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OBSERVATION OF MICROBIAL CARBONATE BUILD-UPS
GROWING AT METHANE SEEPS NEAR THE UPPER BOUNDARY
OF THE GAS-HYDRATE STABILITY ZONE IN THE BLACK SEA

Extensive dredge sampling carried out in May-June 2004 in the deeper part of the Dnepr paleo-delta area (NW Black
Sea) yielded for the first time chimney-shaped carbonate microbial build-ups, which occur at methane seeps close to
upper boundary of the gas-hydrate stability zone (~ 700 m). Carbonate samples taken with a benthic trawl represent
fragments of the uppermost, middle and lowest parts of the build-up; they are similar morphologically to those found
previously at the shallower and deeper methane seeps in the Black Sea. At the same time, the perforated, plate-like
carbonates in the lowest parts of the build-up provide first indications that gas channels are formed during the earliest
growth phase of these microbial structures. Stable carbon isotope analyses of the carbonates from the uppermost
fragments gave the 8"°C values ranging from -33.7 to -36.6 %o, while the 6"°C values of the lowest fragments are
significantly lighter, varying between -42.0 and -44.6 %o. Oxygen isotopic values also show differences between the
samples from the uppermost part of the build-ups, which are composed of a mixture of aragonite and Mg-calcite
(8"0 = 0.7 t0 0.94 %o), and the only Mg-calcite cemented thin slabs of lowest carbonates (80 = 1.35 to 1.57 %o).
The isotope data for carbon and oxygen suggests that carbonates formed as a result of anaerobic microbiological oxi-
dation of methane supplied as a shallower-sourced fluid component from below. The difference in §"°C and §'*0
values found in the upper and lowest parts of the build-ups may indicate that more carbon derived from seawater and
less hydrate water are involved to the chimney formation during its growth, but this may be also a record of the long-
term changes in the near-bottom environments related to evolution of salinity, temperature and anoxic conditions .in
the Black Sea.
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Following the first hydroacoustic detec-
tion of gas_seeps in the Black Sea in April 1989
[17], numerous seeps have been found by echo-
éounding of plumes of emanating gas bubbles
down to a water depth of 2070 m [1, 4-7, 14, 18,
23]. Most of these seeps are located along the
shelf edge and on the upper slope, particularly at
the paleo-deltas and canyons of the largest Black
Sea rivers: the Danube, Dnepr, Dnestr and Don [7,

9, 21]. The deepest seeps have been discovered re-

cently in association with faults and mud volcanoes
in the central Black Sea basin [7, 14, 23].

Direct observations and sampling carried
out in 1990 with the scientific submarine
“Benthos-300” (USSR) revealed fields of chim-
ney-like structures at methane seeps in perma-
nently anoxic waters at depths of 200 — 230 m in
the NW Black Sea [13, 18].

Comprehensive underwater inspection of
this area and precise sampling were conducted in
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2001 with the submersible “Jago” (Germany),
finding the carbonate chimneys up to 4 m high at a
depth around 230 m [16]. These structures repre-
sent carbonate build-ups, the upper part of which
is covered by massive microbial mats consisting
of methanotrophic archaea. Recent microbiologi-
cal, isotopic, molecular and petrographic analyses
showed that such microbial build-ups are formed
as a result of anaerobic oxidation of methane
seeping from the bottom sediments, which is op-
erated by a consortium of archaea and sulphate-
reducing bacteria [2, 16, 19, 25].

During observations conducted in greater
water depths in 1993 with the submersible “Sever-
2” (Ukraine), similar carbonate build-ups were
found at a depth of 1738 m, in an area of deep
faults and rock outcrops south-west of the Cri-
mean peninsula [22]. During dredging in this area
a carbonate chimney was recovered from 1555 m
water depth [10, 23].

