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Abstract. In the eastern Black Sea, we determined methaneand distribution of gas hydrates in marine sediments, and
(CHg) concentrations, gas hydrate volumes, and their vertithus their potential as an energy resource or a contributor to
cal distribution from combined gas and chloride (Cmea-  past and future climate changes (e.g. Milkov et al., 2004).
surements within pressurized sediment cores. The total gas On a local scale, inventory uncertainties arise from the
volume collected from the cores corresponded to concentraloss of gas during core recovery, crude sampling resolu-
tions of 1.2—1.4 mol Cilkg~! porewater at in-situ pressure, tion, and/or uncertain calibration of indirect methods such
which is equivalent to a gas hydrate saturation of 15-18 %as acoustic detections (Dickens et al., 1997; Milkov, 2005).
of pore volume and amongst the highest values detected iRPorewater chloride (Cl) anomalies are frequently used to
shallow seep sediments. At the central seep site, a highestimate gas hydrate volumes. This is based on the exclusion
resolution Ct profile resolved the upper boundary of gas of salt from the hydrate crystal lattice during hydrate forma-
hydrate occurrence and a continuous layer of hydrates in &ion in the sediment and the respective fresh water release
sediment column of 120 cm thickness. Including this infor- when decomposition is initiated during core recovery, result-
mation, a more precise gas hydrate saturation of 22—24 %ng in negative CI anomalies where gas hydrates had been
pore volume could be calculated. This volume was higherpresent (e.g. Haeckel et al., 2004). However, small scale dis-
in comparison to a saturation calculated from the @tofile tributional variations, non-steady state conditions, and brine
alone, resulting in only 14.4%. The likely explanation is an formation in hydrate voids contribute to uncertainties regard-
active gas hydrate formation from GHjas ebullition. The ing these estimations, as do variations of Chused by the
hydrocarbons at Batumi Seep are of shallow biogenic ori-advection of less saline fluids from depth (Haeckel et al.,
gin (CHs > 99.6 %), at Pechori Mound they originate from 2004). Pressure cores were developed within the ODP/IODP
deeper thermocatalytic processes as indicated by the lowegrogram (Dickens et al., 1997) and for coring of surface sed-
ratios of G to C,—C3 and the presence ofsC iments (Heeschen et al., 2007; Abegg et al., 2008). They
allow for determining the sediment’s total in-situ gkiven-

tory that is present as hydrate-bound, gaseous and dissolved
CHa. This inventory then allows the calculation of the gas
hydrate volume based on stability conditions and the equa-

Gas hydrates consist of water cages enclosing methanion of state. . . .
(CHy) as the major guest molecule (Sloan and Koh, 2007). Here we compare gas hydrate inventory estimates using
Provided the pore fluids are saturated with£C#as hydrates two methods: the collection of gas from pr_essurlzed sedi-
form at high pressure and low temperature conditions com/ment cores and porewater chlor_|d_e anomalies measured on
mon at ocean depths exceeding 300-500 m (Sloan and Koli1e same cores. The samples originate from recently discov-
2007). Because of the difficulties to inventory marine gas hy-éred seep sites off Georgia in the eastern Black Sea (Akhmet-

drates, considerable controversy remains about the amourfanov et al., 2007; Bohrmann et al., 2007). Despite gas
hydrate discoveries in this area (Klaucke et al., 2006; Pape

et al., 2010a) little is known about gas hydrate distributions
Correspondence tdK. U. Heeschen and regional quantities in the Black Sea, the largest anoxic
BY (katja.heeschen@bgr.de) basin at present times (Ross and Degens, 1974). Our results
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indicate that amongst the limited number of seeps that have C——

-300

been quantified for shallow gas hydrate volumes, the sites

presented here are amongst the highest. o

1100

BS359AP

2 Geological setting

The Black Sea is an extensional basin with organic-rich sed-
iments with porewaters of varying salinity and a total of |
12-16km thickness. This stack includes the thick clay-
rich Maikopian Unit (Ross and Degens, 1974), which is the
source of numerous mud diapirs (Ross and Degens, 1974
Wagner-Friedrichs, 2007). Seep sites with {yas ebulli-
tion and fluid flow are common in the Black Sea basin and
lead to very high Cll concentration in the anoxic bottom }
waters (Reeburgh, 2007) and widely distributed gas hydrateps
occurrences in the sediments (Vassilev and Dimitrov, 2002). %*
Large numbers of gas seeps have also been discovered in thi
south eastern Black Sea (Klaucke et al., 2006), which is char-
acterized by severe faulting and slumping (Ross and Degens
1974).

