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Abstract—The aragonite constructions of the Black Seaare formed in a stable anaerobic zone and are a perfect
object to study the natural mechanism of anaerobic methane oxidation. The most probable pathway of methane
oxidation is its methanogen-mediated reaction with bicarbonates, dissolved in seawater, with the formation of
water and acetate, which is then consumed by other components of the anaerobic community. Comparison of
the 33C values of carbonate minerals and organic matter once more demonstrated that the formation of the
organic matter of biomass is accompanied by intense fractionation of carbon isotopes, as a result of which the
total organic matter of biomass acquires an extremely light isotopic composition, characterized by 3'3C values

as low as —83.8%o.
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Autigenic carbonate formation with the involve-
ment of carbon dioxide formed by microorganisms is
widespread in modern marine reservoirs. In reduced
sediments of the shelf and of the continental slope,
protodolomite and magnesian calcite are formed with
the involvement of carbon dioxide produced during
anaerobic decomposition of organic matter in the
course of sulfate reduction [1]. The formation of auti-
genic carbonates of this type, as distinct from sedimen-
tary and shell carbonates, involves carbon dioxide with
a lighter isotopic composition of carbon, which is
derived from the organic matter of bottom sediments.

Methane-derived carbonates, formed in the micro-
bial processes of aerobic and anaerobic methane oxida-
tion, have a quite different, much lighter isotopic com-
position [2].

An example of large agglomerations of autigenic
carbonates formed during aerobic oxidation of methane
is carbonate plates complicating the bottom surface of
the northwestern shelf of the Black Sea at depths from
60 to 170 m [3]. The only known example of carbonate
constructions formed under anaerobic conditions are
coral-like constructions on the slopes of the Dnepr can-
yon at depths of 170 to 600 m in the hydrogen-sulfide
zone of the Black Sea[4]; these constructions were dis-
covered in 1989.

One such construction (44°41.7' N; 31°40.7' E;
depth, 226 m) waslifted with asampler of a Bentos-300
submersible laboratory (Bentos-300 SL) and was stud-

ied in detail at the Institute of Microbiology, Russian
Academy of Sciences (RAS) [4].

Thethick slimy microbial mat, covering the surface
of the construction, was found to contain morphologi-
cally diverse microorganisms, and the extremely light
isotopic composition of the carbon of both carbonate
minerals and organic matter allowed a suggestion to be
made that the coral-like constructions are formed at the
expense of microbial oxidation of methane [4].

Over the last decade, several investigations were
undertaken to elucidate the microorganisms (or their
communities) responsible for methane oxidation and
the formation of carbonate constructions in this anaer-
obic zone of the Black Sea. Analysis of electron micro-
graphs of microbial mats from the surface of the car-
bonate construction taken from a depth of 226 m
revealed rarely occurring microbial cellsthat possessed
well-developed systems of intracytoplasmic mem-
branes similar to those of aerobic methylotrophic bac-
teria. Inoculation of media for cultivation of aerobic
methanotrophs with mat samples resulted in the devel-
opment of these microorganisms; immunofluorescent
methods demonstrated representatives of the genera
Methylobacter and Methylomonas to be predominant
among methanotrophs [4].

Different results were obtained by a team of
researchers from the Institute of Microbiology, RAS
and Institute of Biochemistry and Physiology of Micro-
organisms, RAS [5] during the study of another bacte-

0026-2617/02/7101-0078%27.00 © 2002 MAIK “Nauka /Interperiodica’



GEOCHEMICAL PECULIARITIES 79

rial mat from the surface of a carbonate construction
lifted with a trawl from a depth of 188-195 m in the
course of an expeditionin 1994. A radioisotopic test for
aerobic oxidation of “CH, produced a negative result.
Cellular extracts exhibited no activity of methane
monooxygenase or of enzymes of C, compound oxida
tion typical of aerobic methylotrophic bacteria. At the
same time, radioisotopic experiments showed active
occurrence in the mat of anaerobic methane oxidation,
methanogenesis (by the reaction CO, + H, —= CH, +
2H,0), and sulfate reduction.

Light and electron microscopy reveaed large fila
mentous bacteria morphologically similar to Methano-
saeta [5]. Summing up the data obtained resulted in a
conclusion that anaerobic methane oxidation in the
bacterial mat involves anaerobic methanogens and fol-
lows the reaction reverse to methane formation that was
first suggested by Zehnder and Brock [6, 7]: CH, +
H,0 — CO, + H,.

