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Abstract Methane (CH4) concentrations and CH4 stable

carbon isotopic composition (d13CCH4
) were investigated in

the water column within Jaco Scar. It is one of several scars

formed by massive slides resulting from the subduction of

seamounts offshore Costa Rica, a process that can open up

structural and stratigraphical pathways for migrating CH4.

The release of large amounts of CH4 into the adjacent

water column was discovered at the outcropping lowermost

sedimentary sequence of the hanging wall in the northwest

corner of Jaco Scar, where concentrations reached up to

1,500 nmol L-1. There CH4-rich fluids seeping from the

sedimentary sequence stimulate both growth and activity of

a dense chemosynthetic community. Additional point

sources supplying CH4 at lower concentrations were

identified in density layers above and below the main

plume from light carbon isotope ratios. The injected CH4 is

most likely a mixture of microbial and thermogenic CH4 as

suggested by d13CCH4
values between -50 and -62 %

Vienna Pee Dee Belemnite. This CH4 spreads along iso-

pycnal surfaces throughout the whole area of the scar, and

the concentrations decrease due to mixing with ocean water

and microbial oxidation. The supply of CH4 appears to be

persistent as repeatedly high CH4 concentrations were

found within the scar over 6 years. The maximum CH4

concentration and average excess CH4 concentration at

Jaco Scar indicate that CH4 seepage from scars might be as

significant as seepage from other tectonic structures in the

marine realm. Hence, taking into account the global

abundance of scars, such structures might constitute a

substantial, hitherto unconsidered contribution to natural

CH4 sources at the seafloor.

Keywords Submarine slide � Cold seeps � Stable carbon

isotopes � Methane � Seamount subduction � Costa Rican

fore-arc

Introduction

Methane is the most common ‘‘geogenic gas,’’ and attempts

of quantification (Cranston et al. 1994; Hovland et al. 1997;

Judd et al. 1997, 2002; Hornafius et al. 1999; Reeburgh 2007)

have illustrated the significance of this gas to the global

carbon budget (Judd et al. 2002). CH4 is generated in sedi-

ments by the decomposition of organic matter buried when

the sediments were deposited. Microbial CH4 is produced by
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methanogenesis at relatively shallow sediment depths,

whereas thermogenic CH4 is formed in high temperature and

pressure conditions in depths greater than one kilometer

(Tissot and Welte 1984). Buoyancy-triggered advection and

pressure gradients transport the gas toward the earth’s sur-

face. On the way, several processes decrease the amount of

CH4 that reaches the sediment–water interface. CH4 can be

removed by hydrate formation in the gas hydrate stability

zone (Reed et al. 1990). Just below the sediment surface, a

large fraction is anaerobically oxidized, leading to the pre-

cipitation of authigenic carbonates (Kulm et al. 1986) and

providing energy for vent-specific biota (Sibuet and Olu

1998). Most vent fauna rely on hydrogen sulfide produced by

anaerobic oxidation of CH4 instead of directly using CH4 as

energy source (Fisher 1990). If the CH4 flux to the ocean is

not completely exhausted by these processes, a fraction of

the CH4 is emitted into the water column. This CH4 can be

emitted either dissolved in fluids or, in case of over-satura-

tion, in form of gas bubbles (Valentine et al. 2001; Judd and

Hovland 2007; Reeburgh 2007).

Seep-derived CH4 in the water column is further diluted

due to mixing with ocean water, and the concentration also

decreases due to microbial aerobic CH4 oxidation in most

parts of the ocean. Only in anoxic basins does anaerobic

oxidation of CH4 become important (Reeburgh 2007). The

stable carbon isotopic composition of CH4 can be used to

discriminate between mixing and microbial oxidation,

because dilution results in a mixed isotope ratio from back-

ground CH4 and seep-derived CH4. In contrast, oxidation of

CH4 leaves the residual CH4 enriched in 13C (Barker and Fritz

1981; Damm and Budeus 2003). This difference permits the

determination of which of the two pathways dominates and of

what kind of species (CO2 or CH4) are supplied to the ocean

carbon pool in a specified space and time frame.

Natural CH4 seeps occur near shore, at continental

shelves, and in the deep ocean (Judd et al. 2002; Judd and

Hovland 2007). The determination of the extent and source

strength of the various seep structures is one of the most

significant hurdles to estimate the role of natural seepage in

the global CH4 budget (Kvenvolden et al. 2001; Reeburgh

2007). Up to date, CH4 emission into the water column

from mud extrusions (Cita et al. 1995; Henry et al. 1996;

Ginsburg et al. 1999; Lein et al. 1999; Kopf and Behrmann

2000; Damm and Budeus 2003; Haese et al. 2003; Mau

et al. 2006; Sahling et al. 2009), anticlines (Suess et al.

1998; Clark et al. 2000; Wiedicke et al. 2002; Heeschen

et al. 2005; Faure et al. 2010), canyons (Dia et al. 1993;

Olu et al. 1996a; Suess et al. 1998; von Rad et al. 2000;

Valentine et al. 2001), slides (Dia et al. 1993; Olu et al.

1996a), and paleo-deltas (Sahling et al. 2008a; Schmale

et al. 2010) has been reported. Most of these structures are

connected to faults which are prominent pathways for ris-

ing fluids (King 1986; Judd et al. 2002).

