SR was no€O; vents suggest that the liquid or supercritical O®ser-
inhibited at a pH value of 4.5 or even at pH 3 (Yanagawa etvoirs could form one of the harshest environments for life as
al., 2012). An essential difference between these ex situ inwe know it. It may well be that microbial cells and preserved
cubation experiments with rate measurements under in sitDNA and RNA are found in such extremely G@ich habi-
conditions are the Cflevels to which the microbial com- tats. These cells will be, however, inactive or dead. Further
munities are exposed. It should be noted that at the low amexperimental work will be needed for testing the physiologi-
bient pH, well below the pK almost all DIC will be in the  cal effects of extremely high CQevels on pH homeostasis,
form of CO,. The in situ dissolved C@concentrations of  using high-pressure reactors.
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