Batumi (water depth: 850 m) and Pechori seeps (1000 m)
are located on the Kobuleti Ridge, a complex canyon-ridge
system (Fig. 1), where buried diapiric structures and fault |
systems form migration pathways for sediments, fluids, and
gases (Wagner-Friedrichs, 2007). The Batumi seep area i

f[he largest seep site with an areal gxtent of 0.5 kharacter- . offshore Georgia, eastern Black S€a) detailed bathymetric map

ized by shallow gas hydrates, authigenic carbonates, and Vigss e study area(b) 30 kHz MAK Sidescan sonar mosaic of the

orous gas venting (Klaucke et al., 2006; Pape et al., 2010a)pechori area(c) Detailed 75 kHz DTS-1 sidescan sonar mosaic of

Pechori Mound has 75m of relief, steep slopes, and stronghe Batumi Seep. The high backscatter intensitieé)nand (c)

seafloor reflection at the top (Wagner-Friedrichs, 2007). Theare shown in light tones and may correlate to the presence of near-

mound is rich in oil and massive gas hydrates. Indications forsurface gas hydrates and authigenic carbonate precipitates (modi-

structure | gas hydrate, i.e. gas hydrates withy@slthe pre-  fied after Klaucke et al., 2006).

vailing guest molecule, were found at both sites (Pape et al.,

2010a; S. Klapp, Univ. Bremen, personal communication,

2008). see Heeschen et al., 2007). The main degassing takes several
hours and is stopped when gas bubbling has ceased for sev-
eral tens of minutes. When the core has warmed to ambient

3 Methods temperature, it is reopened to collect the small amounts of

. - _ ._residual exsolved gas.
The sediment cores originate from pressure coring operations . .
The gas samples were analyzed with an Agilent gas chro-

using the Dynamic Autoclave Piston Corer (DAPC) (Abegg matograph for hydrocarbons;&Cs (FID) and for oxygen

et al., 2008) on board RV Logachev (Akhmetzhanov et al., . )
2007), cruise TTR-15 (Table 1). The cores were degassed O@trogzncandbct%) (JC[')){ Stan?alrgg were- éofo(?éccz’ c
board and subsequently sampled for porewater fluids. 3 and CQ, bottled mixtures o ppm an bpm

through G standards (in nitrogen), and air. The precision
3.1 Pressure coring, gas collection and volume of standard measurements was 3%. Contaminations of the
calculations core gas with air was measurexi@» + N2; 2—2.5 %, Table 2)

and subtracted. The hydrocarbon gas compositions are given
The DAPC recovers a sediment core of up to 2.3 m length ath percentage of the sum of hydrocarbon gases{@-s,
in-situ pressure using a newly developed enhanced pressur@ereafter cited as %). The accuracy of the total gas volumes
preserving system. Once on board, its pressure chamber {gas/l; Table 2) is generally 5%. For details see Heeschen et
fixed upright, cooled in an ice-bath and linked to a pres-al- (2007).
sure sensor, an assembly of gas-tight valves for gas sub- All dissolved, free, and hydrate-bound K& CHz/mol)
sampling, and a volumetric plastic cylinder that allows the was released and collected from the core during its con-
measurement of released water and gas volumes (for detaitsolled degassing. To calculate the porewater,Gitsitu

Eig. 1. Working area and coring stations (star symbols and labels)

Biogeosciences, 8, 3553565 2011 www.biogeosciences.net/8/3555/2011/



K. U. Heeschen et al.: Quantifying gas hydrates at active seep sites 3557

Table 1. Station information, sulfate depletion depth below core surface, and average core porosity.

On Board/Pangaea Location Latitude Longitude Water Core Sulfate  Average
Station Identifier depth/m length/cm  depletion/cm  porosity
BS351AP/GeoB 9909-2  Batumi 257.53N 41°17.58 E 855 220 25 (50)* 0.721
BS359AP/GeoB 9913-5 Pechori  %E8.99N 41°07.41E 1031 106 40 0.680
BS371AP/GeoB 9923-3  Batumi 287.6ZN 41°17.52E 859 175 135 0.705
BS378AP/GeoB 9929-2  Batumi 257,56 N 41°17.20E 851 190 50 0.721

* Sediment depth of Core BS351AP was corrected (+25cm) for porewater data using measurements from video guided multi coring. 220 cm core therefore covers 25-245cm
sediment depth (also see Appendix A).

Table 2. Data from gas collection including volumes of collected gasy Gihd gas hydrate as well as dissolved and totg] €bhcentrations
in DAPC sediment cores between the depth of sulfate depletion and the core bottom (except B333978'and BS351AB>20588%)

Station/Core Core Collected Air Collected XCHy TCHy CHgpg GH*  GH*

length gas CH

/cm Nl 1% Nl /molkg™!  /mol /mol [Y%pv  [%cv
BS351AP0-245¢cm 195 2262 2.24 221.0 1.206 9.03 066 146 105
BS351A5-205¢cm 120 2262 2.24 221.0 1.945 9.03 040 245 17.7
BS351A5-20588% 120 2262 224 221.0 1.712 9.03 040 215 155
BS359AP 66 88.7 253 86.2 1.404 3.52 022 173 123
BS371AP 45 109 7.16 10.2 0.234 0.41 0.15 1.9 1.6
BS378AP* 140 200.6 1.96 196.7 1.425 8.04 049 176 133

*Assuming a molar Clj/water ratio of 5.9 in sl gas hydrates, i.e. an occupancy of 90 % of the small cages b§uSsler and Paull, 2001), resulting in 1821 gHer liter of gas
hydrate given STP conditiong € 1013 hPaT =298.15K). (Note: in Heeschen et al. (2007) thetdlume of gas hydrate is based on 273.15K and 164 1). Thg &tdilibrium
concentrationdgg) is 0.0087 mol Ci kg~2.