Although submarine slides commonly occur along con-

tinental margins, little is known about CH4 seepage from

these structures. In this paper, we report on CH4 seepage

from a slide offshore Costa Rica (Figs. 1, 2) formed by

seamount subduction (Ranero and von Huene 2000). More

than 45,000 seamounts are estimated to occur worldwide

(Etnoyer et al. 2010), whose life spans end when they reach a

subduction zone or when their host ocean basin closes due to

the collision of two continental plates (Staudigel and Clague

2010). During subduction, seamounts intercept and destroy

the frontal prism while being carried down the subduction

zone. Afterward, the prism re-grows rapidly to its former

extent, but tracks in the form of deeply cut grooves mark the

further path of the seamount on the continental margin. Such

subducted seamounts form circular uplifts with steep scars

on their seaward side caused by failure of oversteepened

sediments (von Huene et al. 2000; Hühnerbach et al. 2005)

(Fig. 1). A number of steep scars were discovered offshore

Costa Rica and elsewhere along the Middle American

Pacific continental margin by high-resolution bathymetric

mapping (Ranero and von Huene 2000; von Huene et al.

2000; Harders et al. 2011). Tracks of subducting seamounts

on continental margins were also reported from the Aleutian

subduction zone (Suess et al. 1998), the Japan Trench

(Lallemand and Le Pichon 1987), the New Hebrides sub-

duction zone (Collot and Fisher 1989), and the Tonga Trench

(Ballance et al. 1989). The process of seamount subduction

creates possible pathways for rising fluids and gas (Sahling

et al. 2008b) as it involves formation of faults and cutting of

upper slope sediments due to slides (Ranero and von Huene

2000; von Huene et al. 2000) from which accumulated CH4

discharges.

We investigated CH4 concentrations and the carbon

isotopic signature of seep-derived CH4 within the area of

Jaco Scar, one of the prominent slides formed by seamount

subduction offshore Costa Rica (Figs. 1, 2). Highest CH4

concentrations of all water column stations studied during

the PAGANINI expedition in 1999 (SO144, CTD02)

(Bohrmann et al. 2002) were obtained inside Jaco Scar.

Based on these primary data, high-resolution sampling of

the water column was conducted to identify source and fate

of CH4 in the scar. The main venting area within Jaco Scar

was further characterized by quantitative video analysis.

Finally, we compared maximum CH4 concentration and

average excess CH4 concentration of Jaco Scar with other

natural sources of CH4 in order to identify the significance

of scars as natural CH4 seeps in the marine realm.

Methods

CH4 concentration and isotope ratios were measured in

water samples at 12 different locations within the area
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Fig. 1 Location of Jaco Scar at

the continental margin off Costa

Rica and a close-up of the scar.

Other scars (pointed out by

arrows) and CH4-emitting mud

extrusions (mounds = stars)

along this part of the continental

margin, which are referred to in

the text, are also indicated. R1,

R2, and R3 represent reference

stations

Fig. 2 Sampling stations at

Jaco Scar are marked by filled
circles. The labels of the

stations indicate the time of

sampling: SO163—April/May

2002; M54—August/September

2002; SO173—September

2003; M66—October 2005; and

the sampling method: CTD—

hydrocast sampling; VESP-

MUC—video-guided sampling;

ADCP—current record. Box 1
displays the area where highest

CH4 concentrations were found,

box 2 the surrounding area of

high CH4 concentration

(excluding box 1), and box 3 the

whole area of the map with CH4

concentrations slightly above

background CH4 concentrations

(excluding box 1 and 2). The

seafloor survey with camera

sled OFOS (M54/OFOS8) is

displayed as thin line and the

stations used for the contour

plot of Fig. 5a are connected by

a thick, dashed line
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comprising Jaco Scar (Fig. 2). Reference stations R1, R2,

and R3 are situated above the scar and farther away at the

Costa Rican margin as illustrated in Fig. 1. Seawater

samples were collected during cruises of research project

SFB 574 ‘‘Volatiles and Fluids in Subduction Zones’’ at the

University of Kiel, Germany, in April/May 2002 (SO163-

2), August/September 2002 (M54-2/3), September 2003

(SO173-3/4), and October 2005 (M66-2). Reference station

R1 was sampled during M54-2/3; R2 and R3 were sampled

during SO163-2. In addition, an upward-looking Acoustic

Doppler Current Profiler (ADCP) was deployed during

M66-2.

Water samples for CH4 analyses were collected by

CTD/rosette and by a video-guided VEnt SamPler mounted

to a modified MUltiCorer frame (VESP-MUC). Water

samples taken by CTD/rosette were collected with

decreasing height above the seafloor. Samples closest to the

seafloor were taken at about 10–20 m above bottom. In

contrast, the VESP-MUC was towed approximately 2–3 m

above the seafloor and was deployed if signs of seepage

became visible, for example, clam colonies, microbial

mats, or carbonate crusts. The VESP-MUC consists of five

5-L Niskin-type water bottles (HYDRO-BIOS) (Linke

et al. 1994). The ship’s coaxial cable was used for bidi-

rectional transmission of the video images, commands,

data, and power supply of the underwater units (ADITEC/

SCHOLZ).

For CH4 analyses aboard, a modification (Rehder et al.

1999) of the vacuum degassing method described by

Lammers and Suess (1994) was used. This method

requires knowledge of the dissolved O2 concentration,

which was determined by Winckler titration (Grasshoff

et al. 1997) in addition to the O2 sensor of the CTD. CH4

analyses of two series of samples from a single hydrocast

yielded a precision of ±10 % for samples with CH4

concentration \2 nmol L-1 and ±5 % for CH4 concen-

tration [2 nmol L-1.