Thus, the methane-derived microbial build-
ups sampled earlier were taken at depths much
shallower [6, 13, 16, 18] or much deeper [10, 22]
than the upper boundary of the gas-hydrate stability
zone, which is located at 725 m water depth in the
Black Sea [24], and below which the temperature-
pressure conditions in the sediments are appropriate
for hydrate formation [3]. Therefore, the purpose of
this study was to investigate whether methane seeps
and carbonate build-ups also occur at this key depth,

and if so, what their general characteristics are.

Materials and methods. The carbonate
build-ups were sampled with a benthic trawl dur-
ing the 60" cruise of R/V “Professor Vodyanit-
skiy” (Sevastopol, Ukraine) conducted within the
framework of the EU-funded project CRIMEA in
May/June 2004. Trawling was carried out in the
deeper part of the Dnepr paleo-delta area (NW
Black Sea) along a 600-m-long section from
44°42.095° N —32°03.842’ E, 730 m water depth,
to 44° 42215 N ~ 32° 04.265’ E, 680 m water
depth. Before the dredge sampling, this area was
surveyed with the dual-beam scientific echosounder
SIMRAD EK-500 and the SEABEAM-1050 swath
bathymetry system for gas plume detection and
bathymetric mapping [1, 9]. Visual sea-floor inves-
tigations at site of the trawling were carried out us-
ing the Ocean Floor Observation System (OFOS)
operated by command via a deck unit.

The stable isotope composition of the re-
trieved carbonates was determined at IfM-
GEOMAR (Kiel, Germany) using a Finnigan
MAT 252 mass spectrometer connected to a Fin-
nigan Kiel Carbo II preparation line (accuracy of
+0.03 %o for 8"°C; + 0.06 %o for 8'0). XRD min-
eral analyses were undertaken with a Phillips go-
niometer (PW 1820) with Co X-ray tube (0.01°
step interval, 2 sec. count time).

Results and discussion. The Dnepr paleo-
delta is located on the shelf edge and the upper
continental slope of the NW Black Sea, between
70 and 1200 m of a water depth (Fig. 1).

>

Fig. 1 Swath bathymetry map of the Dnepr paleo-delta study area acquired in 2003 during the CRIMEA cruise on
RV “Professor Vodyanitskiy” (after [9]) with the detected seeps plotted as white dots. The lower right-hand inset
shows the study area (yellow rectangle) at the Black Sea map with indication of all seeps found in 1989 - 2004 (red
dots, after [7]). Upper inset shows the gas flare image obtained during the hydro-acoustic survey along the track line
of the dredging performed during this study. The bar chart represent relative distribution of methane gas seeps vs.
water depth over the Dnepr paleo-delta area (total number of seeps = 1549)

Puc. | barumerpuueckas KapTa najueo-aebThl J{Henpa, nosryyeHHas ¢ NoMOLIbI0 MHOTOJy4€eBoro 3xojo0ta B 2003 r.
B0 BpeMs skcneanuun Ha HUC «Ipodeccop Boasuuukuity no npoekty CRIMEA [9] (6enbiMu ToukaMu nokasaHo
pacnonoxenne o6HapyKEHHbIX METAHOBBIX CHIOB). Ha npaBoif HiDkHE# BCTaBKe ITOT paioH 0G03HAUYEH KEJNThIM
NpAMOYTOJIbHUKOM Ha KapTe YepHoro Mops (KpacHbI€ TOUKHM — JIOKQJIM3alMsl BCEX CHIIOB, 3aperHCTPUPOBAHHBIX B
1989 - 2004 rr. [7]). BepxHss BcTaBka — 3X0rpaMMa METaHOBOIO CUIla, 00HApPYXEHHOr0 BO BPEMS IHIPOAKYCTHYE-
CKO# ChEMKHM BJ10JIb MaplupyTa AparupoBanus. Ha rucrorpamme npeacTaBiieHbl JaHHbIE 110 YACTOTE BCTPEYAEMOCTH
CHMIIOB Ha pa3HbIX IyGHHaX B paiioHe naneo-eibThbl J{Henpa (obuee konuuecTo cunos = 1549).
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Bathymetric mapping carried out with the
multi-beam system SEABEAM-1050 [9] has re-
vealed that this area is characterised by a large Y-
shaped canyon system to the east and a slope to
the south. The border between these major fea-
tures is a 150° striking ridge that starts as a
broader saddle between ~120 and 400 m depth
and becomes thinner with increasing depth (Fig.
1).