**A clogged valve let to difficulties while opening the liner, which caused higher uncertainties regarding the core length and thus the gas hydratd 0@k)me (

concentration in mol Cilkg— porewater (Table 2; CiHmol thick slices. Porewater was extracted using a low-pressure
CHskg™1), the =CHj is related to the amount of pore- squeezer<£5bar; 8°C; 0.2 um cellulose acetate Nuclepore
water present between the bottom of the core and the sulffilters) and analysed for §p and CI” using ion chromatog-
fate depletion depth where an even distribution of dissolvedraphy and Mohr titration, respectively (Wallmann et al., 2006
methane and hydrate-bound ¢l$ assumed (Heeschen et and references therein). IAPSO seawater standard was used
al., 2007). We subtract the saturation concentratigg) Of for calibration. Precision of the Mohr titration was in the
0.087 mol CH kg~ (Tishchenko et al., 2005; also see Ap- range of+10mMCI-. The porosity listed in Table 1 was
pendix A) before calculating gas hydrate volumes. The mo-determined by weight difference, before and after freeze-
lar CH4 to water ratio for the structure | gas hydrates was drying. For the conversion into volume ratio (ratio of volume
assumed to be 5.9, a value that was observed in natural strucf porewater to volume of bulk sediment) we applied a dry
ture | gas hydrates with an occupancy of 90 % of small cagesediment density of 2.5 g cm (Haeckel et al., 2004) and a

by CHs (Ussler and Paull, 2001). All gas volumes refer to Black Sea water density of 1.021 g ch

STP conditions (1 bar and 2&), resulting in a Cl{ volume The core depths of BS351AP were corrected for the loss of
of 1821 per liter of gas hydrate. surface sediments caused by heavy coring gear using poros-

ity data from video guided multi core sampling at the same
3.2 Gas hydrate and porewater ana|ysis geographical coordinates (Table 1, Appendix A, Flg Al)

The gas hydrates were recovered with TV-grab (TVG) or3'3 rl:/ltgldelingthe c?loride anomaly for its relation to the
gravity corer (GC). Clean samples were put into headspace ydrate conten

vials that were sealed by crimping, and vented into a Secon%bserved Ct anomalies can be converted to an amount of
vial by a vacutainer. The gas was analyzed on board (se€

. 0 .

Sect. 3.1). gas hydrate in percent of the pore volume (GH/% pv) using:
The sediment of DAPC cores was sampled for porewater. . ACl ppw Mgy 1 1

In case of core BS351AP the entire core was cut into 5¢cm @)

Clref pGH MH,0 XH,0
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where ACl=deviation of measured CI concentration from the area of intermediate backscatter intensity contains
from in-situ value (Ckf), ppw=density of porewater, 2% pv of gas hydrate.
pcH =density of natural hydratelcy=molecular weight Despite the low fluid advection rates at Batumi Seep of
of methane hydratel/,0 = molecular weight of water, and 0.1cma? (see Appendix A), the gas hydrate volumes are
xH,0 =Molar ratio of water to methane for natural gas hy- slightly higher than the average of 5-15 % pv estimated for
drate (Table Al). A numerical 1-D transport-reaction model high gas flow sites (Milkov, 2005) distinguished by small
(Haeckel et al., 2004) was adopted to provide the theoretscale structural gas hydrate accumulations and seep site char-
ical in-situ CI~ concentration profile (Gdf), to simulate the  acteristics. The simultaneous occurrence of high amounts
observed Cl-data and the corresponding methane hydrate foof gas hydrates and widespread vigorous gas ebullition ob-
mation. The model was slightly extended to explicitly con- served in the area (Klaucke et al., 2006; Nikolovska et al.,
sider sulfate and anaerobic oxidation of methane (AOM). A2008) suggests gas transport as the major supply for methane
complete model description can be found in Appendix A. A to form gas hydrate. Our model simulations confirm this hy-
detailed analysis and discussion of the measured and mogsothesis because neither diffusion nor the low upward ad-
eled porewater data from this area was published in Reitz etection velocities constrained for the Batumi area are able to
al. (2011). transport sufficient amounts of methane to the surface sedi-

ments to allow for considerable hydrate formation. To form

hydrate saturations comparable to the observations it is nec-
4 Results and discussion essary to introduce an additional methane source, the disso-

lution of methane from rising gas bubbles.
4.1 Highest CH; concentrations in shallow anoxic