The remainder of the extracted gas from the vacuum

degassing method was transferred to an evacuated 20-mL

vial, preserved with 7 mL of saturated HgCl2 solution, and

stored for shore-based concentration and isotope ratio

analysis. CH4 and C2H6 concentrations of gas samples

taken near the source were analyzed about 4 months after

the M54/2&3 cruise using standard GC techniques (Shi-

madzu GC 14A). CH4 concentrations measured on board

and on shore deviated by less than ±1 %. Furthermore, gas

samples were analyzed by isotope-ratio-monitoring gas

chromatography/mass spectrometry (irm-GC/MS, Finnigan

MAT 253). In preparation, aliquots of gas samples were

purged using Mg(ClO4)2 and NaOH for purification and

CO2 removal, and a HayeSep D trap in an ethanol bath at

-110 �C for cryofocussing. The CH4 was separated by gas

chromatography using a 30-m, 0.32-mm i.D. Poraplot Q

capillary column run isothermally at 50 �C, and then oxi-

dized to CO2 in a Ni-combustion reactor run at 1,100 �C.

The water generated by oxidation was removed by a

naphion tubing in a dry He stream and a P4O10 water trap.

The CH4-derived CO2 peak was cryofocussed again.

Controlled warming of the trap injected the gas into a

continuous flow of He to the mass spectrometer and pro-

vided an optimized peak width. The volume of the injected

samples was chosen based on the CH4 concentration

measured aboard to allow constant mass injections (e.g.,

less gas was injected of a sample of high CH4 concentra-

tion). The overall reproducibility of stable carbon isotope

determination was 0.6 % for all samples. All isotope ratios

are given in d-notation versus Vienna Pee Dee Belemnite

(VPDB) standard.

Current measurements were obtained by an upward-

looking ADCP (RD-Instruments, 75 kHz) attached to a

lander device that was deployed autonomously at the sea-

floor. The ADCP covered a depth range of 1,863–1,423 m

water depth and was located at 9�07.000N/84�50.490W,

close to the headwall of the scar in the northwest corner

(Fig. 2). The ADCP was deployed from October 16 to 18,

2005. Data were recorded using a BIN size of 10 m and an

average ensemble interval of 10 min.

Detailed seafloor video information in the vicinity of the

main vent area, which was previously determined by

information on the water column CH4 distribution and

video information from towed instruments, was gathered

during dives 73 and 74 of ROV Quest (MARUM Bremen)

in September 2005 (Brueckmann et al. 2009). This infor-

mation was used for quantitative assessment of the pre-

vailing vent fauna. Video material recorded in broadcast

quality (camera: Insite Atlas 3CCD installed 20 cm above

the ROV base) was analyzed in order to estimate the rel-

ative coverage of different types of vent-specific fauna at

the sea floor, in particular Beggiatoa, vesicomyid clams,

bathymodiolid mussels, Vestimentifera, and Serpulida. For

this task, a transparent slide with a 4 9 5 box raster (where

each box counts 5 %) was fixed to the monitor to render

more precisely the estimation of the faunal distribution

relative to the imaged sea floor. Each of the consecutive

freeze images was analyzed along each of the tracks.

Similar percentage of closely located positions were sum-

marized and assigned to one category of coverage. Accu-

rate positioning and navigation of the ROV with an

accuracy of two meter was achieved by using an ultra-short

baseline positioning system (IXSEA GAPS). Processing of

ROV navigation data eliminated a number of outliers,

which possibly resulted from inaccurate measurements,

reflections at boundary layers of different water bodies, or

bottom structures (for details, see Schleicher 2006).
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Results

Hydrography

Depth profiles of potential temperature, salinity, and den-

sity show that the CH4 at Jaco Scar is emitted in a well-

stratified water mass that is not restricted to the scar. This

implies a dominant horizontal spreading of CH4 from the

source to water outside of the scar. Jaco Scar is located at

1,000–2,400 m water depth. At this depth, the eastern part

of the Pacific is composed of low-saline Pacific interme-

diate water (PIW, salinity ca. 34.5) from *600 to 1,200 m

water depth and of Pacific deep water (PDW, salinity:

34.6–34.65 and temperature *2 �C) filling the basin below

(Badan-Dagon 1998). The potential temperature–salinity

graph shows a notable influence of low-salinity PIW above

ca. 1,500 m (at *3 �C) whereas water below follows a

straight line indicating mixing of two water masses, that is,

PIW and PDW (Fig. 3a). Depth profiles of potential tem-

perature, salinity, and potential density from inside the scar

are consistent with profiles from reference stations outside

the scar (Fig. 3). Multiple profiles indicate the range of the

lateral variability within the scar, but also demonstrate that

the general vertical structure is undisturbed within the

depression formed by the scar. No temperature or salinity

anomalies were found near the seep site. Potential tem-

perature decreases gradually from 5 to 2 �C with depth.

Salinity increases slightly from 34.58 to 34.67 and poten-

tial density (rh) increases from 27.33 to 27.71 kg m-3 with

water depth. Even though the potential temperature and

density profiles show a smaller depth-dependence below

27.58 kg m-3 (corresponding to *1,500 m), density still

increases steadily ensuring a well-stratified water column

(Fig. 3d).