One more convincing proof of the presence of meth-
anogensin the mats from carbonate constructionslifted
from adepth of 188-195 m was provided by molecul ar-
biological investigations, which yielded clone Bseual 2,
which is an archaeal phylotype clustering with the
voluminous ANME-1 group, remotely but specifically
related to methanogens of the orders Methanosarcina-
les and Methanomicrobiales [8].

However, molecular-biological investigations also
revealed in the same mat samples genes coding for
enzymes specific for aerobic methanotrophs [8]. Thus,
microbiological, biochemical, and molecular-biologi-
cal methods used by the authors of three works carried
out over the last decade, i.e., after the discovery of the
carbonate constructions in the anaerobic zone of the
Black Sea, failed to give an uneguivocal answer to the
guestion as to what microorganisms play the major role
in the methane oxidation to CO, and in the formation of
carbonate constructionsin the Black Sea.

Moreover, the above-cited works did not take into
account the possible involvement of sulfate-reducing
bacteria in anaerobic methane oxidation and in the for-
mation of carbonate constructions, athough some
authors [9] consider feasible anaerobic methane oxida-
tion by these bacteria according to the reaction CH, +
SO, — H,S + CO,. It should be noted that microbial
sulfate reduction is known to lead to medium alkal-
ization, which is to favor precipitation of calcium
carbonate.

The aim of the present work was to study in detail
microbiological, mineralogical, and geochemica fea-
tures of the carbonate constructions at the active meth-
ane seeps in the anaerobic zone of the Black Sea with
thefinal goal of elucidating the mechanism of their for-
mation.
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MATERIALS AND METHODS

The materials for investigations were collected dur-
ing the expedition on board the Bentos-300 SL
(December 1990) and during the 44th and 45th voyages
of theresearch vessel Professor Vodyanitskii in October
1993 and July 1994. During thefirst expedition on Ben-
tos-300 SL, the constructions at the bottom were
described based on visual observations and video tape
recording; sampling was performed using a hydraulic
ground sampler. During the voyages of the research
vessel, carbonate constructions and bacteria mats were
sampled with a bottom trawl (mesh size, 0.5 cm) in the
zone of transition from open shelf to continental slope,
at depths of 130600 m (Fig. 1).

Investigation of the carbonate constructions
employed traditional methods of light microscopy
(analysis of sections, immersion specimens, stained
specimens, €tc.).

The morphology of minerals was studied using a
Tesla-B-300 scanning electron microscope. The chem-
ical composition of the carbonate constructions was
determined by X-ray-fluorescence anaysis (Philips
PW 1600). The content of organic carbon (C,g) was
determined on an AH-759 express analyzer.

To determine the isotopic compoasition of the carbon
and oxygen of carbonates, the samples were decom-
posed with dehydrated orthophaosphoric acid on acircu-
lar vacuum device and purified by the cryogenic
method [10]. C,, was oxidized to CO,, which wasthen
purified and trapped in sealed glass ampules. Theisotopic
composition of carbon was determined on a M1-1201V
mass spectrometer equipped with an SNG-3 three-
channeled system of gas admission. The isotopic com-
position of oxygen was determined on a Micromass-
602 D mass spectrometer (United Kingdom). The accu-
racy of measurementswas +0.2%. The 3*C and %0 data
arepresented inrelationto the PDB standard. The absolute
age of the carbonate carbon was determined by the radio-
carbon method described in [11]. The radioactive stron-
tium *°Sr was determined according to [12].

Geological Stuation

Active seepages of gasinto the water column in the
region studied were first discovered in 1989 [13]. This
region is situated in the marginal zone of the continen-
tal platform and, in part, in the zone of transition to the
Black Sea oceanic-type depression. The region repre-
sents a continuation of the Odessa tectonic zone.

The structural-morphological peculiarities of the
seafloor in the zone of seepswere studied in most detail
in December 1990 using a Bentos-300 SL. The main
gas seeps occur at the top of the ridge-type flattened
elevations complicating the walls of the Dnepr canyon
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Fig. 1. Zone of methane seeps in the Dnepr canyon (northwestern part of the Black Sea) at depth from 60 to 590 m: 1, the site of
sampling from Bentos-300 SL in December 1990; 2, the site of sampling by trawling from board research vessel Professor Vodya-

nitskii in October 1993 and July 1994.

at various depths. In the Dnepr canyon, modern sedi-
ments are eroded, exposing sediments of Neoeuxine
age [14]. Visual observation of the gas emission pat-
tern, performed from the Bentos-300 SL, showed that
the period of gas accumulation in the “gas chamber”
lasts 90 to 120 min. Gas bubbling takes 30-60 s and
occurs in an accelerating tempo, first as separate
10-mm bubbles and then as a continuous flow, which
gradually damps[3]. Observations from Bentos-300 SL
resulted in the first description of carbonate construc-
tions, light-colored bacterial mats, and black “sulfide”
spots on the bottom [4].