seep sediments 4.2 Gas hydrate distribution from chloride
measurements
The in-situ CH concentrations in shallow sediments of the
investigated eastern Black Sea seeps (Table 2) considerabiyhe degassing of DAPC cores holds no information on the
exceeded methane saturation. Maximum gas volumes odvertical distribution of gas hydrates in the sediment as do, e.g.
curred at sites of very high backscatter intensity at Batumihigh-resolution Ct profiles commonly used on conventional
Seep (BS378AP, 2001 and BS351AP, 2261) (Fig. 1). Thecores to determine the gas hydrate distribution and quantities.
shorter core, BS371AP, was taken slightly to the NE and had limitation of the latter application is the assumption of a
a smaller gas volume (111). At the central high backscatteninear background Cl profile, which ignores the possibility
zone of Pechori Mound core BS359 contained 88 1. of local CI~ enrichments from recent gas hydrate formation
The gas volumes from the high reflectivity zones cor- (Haeckel et al., 2004), i.e. non-steady state conditions, the
respond to consistent in-situ GHoncentrations of 1.2— possible presence of brines in gas hydrate voids that are not
1.4mol CH kg~ porewater (from here on: mol GHg1) in equilibrium with the surrounding porewater, or the occur-
at depths below sulfate penetration (Table 2). Thes@ CH rence of free gas that leave no trace i @lofiles. To com-
concentrations are~30% higher than those of surface pare two methods of gas hydrate budgeting, we obtained a
seep sediments from the gas hydrate stability zone in théigh-resolution Ct profile in the gas-rich core, BS351AP,
Gulf of Mexico (Heeschen et al., 2007) and the Anaxi- from Batumi Seep after degassing (Fig. 2b and c). At the
mander Mountains (Mediterranean Sea, unpublished datageep, two processes lower the Gtoncentration: (1) the
where maximum in-situ CH concentrations were about upward-directed transport of Cl-depleted fluids from deeper
1mol CH,kg. Recently however, Pape et al. (2010b) re- limnic sediments (Ross and Degens, 1974) and (2) local gas
ported similar concentrations in the region of the Anaxi- hydrate decomposition, which releases Cl-depleted fluids.
mander Mountains. Concentrations from conventional andCombining the high-resolution Clprofile from BS351AP
pressurized coring differ by two orders of magnitude at all and 1-D numerical transport-reaction modeling resolves both
sites caused by loss of GHluring core retrieval. For ex- processes (Fig. 2b and ¢, Appendix A): upward transport de-
ample, at Batumi Seep, maximum gldoncentrations of termines the background profile (dotted line) whereas the de-
0.013molCH kg~ were measured in conventional cores composition of gas hydrates leads to a broad diversion (solid
(Klaucke et al., 2006) that contained gas hydrates and hatine) at 85-205cm (depth corrected, Table 1) plus compa-
a calculated Chisaturation {eq) of 0.087 mol CH kg~L. rably small diversions at 75 and 225 cm that are within the
All in-situ CH4 concentrations are far above saturation. precision of the Ct measurements. Calculations using the

The excess CH(> ceq) is presumed to be bound in gas hy- major CI~ anomaly between 85-205 cm core depth result in
drate, which at three out of four sites occupies a rather cona mean in-situ Clgl concentration of 1.04 mol Ctkg=t in
sistent pore volume 0f16.5% (% pv) or a core volume of this depth range. This is equivalent to an average gas hydrate
12 % (% cv) at depths between the sulfate penetration and theolume of 14.4 % pv containing 1251 of GHyas (at STP).
core bottom (Table 2, Fig. 2a). For better comparison withIincluding the possible Cl anomalies above and below the
published data we refer to % pv hereafter. Core BS371ARnterval of 85-205 cm, the total gas volume is 140.71, thus

Biogeosciences, 8, 3553565 2011 www.biogeosciences.net/8/3555/2011/
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Fig. 2. (a) Gas hydrate volumes in shallow sediments of Batumi Seep and Pechori Mound as calculated from the degassing of the DAPC
cores, given in per cent pore volume (% pv). Hydrate volumes for core BS351AP are derived from the degassing (gray columns, gas), the
Cl~ profile model in(b) and(c) (black column, Cl), and the volume (black column, comb) gained from the combined results of degassing
and the chloride measurements, i.e. 211 W@dtked in gas hydrates at core depth between 85 and 20@x3easured CI concentrations

of BS351AP (dots) in comparison to the modeled “in-situ™@Irofile (Ckes, dotted line) characterized by the advection of less saline fluids.