A 48-h ADCP deployment in 2005 (for location see

Fig. 2) indicates that the current pattern within Jaco Scar

varies with depth (Fig. 4). The measurements show

decreasing current velocities and a general change in

direction from northward above *1,700 m water depth to

southward near the seafloor. The mean current velocity

(time frame of four tidal cycles) was 52 ± 29 mm s-1 at

1,500 m water depth, 44 ± 24 mm s-1 at 1,600 m water

depth, and 35 ± 19 mm s-1 at 1,700 and 1,800 m water

depth. At 1,500 m and above, water flowed toward north-

west with highest velocities occurring during low tide. The

flow turned toward the northeast during high tide and

returned clockwise (southerly directions) to the northwest

again at low tide. The progress of water toward north/

northwest prevailed to about 1,700 m, but the flow showed

increased turbulence with incessantly changing directions.

a b

c d

Fig. 3 a Potential temperature–

salinity graph, profiles of

b potential temperature,

c salinity, and d potential

density (rh) versus depth at

stations at Jaco Scar (gray) and

at reference stations (black)
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A tidal cycle could hardly be distinguished. At 1,800 m

water depth, the current record indicates a predominant

southward flow that only occasionally turned toward the

north. The increased turbulence with depth and southerly

flow results most likely from the topography of Jaco Scar

affecting the general flow toward northwest.

CH4 concentration

The water column in the area of Jaco Scar was sampled

intensively during April/May 2002 (SO163/2) and August/

September 2002 (M54/2&3). Two stations, one in the

northwest corner and the other at the eastern rim of the

scar, were sampled during these two campaigns and again

in September 2003 (SO173/3&4) and October 2005 (M66/

2) to record temporal variability.

Highest CH4 concentrations were observed in the den-

sity range 27.58–27.68 kg m-3 (in 1,500–2,000 m water

depth) during all sampling campaigns (Figs. 5a, b, 6)

forming a distinct plume, that is, water with CH4 concen-

trations above the regional background and an isotopic

signature which indicates seepage. The average CH4 con-

centration of the 2002 data in this zone was 85.1 nmol L-1

(n = 146). CH4 concentrations decreased above this plume

(1,000–1,500 m, average 2.0 nmol L-1, n = 43) as well as

below (2,000–2,400 m, average 7.1 nmol L-1, n = 18).

However, most values were higher than background values

measured at reference stations outside the scar. The aver-

age background CH4 concentration was 1.9 nmol L-1 at a

station above the scar (R1 in Fig. 1, n = 5), and

1.3 nmol L-1 and 0.8 nmol L-1 at reference stations R2

and R3, respectively, which are located farther away (R2/

R3 in Fig. 1, n = 5/6).

CH4 concentrations also differed horizontally (Fig. 5a).

Highest values were observed at the northwest corner of

the scar, on the western slope of a small ridge (box 1).

Concentrations reached up to 1,506 nmol L-1 CH4 there.

Ethane concentrations were negligible (M54/CTD151,

M54/VESP-MUC173-1&2), resulting in C1/C2 ratios

between 4,000 and 6,000. The average CH4 concentration

in box 1 (between 27.58 and 27.68 kg m-3) was

244 nmol L-1 (n = 44). Concentrations decreased from

the northwest corner of the scar in every direction. Box 2

includes all stations surrounding the northwest corner. The

average CH4 concentration in box 2 was 20.3 nmol L-1

(n = 75) in the plume zone. CH4 concentrations decreased

even further to 5.6 nmol L-1 (n = 27) toward the south-

western opening of the scar. Below the plume in

2,000–2,400 m water depth, CH4 concentrations decreased

from 10.9 nmol L-1 (box 2, n = 9) within the scar to

3.2 nmol L-1 (box 3, n = 9) at its southwestern opening. In

contrast, the concentrations above the plume were similar to

background concentrations: 2.0 nmol L-1 (box 1, n = 12),

2.1 nmol L-1 (box 2, n = 22), and 1.8 nmol L-1 (box 3,

n = 3).

Enhanced CH4 concentrations were found during all

sampling campaigns at the repeatedly sampled sites

(Fig. 6). Even though CH4 concentrations fluctuated con-

siderably with time and space, all samples of maximum

CH4 concentration were collected in the density range of

the plume. The maximum CH4 concentrations ranged from

102 to 283 nmol L-1 in the northwest corner and from 25

to 99 nmol L-1 at the station at the eastern rim (Fig. 2).

Hence, maximum CH4 concentrations in the plume were at

least one order of magnitude above background CH4 con-

centrations in spring and fall 2002, fall 2003, and fall 2005.

d13C signature of CH4

The carbon isotopic composition of CH4 gas samples taken

in 2002 and of samples collected in 2003 was determined.

The range of values differs slightly with water depth

(Fig. 5c, 2002 data). d13C values range from -62 to

-38 % above the plume (1,000–1,500 m, n = 32), from

-57 to -27 % within the plume (1,500–2,000 m, n = 143),

and from -58 to -47 % below the plume (2,000–2,400 m,

n = 16). Most of the CH4 is enriched in 12C compared with

background values which range between -43 and -39 %
(unfortunately only samples of station R2 in Fig. 1 could be

analyzed, n = 5). These isotopically light values found

above, within, and below the plume represent the majority of

the data. Isotope ratios enriched in 13C compared with

background values were only found within the depth range of

the CH4 plume (M54 in Fig. 5c).