The echosounding of this area, which cov-
ered ~837 km’, has allowed detection of 1549 gas
seeps. This number was calculated from the ini-
tially obtained set of hydroacoustic flare images
by excluding of the repeatedly crossed gas
plumes. The most of the found seeps are located at
a depth of 250 m in the upper anoxic water layers
(Fig. 1). At the same time, an additional group of
seeps was found in the depth range of 600 _to 700
m, close to the upper boundary of the gas-hydrate
stability zone in the Black Sea, probably because

of a shallower occurrence of the underlying gas-
charged sediments at this site, which is situated at
the steep edge of a canyon adjacent to a ridge.

The samples taken with the benthic trawl
at this location represent carbonate crusts with
vents through which gas bubbles apparently ema-
nated (Fig. 2), larger pipe-shaped pieces of porous
carbonates similar to those found earlier at the
shallower and deeper seeps (see photos in [16,
18]), and 2 — 4 mm thick plate-like carbonates,
most of which show round holes of 0.5 — 1.5 cm
in diameter (Fig. 3).

According to previous underwater obser-
vations fulfilled with submersibles [10, 13, 16, 18,
22], and during the present study with the OFOS,
the typical Black Sea methane-derived carbonate
structures form'chimney-shaped build-ups with an
intermediate pipe-like column on thick platforms
embedded in the sediments (Fig. 4).

The upper parts of these chimneys are
covered by bacterial mats with vents, through
which irregular emanations of gas bubbles occur.
Also, Shnukov et al. [22] have found plate-like
carbonates in sediments subjacent to the deeper
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Black Sea chimney, which were identified as
dolomites and which are very similar to those
shown in Fig. 3, but without any holes.

Our XRD measurements have showed that
carbonates from the upper part of the chimney
taken during the present study (Fig. 2) are com-
posed of a mixture of aragonite and Mg-calcite
(12 to 13 mol % MgCQ3), and the only Mg-calcite
cements thin slabs from the lowest part of this
build-up depicted in Fig. 3 (15 mol % MgCOs).

Stable carbon isotope analyses of the car-
bonates from the head of this chimney gave
813CC3CO3 values ranging from -33.7 to -36.6 %o,
which are very similar to those measured earlier in
the upper and middle (piped) parts of the Black
Sea build-ups from depths of 230 and 1555 m (-
36.5 %o and -35.5 %o, respectively). In contrast,
the 513CCac03 of samples from the lowest part of
the chimney are significantly lighter with values
varying between -42.0 and -44.6 %o. This differ-
ence of stable carbon isotope composition be-
tween the upper and lowest parts of the chimney
may suggest that carbonates from the head of the
build-up contain relatively higher amount of sea-
water-derived carbon compared to lower slabs,
embedded in the sediments where CHj-derived
carbon dominates.

Indeed, it has been shown that authigenic
carbonates, associated with the Black Sea methane
seepages, incorporate variable proportions of car-
bon derived from the anaerobic oxidation of meth-
ane and from seawater [10, 15, 19].

Typical 8"°C values of bicarbonates dis-
solved in the Black Sea waters gradually decreases
with depth from about -2 %o in the upper anoxic
waters (~200 m) to -6.3 %o at depth ~2000 m (8],
while the methane seeping from the chimneys is
stronger depleted in B¢, as indicated by e
values of -58.2 %o [13] to -68.3 %o [16].

The abovementioned strong depletion of
both types of carbonates taken during the present
study (which show intermediate values between
the seawater and methane carbon) implies that a
major portion of these carbonates originates
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from anaerobic microbiological oxidation of the of
methane emanating from sediments [2, 10, 16],
suggesting a lesser fraction of the methane-

derived carbon in carbonate crusts from the head
part of the chimney than in the lowest fragments
of the build-up.