(c) Calculated gas hydrate distribution depth as calculated froma@bmalies and Gls in core BS351AP. Sulfate depletion in core with
BS351AP is reached at 75 cm core depth. See Methods 3.3 and Appendix for details on the model.

indicating that at most 12 % of gas may originate from depthsnot bound in gas hydrates nor being dissolved. During de-
other than 85-205 cm. gassing, free gas is released first, while gas hydrates remain
Based on the Cl profile, the majority of gas hydrate stable. The free gas would be enriched in gas molecules ex-
is concentrated at 85-205cm below sea floor. If thesCH cluded from gas hydrate formation or be similar to the ad-
inventory gained from core degassing is corrected for thisvecting vent gas if caused by ebullition. In core BS351AP,
true depth range of gas hydrate occurrences, the degasséhp first 111 of the released gas are slightly enriched in ethane
CH, volume relates to an average gldoncentration of (C2) (Appendix B). However, this volume only accounts for
1.945 mol CH kg~ and a gas hydrate occupancy of 24 % pv 0.5 % of the gas hydrate volume, i.e. a small fraction of the
in a layer with a thickness of 120cm (Fig. 2, Table 2: disparity.
BS351AP5-205¢m) - Assuming that a maximum of 12% of ~ Our approach of combining both methods provides the
the collected gas is located outside this layer this occupancyneans to greatly improve the quantification of sedimentary
relates to 22%pv (Fig. 2, Table 2: BS351%pP20388%)  hydrate contents via pressure coring. While the degassing
This is 7-10 % above the value from Cl-based calculations. of pressurized cores resolves quantities and gas composi-
The disparity between the methods can be explained byions, the Ci profile holds information about the vertical
Cl~ enriched brines forming during active gas hydrate for- gas hydrate distribution and allows to determine the bound-
mation. These enrichments cannot be accounted for with &ry conditions of gas hydrate stability (Heeschen et al., 2007;
steady state model, nor can they be resolved in porewateMlilkov et al., 2004). Further, a discrepancy between both
profiles of retrieved cores as they are overprinted by dilu-methods is a good indicator for recent and ongoing gas hy-
tion due to (a) gas hydrate decomposition during core recovdrate formation or the presence of large volumes of free gas.
ery (and degassing procedure), and (b) diffusive and, par-
ticularly, advective mixing with the lower chloride concen- 4.3 Gas compositions derived from pressure coring
trations in the surrounding porewater (Haeckel et al., 2004)
(Appendix A). It is unlikely that the disparity is caused by At Batumi Seep the released hydrocarbolg (c;) con-
substantial amounts of free gas in the sediment, i.e. methangist of 99.63 % CH, a small contribution of ethane, and

www.biogeosciences.net/8/3555/2011/ Biogeosciences, 8, 35652011
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Table 3. Average hydrocarbon composition of the collected gas (%) Table 4. Gas Hydrate Compositions from Batumi Seep Cores
and the Bernard RatidB(); n.d. = not detected. (BS350G:n=4; BS352G:n=1) and Pechori Mound (BS356G:
n=1; BS360Gxn = 3); n.d. = not detected.

Station, Core @% Co/% C3l% i-Ca/% n-Cy/% i-Cs/% By
BS351AP 99.966 0.033 0.001 n.d. n.d. nd. 2940 Batumi Seep Pechori Mound
BS359AP 99.634 0274 0.022 0055 0001 0007 337 Alkane BS350G BS352G BS360G BS356G
BS371AP 99.964 0.024 0.002 n.d. nd. 0007 3845
BS378AP 99.963 0.036 0.001 n.d. n.d. nd. 2701 C1/% 99.91 99.71 99.14 97.63
Col% 0.08 0.28 0.15 0.25
C3/% n.d. 0.01 0.58 1.64
. i-Cyal% n.d. n.d. 0.10 0.39
traces of propane, whereas at Pechori Mounda@d G n-Cal% nd. nd. 0.02 0.08

compositions are one order of magnitude higher ang C
are present (Table 3). GHand G can be produced through
both, the microbial (biogenic) and thermocatalytic (thermo- . . . .
genic) decomposition of organic matter wheregs @lkanes by the ebulll_tlon of biogenic Chi 9as, whereas at Pechor!
are mainly assigned to thermocatalytic reactions at greateMounol the light hydrocarbons originate from thermogenic
depth (Whiticar, 1999). The ratio of methane to ethane andProcesses.
propane, called the Bernard Rati® (= CHy/(C>+Cg)) is of-
ten used as an indication for a biogenic or thermogenic pathappendix A
way for alkane gases (Whiticar, 1999). Batumi Seep dis-
plays B -values of 2700-3800, indicating a largely biogenic A1  Numerical transport-reaction modelling
origin, which is in good agreement with data from Pape et
al. (2010a). At Pechori Mound, however,By of 400 and A simple 1-D transport-reaction model (Haeckel et al., 2004)
the presence of £ and oil strongly supports a thermogenic Was adopted to simulate the observed Gata and the corre-
origin of the light hydrocarbons. This is in good agreementsponding methane hydrate formation. Four chemical species
with porewater analysis on sediment cores from the samdchloride, methane, sulfate, and gas hydrate) and the porosity
sites. Here Li, B§80 and®"/86Sr propose a fluid source change due to hydrate formation were considered.
with temperatures-100°C from smectite-illite transforma-
tion only at Pechori Mound (Reitz et al., 2011).