Samples of maximum CH4 concentration of the time

series show similar d13C values illustrating a persistent

Fig. 4 Stickplot of currents between 1,500 and 1,800 m water depth

recorded by ADCP in the northwest corner of Jaco Scar (Fig. 2) over

four tidal cycles. Start 16.10.2005 8:10, end 18.10.2005 9:30 (UTC).

The current velocity is given by the length of the sticks (see

100 mm s-1 scale bar), which point in the direction of the observed

current
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supply of isotopically light CH4 to the water inside the scar

(Fig. 6). Highest CH4 concentrations in the northwest

corner have an isotopic composition of -50 and -53 % in

2002 and a value of -48 % in 2003. Highest CH4 con-

centrations sampled at the eastern rim have d13C values of

-50 % in 2002 and -53 % in 2003.

Biological evidence for CH4 seepage

Biological evidence for seepage was observed during a

video sled survey (M54/OFOS147) which revealed a large

field of extremely high abundance of seep-typical vestim-

entiferan tubeworms (Siboglinidae, Obturata, cf. Lamelli-

brachia barhami) growing on steep sedimentary outcrops

in the northwest corner of the scar at depth between 1,750

and 1,850 m. At this particular site, the slide has exposed

the lowermost observable stratigraphic units of the

hanging wall, suggesting that this is the preferred pathway

of CH4-rich fluids. Vent-indicative clams and mussels

were also abundant at the less steep base of the hanging

wall and the talus field below. The investigation showed

focused fluid seepage from the outcrops, but not from the

slide mass. A video-guided VESP-MUC in addition to

the CTD/rosette was used for sampling in the vicinity to

the field of vestimentifera. The CH4 concentrations of

these samples reach up to 1,506 nmol L-1 (M54/VESP-

MUC173-2) and are the highest values reported up to date

in the water column of nine investigated seep areas along

the Costa Rican subduction zone (Bohrmann et al. 2002;

Mau et al. 2006).

a

b

c

Fig. 5 CH4 concentration and

d13CCH4
data. a Contour plot of

CH4 concentration along a

transect across the slope of Jaco

Scar passing close to the main

CH4 source (the transect is

shown as thick, dashed line in

Fig. 2), b CH4 concentration

and c d13CCH4
(in % VPDB)

versus potential density. Filled
black, gray, and open symbols
correspond to box 1, box 2, and

box 3, respectively. R1, R2, and

R3 represent samples from

corresponding reference stations

(for location see Fig. 1).

Horizontal lines indicate density

range of the CH4 plume
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Based on these pilot studies, a ROV survey in 2005 was

used to collect data for a detailed distribution map and

quantitative assessment of the vent-associated fauna in the

area (Fig. 7, Supplementary Material Fig. 1). Video anal-

ysis confirms a clear zonation of vent-specific fauna, with

vestimentiferan tubeworms dominating the areas of highest

CH4 flux on steep and hard grounds, sometimes covering

the entire seafloor (Fig. 7, pictures 6, 8, 9). Toward the

northwest, some individual areas covered by different

forms of vent fauna were observed, which became less

abundant with distance from the main vent field (Fig. 7,

pictures 1–5).

Discussion

CH4 distribution

Increased CH4 concentrations at Jaco Scar indicate a sup-

ply of CH4 from within the scar. Background CH4 con-

centrations measured above the scar and at reference sites

offshore Costa Rica ranged between 0.3 and 2.4 nmol L-1.

The majority of the measurements at the scar, however,

showed higher values (Fig. 5a, b). Particularly high CH4

concentrations were found in the density range between

27.58 and 27.68 kg m-3. Within this density range, the

highest CH4 concentrations were observed in the northwest

corner of the scar pointing to a source in this region.

We suggest that CH4 is emitted dissolved in fluids

drained from the seafloor rather than as gas bubbles.

Acoustic or video-guided instruments at Jaco Scar during

cruise M54/2&3 in 2002 (Weinrebe and Flueh 2002;

Soeding et al. 2003) and during cruise M66/2 in 2006

(Brueckmann et al. 2009) support this suggestion, as no

gaseous CH4 was detected during those surveys. In par-

ticular, ROV-based investigation of the main vent field in

2005 showed no signs of gas bubbles, neither by video

observation nor by forward-looking sonar, an instrument

usually very sensitive to gas bubbles (Nikolovska et al.

2008). Also manned diving campaigns using the sub-

mersible Alvin in 2009/2010 (Levin et al. 2012) provide

proof for methane-rich fluid rather than bubble emission.

Measured CH4 concentration profiles show a broad plume

in a well-defined density range (Fig. 5a, b). In contrast,

capture of CH4 bubbles during tripping of Niskin bottles

would result in a CH4 profile with sudden concentration

peaks at different densities (Grant and Whiticar 2002;

Heeschen et al. 2005).

CH4 spreads horizontally from the source in the north-

west corner throughout the scar. Current measurements

indicate incessantly changing bottom-water directions,

distributing the CH4 in every direction from the source

(Fig. 4). The plume is clearly visible within box 2 and

reaches as far as station M54/CTD152 (Fig. 2). Though the

current meter data (Fig. 4) suggest enhanced turbulence in

the deeper layers, the CH4-enriched waters mostly spread

along isopycnal surfaces.

Due to the open morphology of the scar, a homogeneous

horizontal distribution of CH4 was not observed. Back-

ground water is constantly flowing into the scar and mixes

with the CH4-rich water as confirmed by d13C values that

indicate mixing processes throughout the water column

(see ‘‘Fate of CH4 in the water column’’ section).