On the methane seep field, at a depth of 60 m, car-
bonate tablets were found, which were 20-30 cm in
diameter and less than 2 cm thick and had a central
channel 1-2 cm in diameter. Gas flows emerged from
the bottom from carbonate-cemented pelite—aleurite
terrigenous sediments of Neoeuxine age (determined
from the presence of Dreissena rostriformis fauna).
Near gas seeps, the content of CaCO; in the sediments
reached 45%, whereas normal Neoeuxine sediments
contain 8-11% carbonate. Gas from a sample of near-
bottom water contained 50% methane, 30-40% N,, and
10% O,. Thus, in the aerobic shallow-water shelf zone,
autigenic carbonate cemented the sediment without
forming elevated constructions. In the oxygen-hydro-
gen sulfide interface zone, at depths of 110-130 m, the
surface carbonate formationsincreased in their areaand
reached 10 cmin height [3, 4].

At depths of 160 to 240 m, in the upper part of the
Dnepr canyon, somewhat to the east of its axia zone,
on the surface of clayey sediment covering the top and

slopes of a flattened ridge, carbonate constructions of
various morphology were found [4]. At depths of 160—
190 m, flat tabular constructions with an area of 3 m?
and aheight of 40-60 cm occurred, aswell as carbonate
plates several centimeters thick. At depths greater than
190 m, the morphology of the constructions was more
diverse. Here, vertically growing coral-like and tree-
like constructions were found, which sometimes
reached 3.5 m in height and 1.5 m in diameter. These
constructions emerge from local dish-shaped or bowl-
shaped depressions in the sediments.

Thetops of coral-like and tree-like constructionsare
crowned with rosette-like or sponge-like black hollow
excrescences. Pressing on these excrescences resulted
inemission of gas bubbles; disturbing of the black outer
cover revealed abright pink jelly-like mass [3].

During the work on the Bentos-300 SL in 1990 and
as a result of trawling during the expeditions in 1993
and 1994, carbonate constructions with thick (up to 5 cm)
microbial mats were lifted from the hydrogen-sulfide
zone of the sea[5].

RESULTS

Petrography, Mineral ogy,
and Chemical Composition
of the Carbonate Constructions

Among the samples of carbonate constructions that
we studied (Table 1), two major morphologica types
can be distinguished: (1) tabular, often laminated, dark-
gray or gray, sometimes with low tree-like projections

MICROBIOLOGY  Vol. 71

No.1 2002



GEOCHEMICAL PECULIARITIES

Table 1. Sampling stations and their locations
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Date of Station nos. and ; —
sampling sampling devices Depth, m Location Sample description
Dec. 7,1990 | 1, 2, Bentos-300 SL, 226 44°41.7 N Coral-like constructions and fragments of
bucket 31°40.7 E microbial mats

Oct. 15, 1993 | 5176, trawl 178-198 from 44°46.68' N | Fragments of plates and coral-like constructions
31°57.95 E without mats and samples of mats
to 44°46.66' N
31°59.21' E

June 22, 1994 | 5212, 5213, trawl 180-200 from 44°51.24' N | A large fragment of a carbonate plate
32°03.43' E
t0 44°46.62' N
31°58.67' E

June 24, 1994 | 5224, trawl 230-260 from 44°46.50' N | Fragments of plates and cord-like constructions
31°59.57' E
t0 44°46.35' N
31°59.99' E

June 24, 1994 | 5228, trawl 590 from 44°39.48' N | Fragments of a coral-like construction and
31°46.50' E black microbial mat
t0 44°39.55' N
31°47.57 E

whose central part exhibits a pronounced zone of hol-
low channels (Fig. 2a), and (1) cora-like (Fig. 2b),
with abundant residues of laminated bacterial mats,
whose color changes from bright pink in the internal
part of the mat adjoining the carbonate carcass to green-
ish-gray and black in the outer layer of the mat (Fig. 2c).
The color of the mat often determines the color of the
construction.