The difference in gas compositions at the two sites iSPorosity
strongly expressed in the gas hydrate composition (Table 4).

Whereas gas hydrates at Batumi Seep contaira® G | early diagenetic models the porosity depth distribution,
only, the hydrate samples from Pechori Mound have#C 4 (x), generally does not change significantly with time, and
Cs ratio <1, often characteristic for a mixture of gas hydrate hence, is prescribed by an empirical function fitted to the
structures (Sloan and Koh, 2007). Pure methane hydrategeasured porosity data (Fig. A1). Gas hydrate formation re-

were reported earlier at Batumi Seep (Klaucke et al., 2006y ces the porosity with time. Thus, porosity was calculated
Pape et al., 2010a). using:

¢ (xX,1) = oo + (0 — Ppoo)e P — GH(x,1) (A1)

where ¢o=porosity at the sediment surfacex £0),

Poo = porosity at infinite depthx(=oc0), and GH =porosity
Combined measurements of gas volumes and high-resolutioreduction due to gas hydrate.

porewater chlorinity on pressurized cores allow the assess- The “true” porosity of hydrate-bearing, near-surface sedi-
ment of gas hydrate volumes, formation, distribution, andments results from a combination of hydrate pieces, gas hy-
origin. At sites in the Eastern Black Sea, gas hydrate volumeslirates filling pore spaces, and hydrate-free sediments. In ad-
in shallow sediments are among the highest values knowmlition, hydrate pieces displace the original sediment, thus
so far with up to 24 % pv. Further investigations will show producing fractures. Despite an internal porosity close to
whether these high gas hydrate volumes represent a local erzero, they do not seal the sediment above the hydrate layer
richment or are widely distributed in the organic-rich sedi- from that below because the pieces are intercalated in the
ments of the anoxic Black Sea. The investigated gas hydratesediment matrix. This complex mechanism needs future in-
at the central Batumi Seep occurred mostly at 85-205 cnvestigation before “true” porosity calculations are feasible.
depth and the difference between the chloride-based (140.7 Fror now, we approximated the porosity reduction as if hy-
and the collected (2111) CHgas volume indicates currently drate formation is solely filling the pore space. We are con-
active gas hydrate formation not to be resolved from pore-fident that this description leads only to small errors in our
water data. Pure methane hydrates at Batumi Seep are fagsults.

Al.1 Model description

5 Conclusions

Biogeosciences, 8, 3553565 2011 www.biogeosciences.net/8/3555/2011/
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0 0 0 its equilibrium concentration in the presence of the hydrate
50 50 50 phaseLGH):
§ CH
5 100 100 100 RGHZkGH< 4 _1> (A4)
£ LgH
3 150 150 150
LgH was calculated following Tishchenko et al. (2005). The
200 200 200 . . .
kinetic constanttgy has units of volume hydrate by bulk
O e e T 0 0 0 e o o oo sgdl_ment voIl_Jme and time. Hydrate formation is simulated
Cr'/ mM GH/ %pv Porosity within the entire modeled sediment column.
Since hydrate formation withdraws methane from the
0 porewater, the rate of methane consumption (in units of mole
50 CHg, per volume porewater and time) is relatedrigy by:
100 Ry = ACH RgH (A5)

~ Mgh¢

where pgy = density of methane hydrate addgy =molar
weight of natural gas hydrate.

Depth / cm

150

200

250
0 5 10 15 20 0 20 40 60 80 100 . .
SO/ mM CH, /mM Methane gas dissolution
4

As gas bubbles rise through the sediments they are replen-

Fig. A1l. Result of the numerical 1-D transport-reaction model ishing the porewater methane content. A first order rate ac-

(solid lines) of gas hydrate formation in the Batumi Seep Area g ; : .
at Site BS 351 DAPC. Plotted data are a combination of BS 351COuntS for this dissolution of ascending gas bubbles:

DAPC (red dots) and BS 369 MC (blue dots). The DAPC core p\\o — ks (Lmg — CHa) (AB)
probably lost~25cm sediment at the top, as inferred from the
measured porosity data, whereas the multicorer liner penetrated towhere methane concentration in equilibrium with the gas
deep and therefore is missing the top 7 cm of the sediment, as inphaseLMB, is calculated following Tishchenko et al. (2005).
ferred from the sulfate data. The values of the adjusted model panjethane gas is represented by a source term for methane dis-
rameters of this simulation are given in Table Al. The dotted Cl- ggved in the porewater (Egs. A6, A14). It is not transported
profile would be observed ex-situ after decomposition of all mOdel‘epricitIy by the model. Ly and Lys are kept constant
predicted methane hydrate. The dotted porosity profile representauring the model runs because the imposed salinity change
the initial depth distripution without hydrate formation as derived does not alter the methane equilibrium concentrations sig-
from least squares fiting to the data. nificantly enough to affect the model results. Additionally,

pressure and temperature are constant in the investigated sed-
Advection iment interval.