CH4 source

CH4 seepage in the northwest corner of the scar is indicated

by the occurrence of dense biological communities (Fig. 7)

a b

Fig. 6 Time variability at a a station in the northwest corner of Jaco

Scar and b at a station at the eastern rim of the scar (for location see

Fig. 2) shown as water column potential density profiles of CH4

concentration (filled circles) and d13CCH4
(open circles, in % VPDB).

Note the different d13CCH4
scale in b for M54 Aug 2002
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Fig. 7 Distribution of chemosynthetic communities in the northwest

corner of Jaco Scar. The section displayed in the map corresponds

approximately to the box 1 in Fig. 2. The percent seafloor coverage by

the major groups is shown along the ROV dive track; separate maps

for each group are depicted in the Supplementary Material Figure 1.

Subfigures 1–12 are video frame grabs illustrating seep-specific

organisms and the seafloor characteristics. 1 vesicomyid clams and

two bushes of vestimentiferan tubeworms, 2 bathymodiolin mussels

attached to authigenic carbonates, vesicomyid clams, vestimentifera,

3 thick, colored microbial mats, 4 vesicomyid clams and white

microbial mats, 5 serpulida (polychaeta) attached to hard substrate, 6
bushes of vestimentifera, 7 dense aggregates of serpulida, 8 vestim-

entifera and serpulida, 9 vestimentifera, 10 vesicomyid and bathy-

modiolin mussels, white microbial mat, 11 plain sediment, 12 cluster

of vesicomyid clams. Photos by MARUM, Bremen, Germany
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that are typically found at seeps (Sibuet and Olu 1998).

Most of the observed taxonomic groups (vestimentiferan

tubeworms, mytilid, and vesicomyid bivalves) have been

shown to entirely depend on chemosynthesis (Fisher 1990).

The observed microbial mats consist of filamentous sulfur-

oxidizing bacteria of the genus Beggiatoa which also

commonly occur at seep sites (Sahling et al. 2002). Dense

aggregations of Serpulida have been reported from other

seeps (Olu et al. 1996b; Torres et al. 1996). However,

although Serpulida appear seep dependant, their ecological

functioning is not well known. The observed dense bio-

logical community found in the northwest corner suggests

that CH4 seepage within the scar is focused at this partic-

ular site. This hypothesis is supported by the measurement

of the highest CH4 concentrations in this area, close to the

vestimentiferan tubeworm colonies and by direct Alvin-

observations (Levin et al. 2012).

The d13C-values of CH4 samples close to the source

show values of -50 to -55 %. These values are right

between critical values described in the literature classi-

fying microbial and thermogenic CH4 in sediments. Whi-

ticar (1996, 1999) reported C isotope ratios of microbial

CH4 varying in d13CCH4
between -100 and -50 %,

whereas Bernard et al. (1977) and Paull et al. (2000) stated

values between -90 and -55 %. In comparison, thermo-

genic CH4, which is enriched in 13C, has d13CCH4
values

ranging from -50 % to -20 % as described by Whiticar

(1990, 1999) or values more positive than -55 % as stated

by Bernard et al. (1977) and Paull et al. (2000). The C1/C2

ratio is another way to distinguish between microbial and

thermogenic origin of CH4. A methane/ethane ratio of

[1,000 is typically for microbial CH4, whereas a ratio of

less than 100 is characteristic of thermogenic CH4 (Bernard

et al. 1977; Paull et al. 2000). Although this division is

based on sedimentary data, it is commonly applied for

water samples (Faber et al. 1996; Faure et al. 2010;

Schneider von Deimling et al. 2011). At Jaco Scar, sam-

pling of sediments proved to be difficult due to steep

slopes. Therefore, we used water column samples that were

taken within 2–3 m range to the main source (M54/

CTD151, M54/VESP-MUC173-1&2). The C1/C2 ratio of

these samples might already be modified by mixing with

ocean water and hydrocarbon oxidation. However, the

measured C1/C2 ratios range between 4,000 and 6,000 and

are one order of magnitude higher than values that indicate

a thermogenic origin. These ratios agree with ratios found

in core samples drilled during ODP Leg 170 about 100 km

distant from Jaco Scar (Lückge et al. 2002). d13CCH4
values

and C1/(C2 ? C3) ratios measured in these cores suggest a

mixture of microbial CH4 with 0.03–1.8 % thermogenic

CH4. However, d13CCH4
values in the ODP core samples

range from -82 to -61 %. If CH4 at Jaco Scar and in the

ODP cores were of the same origin, a significant part of the

gas must have been already oxidized before emission from

the sediment outcrop at Jaco Scar. However, the contri-

bution of thermogenic CH4 is possibly higher at Jaco Scar.

Recent results show that Jaco Scar is a very special case, an

intermediate between a hydrothermal vent and a cold seep

(Levin et al. 2012). Shimmering water with temperatures

up to 3 �C warmer than ambient water was observed during

Alvin dives. These observations and preferable oxidation of

higher hydrocarbons in sediments as suggested by Joye

et al. (2004) and Niemann et al. (2006) indicate that a

significant portion of the CH4 emitted at Jaco Scar might be

of thermogenic origin. Based on our results and the new

findings about this structure, CH4 within Jaco Scar origi-

nates most likely from a mixture of microbial or thermo-

genic sources, but the relative importance of the two

origins cannot be inferred from our data.