™ e =1

2 cm

Fig. 2 Fragments of carbonate crusts with gas vents from the uppermost part of the methane-derived microbial build-
up taken in June 2004 at depth near the upper boundary of gas-hydrate stability zone (~700 m) in the Dnepr paleo-

delta area, NW Black Sea

Puc. 2 ®parmeHTbl KapOOHAaTHBIX KOPOK C OTBEPCTHAMH [UIA BBIXOJA ra3za M3 BEPXHEH 4acTH GaKTepHaibHOM Mo-
cTpoiiky, 06HapyxeHHO# B mioHe 2004 r. B6IM3M BepXHeil rpaHMIbl 30HbI cTabwiu3auuu razoruapatos (~700 M) B
paiione naneo-nensThl JiHenpa (ceBepo-3anajgHas yacTh YepHOro Mops)

Oxygen isotopic values also show differ-
ences between samples from the upper and lowest
parts of the chimney taken during the present
study (8"%0 = 0.70-0.94 and 1.35-1.57 %o, respec-
tively).

Both types of these samples are slightly
enriched in '®O over the seawater, indicating an
influence of '|0-enriched fluid, saturated with
methane and precipitating close or at the sedi-

Mopcekuii ekonoriunuit xypHan, Ne 3, T. [V. 2005

ment/water interface [3, 12]. At the considered
water depth (~700 m), which is the upper bound-
ary of gas hydrate stability zone, this fluid may be
influenced by the hydrate water from the partially
dissociating gas hydrate, which is normally char-
acterised by more negative than seawater §'°0
values [11].
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Fig. 3 Fragments of perforated plate-like carbonates from the lowermost part of microbial build-up taken in June
2004 at depth near the upper boundary of the gas-hydrate stability zone (~700 m) in the Dnepr paleo-delta area, NW

Black Sea

Puc. 3 ®parmenTsl nepHOpUpOBaHHBIX TUIACTHHYATHIX KapOOHATOB M3 HWKHEH 4acTH GaKTepHalIbHOM MOCTPOHKH,
o6HapyxeHHOI B MioHe 2004 r BOIM3M BepxHe# rpaHHIbl 30HBI cTabwiH3auuu rasoruapatoB (~700 M) B paiioHe
naneo-znensThl JIHenpa (ceBepo-3amaaHas 4acTe YepHoro Mops)

The lesser '*O-enrichment found in the
uppermost part of our chimney, as compared to its
lowest part, may indicate that less hydrate water is
involved to the carbonate formation at later phases
of the chimney growths. On the other hand, such
difference may reflect also the changes in the sur-
rounding environment, as the oxygen isotopic
composition of the carbonates may depend on the
formation temperature, the oxygen isotopic com-
position of the precipitating fluid, and the pH [12].
Indeed, the recent '‘C-dating of the Black Sea
methane-related build-ups has shown a gradual

10

increase with depth of the age these chimneys cor-
responding to chronology of the anoxic conditions
development in the abyssal basin [10]. The age of
the deepest (from ~2000 m water depth) and
shallowest (~200 m) build-ups was estimated as
about 5300 and 2900 years before present, respec-
tively. These dates correspond to the first appear-
ance of hydrogen sulphide in the deepest Black
Sea waters and to the stabilization of the upper
boundary of the anoxic zone around the present
day level.