Finally, based on ROV observations of vigorous ebullition

Assuming Steady state Compaction, the burial Ve|ocity can bé)f methane gas bubbles at the Seaﬂoor, we believe that the as-
expressed as: sumption of an inexhaustible methane gas source is justified.

— oo Anaerobic oxidation of methane (AOM)
w(x,t):mwoo (AZ)
—¢(x, ” . . .
As additional reaction affecting dissolved methane concen-
wherew, = sedimentation rate at infinite depth. trations, anaerobic oxidation of methane (AOM) was in-
Since burial and compaction at cold vent sites are muchcluded:

smaller than the upward fluid flow, they can be neglected and

the advection rate is: CHy+SQ;” — HCO; +HS™ +H,0 (R1)
Mathematically, a second-order rate law describes this re-
u(x,t) = %o uo (A3) dox reaction:
¢ (x,1) :
whereug = fluid flow rate at the sediment surface. Raom = kaomCHaSO;~ (AT)

. wherek, is the rate constant for AOM.
Methane hydrate formation AOM

Methane hydrate formation is assumed proportional to the
saturation state of methane in the porewater with respect to
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Chloride exclusion

During methane hydrate formation chloride is excluded from 9GH - 1—¢oo Weo 9GH 1 kan (CH4 — )
the hydrate phase and added to the surrounding porewater.d? L
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Gas hydrate:

This mass change of porewater over time can be expressed g jjfate:

as:

mngmipw—deH (A8)

where the indices and f denote the mass of porewater be-

fore and after hydrate formation amldzgH is the mass of

the precipitated gas hydrate. Converting mass into a volume

balance leads to:

f PGH

Vow = V,éw— ——dVgH (A9)
PPW

Thus, the change in chloride concentrati@i€l, can be
written:

. nf .
dCl=Cl/ —Ccl=——FC%____cF
VPW_ deGH
i
- To____cf (A10)
VPW_ deGH

wherenc) =amount of chloride beforaY and after () hy-

drate formation, and{:, = n’d, since the total mass of chlo-
ride remains constant during hydrate formation. Rearrangin

gives:

Cl pghd VaH _ Cl' pgHdGH
PPW Vb — pGHA VeH ~ ppwe’ — poHdGH
where porosityp = Vpw/ Vpulksed and dGH =d Vou/ Vpulksed

dCl=

(A11)

is porosity change due to methane hydrate formation. Th

rate of chloride exclusionRc) =dCl/dt) is related to the hy-
drate formation rateKgy =dGH/dt) by:
dCl Cl
_dCl__ Cloen o) Pen
dt  ppw¢ — pcHdGH PPWO

where the simplification holds whessndGH < ppwe for
smalld:.

Rci ReH (Al12)

Model equations

The model’'s governing transport-reaction equations are:

Chloride:
0¢Cl 0 Dc) oCl
T == Cl
or  ox <¢ 92 9y To0M0
CH
+CI2H ke <—4 _ 1> (A13)
PPW LgH
Methane:
0¢pCHa d Dch, 0CHy
=— CH
o ox <¢ 92 gy T PouoCHs
PGH CHy
(%)
MgH LgH
+¢knvs (Lms —CHa)
—¢ kaomSCO; CHa (A14)
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e

Al
1-¢ 0x GH (A15)
39S~ 8 [ DPsa 9sC-
¢SO, :_( % % | pouoSC
at 0x 0 dax
—¢ kaomSQ; CHa (A16)

where D; =diffusion coefficients of Ct, CHg, and S(j_
corrected for salinity, temperature and pressure (Hayduk and
Laudie, 1974; Li and Gregory, 1974), afd=12In¢ is the
tortuosity correction for diffusion (Boudreau, 1997).

This set of partial differential equations was solved numer-
ically within the MATLAB® environment. The discretiza-
tion of Egs. (A13—A16) was done using finite differences
and a combination of Dirichlet and Neumann boundary con-
ditions (see Table Al for details). The initial conditions are
based on the steady state profiles of the “no gas hydrate” con-
dition: (i) linearly decreasing Clconcentrations with depth,

(ii) methane and sulfate profile if only anaerobic oxidation
of methane is present and in equilibrium with methane gas
hase, (iii) no gas hydrate, and (iv) observed porosity pro-
ile.