Samples with d13C-values below -55 % (CH4 enriched

in 12C) were found at four other stations indicating the

existence of additional sources in the scar. The source in

the northwest corner releases CH4 into the water column

with densities between 27.63 and 27.64 kg m-3, whereas

the samples with lighter isotopic composition were col-

lected at densities above and below (SO163/CTD07,

SO163/CTD08, M54/CTD180, and M54/CTD47, see

Supplementary Material Table 1). Taking the variation in

potential density data of *±0.03 kg m-3 into account and

considering that CH4 is dominantly distributed along iso-

pycnals (Fig. 3d), additional CH4-sources apparently exist

in the density range 27.55–27.56 kg m-3 (SO163/CTD08)

and 27.69–27.7 kg m-3 (M54/CTD180). That is, addi-

tional CH4 is emitted into the water column above and

below the plume. However, these sources are minor with

respect to the main source in the northwest corner of the

scar, as these samples have CH4 concentrations of less than

21 nmol L-1.

Fate of CH4 in the water column

After injection of CH4 into the water column, its concen-

tration decreases with distance from the seep. This can be

caused by mixing and/or aerobic oxidation. The stable

carbon isotope ratio of CH4 indicates that both processes

take place.

Roughly half of the data (122 of 232 samples) can be

attributed to mixing processes. Mixing is commonly shown

as a straight line in a d13C versus 1/CH4 plot (Keeling

1958, 1961; Faure 1986; Tsunogai et al. 2000). Figure 8

shows such a plot and illustrates the range of mixing with

the solid line representing the limit of values that can be

explained solely by mixing. The solid line illustrates

mixing of seep-CH4 from the source in the northwest

corner of the scar and the highest background CH4
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concentration. Background samples were collected at ref-

erence site R2 and lie within the area highlighted by the

gray-shaded rectangle in Fig. 8. Some values that plot

below the mixing line might be attributed to mixing of 12C-

enriched CH4 emitted from smaller sources above and

below the main plume and background water.

The other half of the CH4 isotopic data (110 of 232

samples) cannot be explained by mixing alone, showing

slight to strong enrichment of 13C. Oxidation of CH4 causes

a depletion in 12C and, hence, an enrichment of 13C in the

remaining CH4 pool (Whiticar and Faber 1986). For these
13C-enriched samples, oxidation trends were calculated

using the Rayleigh fractionation after Coleman et al.

(1981) from values measured at the source in the northwest

corner (1,506 nmol L-1/-55 %) and fractionation factors

(a) between 1.005 and 1.016. All chosen a represent the

lower end of published values ranging between a = 1.005

and 1.031 (Barker and Fritz 1981; Whiticar and Faber

1986; Happell et al. 1994; Grant and Whiticar 2002). The

calculated oxidation trends are shown in Fig. 8, which also

point out that lower a fit more data than the highest a
chosen. The small fractionation factors and the 62 samples

lying between the mixing trend of source and background

CH4 and the oxidation trend calculated from a = 1.005

indicate that only a fraction of the CH4 observed in the scar

was microbially oxidized. We speculate that the remainder

will be oxidized further during transport within the scar and

out of the scar.

Temporal variability

Two sites were repeatedly sampled in order to observe the

persistence of seepage of CH4-rich fluids. The northwest

corner was sampled twice in 2002, once in 2003, and again

in 2005. A station at the eastern slope was sampled once in

2002, in 2003, and in 2005 (Fig. 6). Even though the

internal structures of the observed plumes (CH4 concen-

tration and depth/density of CH4 maxima, Fig. 6) fluctuate

with space and time, CH4 concentrations are elevated

compared with background concentrations (1.9–0.8 nmol L-1)

at all times of sampling at both sites. This indicates that

CH4 is added to the water column regularly. Bohrmann

et al. (2002) reported on high CH4 concentrations at Jaco

Scar at the same station in the northwest corner based on

data of 1999. Therefore, CH4-rich fluids appear to dis-

charge repeatedly from the outcrop at Jaco Scar over at

least 6 years. Whether the discharge of CH4 is continuous

or intermittent cannot be inferred from the data, but a

possible link to earthquake activity was discussed in Mau

et al. (2007) for this slide as well as for three CH4-dis-

charging mud extrusions. A strong decrease in CH4 con-

centrations from one year to the next at sites up to 300 km

apart could not be explained by current or tidal variations.

Thus, the authors suggest that a large earthquake prior to

the first survey might have induced an increase in CH4

discharge at the investigated seep sites, which was not

observed during the second survey. The CH4 seems to have a

similar origin, because the isotope ratios of CH4 of the

concentration maxima vary only slightly.

Comparison with other seep sites

Seepage activity has also been observed at other scars

offshore Costa Rica and along the Aleutian subduction

zone. Suess et al. (1998) detected a CH4 content of

7 nmol L-1 at a scar along the Aleutian subduction zone,

which is situated in 5,000 m water depth. At Parrita Scar

situated at the Costa Rican margin (Fig. 1), the maximum

CH4 concentration did not exceed 20 nmol L-1 (Soeding

et al. 2003). Therefore, in both cases, analyses showed

considerably lower CH4 concentrations. However, only

detailed sampling can verify seepage within [50 km2

areas. At the scar at the Aleutian subduction zone, two

hydrocasts were sampled and at Parrita Scar only one. By

chance, these sampling stations may have been too far away

from a source or upstream of a source. Hence, these reported

lower concentrations compared with Jaco Scar at these two

structures could be due to low-resolution sampling.