In tabular constructions, finely crystalline calcite
prevails, which cements the terrigenous sedimentary
materia (Fig. 3a): detrital quarts, feldspar, micaceous
and clayey minerals, diatom shells, coal-like wood res-
idues. In the microcrystalline carbonate cement, finely
crystalline framboidal pyrite also occurs. In the upper
parts of tabular constructions, along with microcrystal-
line calcite, microcrystalline aragonite appears. Arago-
nite was identified from the refraction value (n,
for calcite, n, = 1.530) and from the acquisition of lilac
color upon bailing with Co(NO5); (the Meigen reac-
tion). The size of calcite and aragonite crystalsfrom the
microcrystalline cement does not exceed 30 um.

The chemica composition of tabular constructions
is characterized by broad variations in the carbonate
content (from 33 to 60%) and by the presence of terrig-
enous silicate and aluminosilicate minerals and detrital
guarts. Microcrystalline carbonate from the plate bases
contains 7 to 10% MgCO; and less than 0.2% SrCO;;
i.e,, microcrystalline carbonate is mainly represented
by Mg-calcite. The content of C,, varies from 0.37 to
0.58%.

Cord-like constructions virtually consist of
monomineral aragonite (Table 2). Their content of
compounds insoluble in 7% CH;COOH is 0.6-2.5%.
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Aragonite is represented by oolitic and globular aggre-
gates with aradial structure (Fig. 3b) and columnar
aggregates consisting of prismatic, pyramidal, and
needle-shaped crystals (Figs. 3c, 3d). Twin and trilling
crystal penetration istypical.

The aragonite of coral-like constructions contains
less than 0.3% MgCO;, 0.5-1.5% SrCO;, and 1.13—
1.63% C,4. The high content of strontium in coral-like
constructions can be explained by the preferentia

Table 2. Chemical composition of carbonate constructions
(according to [15, 16], extended)

deﬁiﬁlloysﬁggm Station 1, depth 226 m

=148 Component tabuler con-| cordl-like coral-like construction
struction  |[construction top bottom
SO, 56.79 1.86 0.97 0.84
TiO, 0.22 0.01 0.03 0.04
Al,O4 2.30 0.32 0.04 0.00
Fe,04 0.79 0.24 0.20 0.17
MnO 0.03 0.05 0.03 0.01
MgO 2.40 1.04 0.04 0.01
Ca0o 28.57 50.95 53.73 54.87
SO 0.03 1.02 1.10 112
Na,O 0.36 0.67 0.16 0.00
K,0O 0.78 0.09 0.03 0.04
P,Og 0.11 0.17 0.14 0.11
n.n.n. 7.55 44,02 43.33 43.15
Total 99.93 100.44 99.80 100.36
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Fig. 2. Morphology of autigenic constructions form methane seep fields in the Dnepr canyon. (&) A fragment of a carbonate plate
consisting of exposed sediments of Neoeuxine (Lacustrine) age, containing Dreissena rostriformis fauna cemented by microcrys-
talline Mg-calcite. The bottom part of the plate wasingrown into the sediment. The plate is complicated by asmall aragonite super-
structure with numerous hollow channels. Depth, 180-200 m. (b) Coral-like aragonite construction, 30 cm in height, on a small
tabular pedestal consisting of sediment cemented by microcrystalline Mg-calcite at the base and by Mg-calcite and aragonite in the
upper part of the plate. Depth, 230 m. (¢) Microbial mats from coral-like aragonite constructions, up to 5 cm thick and consisting

of an outer black and inner pink layers.
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Fig. 3. Textural—structural features of autigenic carbonates: (a) microcrystalline Mg-cal cite cementing grains of rounded terrigenous
quartz in the plate; (b) afragment of the coral-like top composed of radia aragonite and of the biomass of jelly-like microbial mat
(on the l€eft); (c) columnar crystals of aragonite; (d) structure of a fragment of microbial mat and non-decrystallized aragonite on
thewalls of acavity in an aragonite construction; on the right, amat fragment and an outgrowing aragonite “needle”

incorporation of strontianite into the crystalline struc- I sotopic Composition of the Carbon

ture of aragonite. of Seep Methane and of the Autigenic Carbonates
and Organic Matter of Carbonate Constructions