Five parameters were adjusted by comparing the model
result with the observed data: (i) the advection ratg,((ii)
the rate constant for hydrate formatiot(), (iii) the rate
constant for gas bubble dissolutiohg), (iv) the rate con-
stant for anaerobic oxidation of methagdy ), and (v) the
Simulation time fmax)-

Al.2 Model results

A sensitivity analyses was performed to constrain the val-
ues of these five fit parameters. The best fit (Fig. Al)
to the observed data was achieved for low fluid advec-
tion velocities (o=0.1cma?) as the measured chloride
profile does not show significant curvature, except for the
hydrate related anomaly. The rate constant for anaerobic
oxidation of methanekfpowm) basically influences the in-
crease in sedimentary hydrate content near the surface be-
cause AOM competes with hydrate formation for the avail-
able dissolved methane. A minimum AOM rate constant of
kaom =0.03mM1a~1 is able to resemble a steep increase
as it can be inferred from the measured Cl anomaly. Dif-
fusion of methane from below is only able to form very lit-
tle gas hydrate. In order to build up considerable amounts
of hydrate (i.e. several % pv) an additional methane source
is needed. Therefore methane gas bubble dissolution has
been included in the model. This process is also required
in order to deliver enough methane to the surface sedi-
ments, so that the onset of hydrate formation at a sediment
depth of ~85cm can be resembled (see start of observed
Cl anomaly in Fig. Al). The predicted rate constant for
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Table Al. Parameters and boundary conditions used in the numeri- BS351AP - Hydrocarbon compostion
99.98
cal model. . | Methane
3 9997
Parameter Value g -
e 3
% 99.96
Fixed: 2 E
Maximum depth of calculation 500cm 99.95 T+ .
Temperature 8.6C 0 50 100 150 200 250
Pressure 85.5atm
Weo (Sedimentation velocity) 0.02cnrd’ 0.085 Ethane
$o (porosity atx =0) 0.914(7% R 0,045
$oo (POrOSity atx = co) 0.60(2f o T
B (porosity attenuation coefficient) 0.008(1)t§|35'13 2 0035
[CI1(x=0,7) 360 mM u E
[CI7](x =500cmy) 250 mM 00251 e NWNWY
[CH4](x=0,1) 0mM 0 50 100 150 200 250
[CH4](x =500 cm ) Lvs
[S0, 1(x=0,1) 18mM T propane
[SO,1(x=500cmy) omMm o~ 4 1
GH(x=0,1) 0% pv Qo 0001; o A I\A/\ N |
dGH/dX—s000m: . 0 g N o LN ol id
LgH (CHy equilibrium conc. with GH phase) 87 nfm & 3 Y
L (CHg equilibrium conc. with gas phase) 113rfiM 0.000 i
. ‘ — — — — ‘
MgH (molar weight of natural GH) 122.3¢ rleo]rd 0 50 100 150 200 250
pGH (GH density) 0.9gcm?
opw (Mean porewater density, linearCprofile)  1.021gcrm3® - 0.006 Iso-pentane
Adjusted: % O'OO4E
tmax (Simulation time) 500a *GEJ 0 002;
ug (porewater advection velocity) 0.1cmh L
kgH (rate constant for hydrate formation) 0.005a 0.000 3
. . E LA B B B L A AL L
kmp (rate constant for gas bubble dissolution) 03a 0 50 100 150 200 250
kamo (rate constant for AOM) 0.03mmt a1 120
Pressure
2 Jgrgensen et al. (2004). 100 4
b Results of least-squares fit to measured porosity d@ﬁa:().oz) with 2r standard ]
deviation given in brackets (last digit). © 1
€ Calculated following Tishchenko et al. (2005). f 80 threshold pressure
d Ussler and Paull (2001). o ]
€ Calculated following Fofonoff and Millard (1983). § 60
[
& ]
40
20 1
methane gas bubble dissolutionfigg =0.2a. To bal- ]
ance this increased methane flux to the porewater and keep 0F————
dissolved methane concentrations at equilibrium with the 0 50 100 150 200 250
hydrate phasel(cy=87 mM, see Table Al), hydrate for- Volume /1STP

mation needs to proceed with a rate constant of at least -

kon=0.005al. Finally, a simulation time of several hun- Fi9- A2. Changes of gas composition (upper 4 panels) and pres-
dreds of years (i.e. here 500 a) ensures that the modeled sg¢"€ (Iower panel) with increasing gas volume during the degassing
lute concentrations (CL CHa, and SCif) are at steady state:; of pressure core BS351AP. The gray-shaded boxes indicate areas

h lid hvd file i f d of enhanced compositional changes, possibly due to free gas occur-
the solid gas hydrate profile is, of course, not at steady state, | ..o (0-111and 112-1221) and porewater degassing (215-226 ).

after this time. For a simulation time of 500yr, the model 11 threshold pressure defines the onset of gas hydrate decomposi-
predicts an average hydrate concentration of 15.2 % pv. Thigion. See text for further discussion.

is in good agreement with the amount calculated from the

chloride anomaly (14.4 % pv), but 10 % less than the amount

derived from the degassing method (24 % pv). However, it istude. In contrast, the model simulation assumes a constant
difficult to conclude an age of the Batumi Seep area from thismethane flux and a constant hydrate formation rate over the
finding, because hydrate related seeps are dynamic systerg$tire simulation time.

and methane fluxes can vary over time by orders of magni-
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