Mopceku#t exonoriyxuit xyphan, Ne 3, T. IV. 2005
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Fig. 4 Underwater photos of the methane-seep-related microbial build-ups growing at the upper slope of the NW
Black Sea. The pictures were made from research submarine Benthos-300 in December 1990, water depth 230 m
(A); and with the Ocean Floor Observation System (OFOS) at site of the dredging performed during the present

study, water dep:h ~650 m, vertical view (B)

Puc. 4 INoxsoansie pororpadum 6akTepuanbHBIX NOCTPOEK, PACTIONOKEHHBIX B paifOHaX CTPYHHbLIX BbIXO/10B METAHA
Ha KOHTHHEHTAJILHOM CKJIOHE CeBepo-3anaaHoi yacti YepHoro Mops. ®otorpaduu Obutn cenanbl ¢ 6opTa HayuHO-
MCCIIe10BaTEIbCKOM NO/IBOIHOM JonkK «bentoc-300» B nexabpe 1990 r. Ha rimy6une 230 M (A); U ¢ NOMOLIBIO TOJI-
BoaHo# Tenekameps! Ocean Floor Observation System (OFOS) Ha yyacTke aIparupoBaHus, MPOBENEHHOTO Ha riryOu-

He ~650 M B pamkax JaHHOM paboTsl - BUI cBepXy (B)

Between these periods, the gradual salini-
zation and warming of the Black Sea waters due to
inflow of Mediterranean water have led to change
of physiochemical water properties and had a
large impact on the gas hydrate reservoir in the
sediments [20].

Conclusions. The carbonate samples,
taken in the deeper part of the Dnepr paleo-delta

area (NW Black Sea) are fragments of the upper-

Mopcekuit ekonoriynuit xypaan, Ne 3, T. IV. 2005

most (crusts with vents), middle (pipe-like) and
the lowest (holed plate-like) parts of a methane-
derived chimney-shaped microbial build-ups oc-
curring at the depth of the upper boundary of the
gas-hydrate stability zone (~700 m water depth).
Visual observation conducted with the OFOS
system shows that build-ups at this depth are
similar
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morphologically to those found previously at the
shallower and deeper methane seeps of the Black
Sea. At the same time, the dredge sampling has
allowed recovery, for the first time, the perforated
plate-like carbonates in the lowest parts of the
butld-up provide first indications that gas channels
may be formed during the earliest growth phase of
these unique microbial structures.