In addition, CH4 concentrations at Jaco Scar were

compared with those of different seep sites such as

hydrothermal active areas, mud extrusions, or other cold

seep sites (Table 1). For this purpose, the maximum CH4

concentration as well as the average excess CH4 concen-

tration was used. The latter was obtained by averaging CH4

concentrations at the seep sites and subtracting the regional

background CH4 contribution. As indicated in Table 1, the

Fig. 8 d13CCH4
versus 1/CH4. The solid line represents mixing of the

most CH4-enriched samples near the main source with background

water, dashed lines indicate oxidation trends based on fractionation

factors (a) between 1.005 and 1.016, ‘‘source’’ stands for seepage in

the northwest corner of Jaco Scar, and the gray-shaded rectangle
includes background data measured at station R2 in Fig. 1. Circles
show mixing between source and background water, gray squares
indicate mixing and oxidation of CH4, filled circles follow the

oxidation trends
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maximum CH4 concentration found at Jaco Scar is higher

than maximum values observed at hydrothermal areas and

mud extrusions offshore Costa Rica. Maximum CH4 con-

centration at Jaco Scar even reach values measured at

Hydrate Ridge, a very active seep area (Heeschen et al.

2005) and the Tommeliten area in the North Sea (Schneider

von Deimling et al. 2011). Better and more reliable results

can be obtained by comparison of the average excess CH4

concentration at different seep sites. In general, excess CH4

concentration at Jaco Scar is at the upper end of values

observed for the other structures. In comparison with mud

extrusions at the Costa Rican margin, it is even higher. A

lower concentration is only observed in comparison with

the Izena Cauldron at the east side of the Okinawa Trough

(Watanabe et al. 1995) and at the southern summit of

Hydrate Ridge (Heeschen et al. 2005). Most likely, the

excess CH4 concentration at Håkon Mosby mud volcano is

also higher than the concentration at Jaco Scar (data not

available in Sauter et al. 2006; Felden et al. 2010). In

summary, CH4 output at Jaco Scar appears to be as sig-

nificant as output from these other natural CH4 sources in

the ocean (Table 1).

Conclusions

Jaco Scar is one of the scars along the Pacific coast off-

shore Costa Rica that formed by seamount subduction.

Detailed investigations of the CH4 concentrations inside

this structure, CH4 carbon stable isotopic signature, and the

occurrence of chemosynthetic communities revealed a

major discharge area in the northwest corner of the scar.

Besides, additional point sources supplying CH4 at lower

concentrations in density layers above and below the main

CH4 plume were found. The isotope ratio of the dis-

charging CH4 and recent findings (Levin et al. 2012) sug-

gest partial microbial and thermogenic origin of the gas.

CH4 is distributed and mixed along isopycnals within the

area of the scar and oxidized in the center of the main

plume.

Scars or slides are common features along continental

margins (Etnoyer et al. 2010; Staudigel and Clague 2010);

however, little is known about their role in the CH4 cycle.

A comparison of excess CH4 concentration with hydro-

thermal active areas and various cold seep sites illustrates

that CH4 output of scars might be of similar significance. A

persistent supply of CH4 to the water was observed for a

time span of 6 years, suggesting that as long as the scar

remains in an approximately similar geological setting as

presently, that is, in a mid slope position, CH4 is recur-

rently transferred to deep waters. Whether Jaco Scar is an

exception caused by the simultaneous emission of hydro-

thermal and cold seep fluids (Levin et al. 2012) or whether

scars/slides in general are another but so far neglected

source of CH4 to the ocean needs to be clarified. Further

scrutinizing of the global abundance of scars from

Table 1 Maximum CH4 concentration, average excess CH4 concentration, and CH4 output of different seep sites associated with different

geological structures

Area Seep type Max. CH4

concentration

(nmol L-1)

Excess CH4

concentration

(nmol L-1)

Output

(106 mol year-1)

References

Jaco Scar off Costa Rica Fluid seepage 1,506 15.9 – This study

Izena Cauldron, Okinawa Trough Hydrothermal venting 706 61.6 1.1 Watanabe et al. (1995)

Myojin Knoll Caldera, Izu-Bonin

Arc

Hydrothermal venting 11 3.2 0.03–0.13 Tsunogai et al. (2000)

Mound Culebra off Costa Rica Fluid seepage 42 7.8 0.6 Mau et al. (2006)

Mound 10 off Costa Rica Fluid seepage 19 – – Mau et al. (2006)

Mound 12 off Costa Rica Fluid seepage 107 11.4 0.4 Mau et al. (2006)

Mound 11 off Costa Rica Fluid seepage 17 2.8 0.07 Mau et al. (2006)

Håkon Mosby Mud Volcano,

Norwegian Sea

Gas emission and fluid

seepage

[104 – 2.5–11.3

14

Sauter et al. (2006)

Felden et al. (2010)

Northern summit, Hydrate Ridge

off Oregon

Gas emission and fluid

seepage

4,400 7.3 4.7 Heeschen et al. (2005)

Southern summit, Hydrate Ridge

off Oregon

Gas emission and fluid

seepage

1,400 19.8 3.5 Heeschen et al. (2005)

Tommeliten, North Sea Gas ebullition 268 – 1.5 Schneider von

Deimling et al. (2011)

Hikurangi Margin, New Zealand Gas emission and fluid

seepage

90–3,500 – – Faure et al. (2010)
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bathymetric information as well as more detailed investiga-

tions of CH4 seepage from representative scars is required to

identify their role in the CH4 budget of the ocean.
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