Stable carbon isotope analyses of the car-
bonates from the uppermost fragments gave the
8"C values ranging from -33.7 to -36.6 %o, whilc
the 8"°C values of the lowest fragments are sig-
nificantly lighter, varying betwcen -42.0 and
-44.6 %0. Both thesc types of carbonates indicate
that a major portion of the carbonate carbon origi-
nates from bacterial oxidation of the seeping
methane. Oxygen isotopic values also show dif-
ferences between samples from the uppermost part
of the build-up, which are composed of a mixture
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of aragonite and Mg-calcite (8'*0 = 0.7 to 0.94
%o0), and the only Mg-calcite cemented thin slabs
of lowest carbonates (8'°0 = 1.35 to 1.57 %o). The
difference in §"°C and 8'*0 values found in the
upper and lowest parts of the build-ups may indi-
cate that more carbon derived from seawater and
less hydrate water are involved to the chimney
formation during its growth, but this may be also a
record of the long-term changes in the near-
bottom cnvironments related to evolution of salin-
ity, temperature and anoxic conditions in the
Black Sea.
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O0uapyxenne 6aKTepHaJbHbIX KaPOOHATHBIX MOCTPOEK, PACTYLIHX BOJIH3M BepXHeil rpaHUUbI 30HbI cTa6u-
Jm3aunu razoruaparos B Yepnom mope. C. Bb. I'yann, W. Ipeiinepr, B. H. Eropos, M. Jle Barucr, 10. T’. Ap-
TeMoB. MiHTeHCHBHOE parMpoBaHue, npoBeJeHHoe B Mae-uioHe 2004 r B BepxHeil yacTu najeo-aeibThl J[Hernpa
(cesepo-3ananHas 4actb YepHOro Mops), NMO3BOJWIO BIEPBhie OOHAPYXKHTh KOPALIOBM/HBIE KapOOHATHBIE I10-
CTpOiik1 BOJIM3M BEpXHEH rpaHMIbI 30HbI cTabuaM3almK razoruapatos (~ 700 M). O6pasibl kKap6oHATOB, OTOOPaH-
HBIE C MIOMOLLBIO IOHHOT'O Tpaa, NMPEeACTaBIAIOT co00i (parMeHTbl BEPXHEM, Cpe/IHeH U HIKHEN YacTH NOCTPOIKH,
MOP(OIOrUYecKH CXOHbIE C 00pa3LaMK, UCCIIEJOBAHHBIMU paHee B 60jiee MEJIKOBOAHBIX U 60Jiee ri1yGOKOBOAHBIX
paiioHax CTpyHHBIX BBIXOJI0B MeTaHa U3 iHa YepHoro Mopsi. Bmecte ¢ TeM, 00Hapy>KeHHbIE BIIEPBBIE ILUIACTHHYATBIE
nep$popupoBaHHbIE KapOOHATBI U3 HIKHEN YacTH MOCTPOIKH ABJIAIOTCA CBUAETEILCTBOM TOIO, YTO KAHAJIbI JUIS Bbl-
XoJa ra3a (JOpMHpYIOTCS Ha CaMON paHHEi CTaJMK POCTa ITHX CTPYKTYpP. AHAJIM3 U30TOMHOIO COCTaBa KapGOHATOB
1nokasas, YTo AMCTepCcHs U30TonoB yriepona (8"°C) B BepXHeii yacTH NocTpoiiku BapbupyeT oT -33.7 %o 10 -36.6 %o,
TOI/Ia KaK B HIXKHEH 4acTH kapOOHATbl XapaKTEpPU3YIOTCA MEHBLIMM COAEPKAHMEM THKEJIbIX H30TOINOB yriepoja
(8°C = -42.0 + -44.6 %o). U30TONHBII COCTaB KHCJIOpO/ia TAKXe MOKa3asl pa3jinuue B OTHOCHUTEIILHOM COAEPHaHUU
0 8 BEpXHEH 4acTH MOCTPOUKH 6"™0=0.7+0.94 %o), M B e¢ HikHel uacTu (8'°0 = 1.35 + 1.57 %o). JlanHbie 10
M30TOIHOMY COCTaBY YIJIEPO/Ia M KMCJIOPOJA MOKa3ali, YTO KapOoHaTHbIE MOCTPOMKU Ha MCCIIEIOBAHHOM riiyOuHe
00pa3oBaHHbI B pe3ysibTaTe aHadpOOHOTO OKHUCIIEHUS METaHa, MOCTYNAIOWIErO0 U3 BEPXHHUX CJIOEB JIOHHBIX OCA/IKOB.
Painnume B Benmunnax 8"°C u §'°0, o6HapyxeHHoe B BEPXHEH ¥ HWXKHEH 4aCTH NOCTPOMKH, MOXET CBUIETEJILCTBO-
BaTh O TOM, YTO O Mepe ee pocTa 60bLIee KONIU4ecTBO OMKapOOHATOB, PAaCTBOPEHHBIX B MOPCKOM BOJIE, UCIIOJIb3Y-
€TCs METaHOTPO(QHBIMH apXeoOaKTEPUSMH B MpPOLECCEe aHAadPOOHOrO OKMCIEHHS METaHa. DTO MOXKET OTpaxaThb,
TaKXKe, U3MEHEHHUS COJIEHOCTH, TEMIIEPATYPhbl U COJACPXKaHUA CEPOBOLOPO/A B NPUIOHHOI BOJIE, MPOUCXOUBLINE B
TeueHue urensbHoro (2500-5500 net) nepuona pocta 6akTepHanbHbIX KapOOHATHBIX NOCTPOEK B UepHOM Mope.

KiioueBbie ciioBa: YepHoe MOpe; METAHOBBIE CHIIbI; Fa30TH/PAThI

BusiBiiennsi 6akTepiaibHUX KapOOHATHHX CNOPY/, WO POCTYTh MOG/IH3Y BEpXHbOI rpaHHI 30HH crabinizauii
rasornapatos y Yopuomy mopi. C.B. I'yxain, . I'peitnepr, B.M. €ropos, M. Jle Barict, }0.I. Apremos.
IHTEHCHBHE TpaJleHHsi, BUKOHaHE B TpaBHi-uepBHi 2004 p. y BepxHili yacTuHi maneo-aenbTH JlHinpa (miBHiYHO-
3axigHa 4YactuHa YopHOro Mops), A03BOJIWIO Brepule 3HAWTH KopanonoiibHi kapboHaTHi cnopyau nobsinsy
BEPXHbOI rpaHuili 30K cTabinizauii rasoriaparis (~ 700 M). 3pazku kapOoHartiB, BifibpaHi 3a 10MOMOroOI0 JIOHHOIO
Tpasia, ABJsIOTH CO00I0 ()parMeHTH BEpXHbLOI, CEPEIHbOI i HHXKHBOI YaCTHHH CriopyaH, MopdosoridHo noaibHi 3i
3pa3KkaMH, J0C/IUKEHUMHU paHille B OLIbII MUIKOBOJHMX 1 B OUIbII MNIMOOKOBOAHMX paiioHaX CTPyMHHHUX BUXOZIB
MeTaHy 3 aHa YopHoro mopsi. PazoM 3 THM, ynepiue BUsBJIEHI IUIACTHHYACTI nepdopoBaHi KapOOHATH 3 HMKHBLOT
YACTHHHM CNIOPYJH € MEPLIMM CBIAYEHHAM TOrO, 11O KaHAJIM JUIs BUXOAY rady GopMyloTbcs Ha camiit panHiil crauii
pOCTy LMX CTPYKTYp. AHaJli3 i30TONHOro Ckiaay KapOOHATIiB M0Ka3aB, IO JMCIEpPCis i30TOMIB BYIJELIO ®"C) y
BepXHiil vacTuHi cnopyau Bapitoe Bix -33.7 %o g0 -36.6 %o, TOAi AK Yy HWKHIH 4HacTMHI kapOoHaTH
XapakKTepH3yIOThCA MEHILUM 3MiCTOM Ba)XXKHX i30TOMIB BYIJIELIO (8"C = -42.0 + -44.6 %o). I30TONHMI1 CKIAT KMCHIO
TAKOXK MOKa3aB PO3XOKEHHs y BiaHOcHOMY 3micti '*O y Bepxuiit wacTuni Gyaisii (8"%0 = 0.7 + 0.94 %o), i ii
HIDKHBOT yacThHH (8'%0 = 1.35 = 1.57 %o). Jlani 3 i30TONHOrO CKJIaLy ByIJIELIO i KHCHIO MOKa3au, WO KapOoHaTHI
CHOpYAHM Ha AOCIiKeHIN riubuHi copMOBaHi B pe3yabTaTi aHaepOOHOr0 OKHCIIOBAHHA METaHY, WO HaAXOAHTD 3
BEPXHiX LIApiB JIOHHHMX BiAKIaliB. PO3X0/KEHHS Y BeTHYHHAX 8"C i "0, BusiBneHe y BepxHiit i HWKHIiH yacTuHi
CIOpy/l, MOXe CBIIYUTH MPO T€, WO B Mipy il pocTy Giiblua KibKicTh GikapOoHATiB, PO3UMHEHNX Y HABKOJIMUIHIH
MOpCBKili BOJi, BMKOPHCTOBYETHCA METAHOTPO(PHMMI apxeoGakTepisMM B MNpOLECi aHAEPOOHOro OKMCIIOBAHHS
metany. Takox, Lle MOxe Bifo6paxaTd 3MiHH COJIOHOCTI, TEMINEPaTypH i 3MiCTH CIPKOBOHIO B NMPHAOHHIA Boai
npotsarom Tpusanoro (2500-5500 pokis) nepioay pocty GakrepianbHux kapoHaTHuX criopyny YopHomy Mopi.

Kniouosi ciioBa: YopHe MOpe; METaHOBI Cinu; ra3origpary
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