Magnesian calcite and aragonite are minerals typica and Bacterial Mats

of many known methane-derived carbonate constructions

[15, 16]; however, it is for the Black Sea aragonite con- Already the very first analyses of the isotopic com-

structions that definitely pronounced cora-like morphol-  position of the carbonate minerals and the organic mat-

ogy was described for thefirst time[4]. ter of the constructions reveaed the anomalously light

MICROBIOLOGY Vol. 71 No.1 2002
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Table 3. Isotopic composition of the carbon (8'*C) and oxygen (3'30) of carbonate minerals and i sotopic composition of the
carbon of the organic matter of carbonate plates and constructions and of microbial mats

18
Sa:gale Site of sampling and sample description 6130%, %0 613CCaco3, %0 4 13(6 “n 61806aco3, %60
i 0 Ccaco,)
Bentos-300 SL, depth 226 m, coral-like construction
1 |Carbonate plate of Mg-calcite at the base of an -36.4 -34.6 -1.8 11
aragonite construction
2 |A fragment of an aragonite construction with —69.2 -394 -29.8 04
bacterial mat on the surface
3 |Another fragment of a coral-like aragonite -80.1 =379 —42.2 05
construction (CaCOs, 91.6%; Cyq, 1.13%)
4 |Pink bacterial mat from the construction surface —75.6 - - -
5 |Bright pink bacterial mat with aragonite crystals —78.7 -46.4 -38.3 -
6 |Grayish-pink bacterial mat with aragonite crystals —-83.8 -43.5 -40.3 -
7  |Light-brown bacterial mat with aragonite crystals -79.3 -46.1 -33.2 -
8 |Pink bacterial mat with aragonite crystals -80.2 -40.3 -39.9 -
St. 5176, trawling at a depth of 178-198 m, coral-like construction on a plate of M g-calcite
9 | A plate fragment without mat -33.4 - - -
10 |Microbial mat fragment —-61.2 - - -
St. 5212-5213, trawling at a depth of 180-200 m, a fragment of a large carbonate plate
11 | Microcrystalline carbonate from the plate surface - -38.1 - 1.0
12 | Microcrygalline carbonate from the plate middle part - -36.7 - 12
13 |Thesameasno. 12 -50.9 -36.4 -145 11
14 | Microcrystalline carbonate from the plate base - -29.3 - 12
15 | Thesameasno. 14 but with Dreissena shell valves - -25.2 - 0.3
ingrown into the plate
16 |Dreissena shell valves purified of the sediment - -0.7 - -2.8
St. 5224, trawling at a depth of 230-260 m, a cor al-like construction
17 | Microcrystalline Mg-calcite with aragonite at the - -33.8 - 11
base of the construction
18 |Thesameasno. 17 - -33.6 - 1.0
19 |Thesameasnos. 16 and 17 - -325 - 09
20 | Aragonite of the coral-like construction - -37.7 - 12
21 |Thesameasno. 20 - -35.7 - 12
22 |Thesameasno. 21 - —40.0 - 04
23 | Microcrystalline carbonate a the base of the aragonite - -33.6 - 0.9
congtruction
24 | Aragonite from the surface of the construction - -36.1 - 0.7
25 | Aragonitefrom the construction interior, adjoining - -40.4 - 04
the gas channel
26 |Thesameasno. 25 - -40.4 - 04
27 Intergrown globular aragonite aggregatesfromthe - -36.6 - 11
interior of the construction near the central channel
28 | Globular aragonite aggregate (central part) on the - -36.0 - 0.6
surface of the construction
29 | Outer part of aragonite aggregates (no. 28) - -39.6 - 0.6
St. 5228, trawling at a depth of 590 m, a cor al-like construction and microbial mat
30 |Aragonite from the construction (CaCOs5, 88,5%; —76.0 -40.4 -35.6 04
Corg 1.35%)
31 |Black bacterial mat -77.2 - - -
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Table 4. Content of %Sr in carbonate constructions, microbial mats, and surface sediments

Sample no. Sample description Dgr, Bo/kg*
St. 1, depth 226 m
Bentos-300 SL A fragment of coral-like construction 1197+ 1.68
St. 5212, depth 180-200 m, carbonate plate
1 0-5 mm layer, brown surface of the plate 165+0.2
2 5-8 mm layer, gray surface layer 232+0.2
3 15-18 mm layer, dark-gray base of the plate, submerged into sediment 127 +£0.2
Sediment Surface horizon of sediment 133+0.2
St. 5229, depth 487-593 m
4 A fragment of a coral-like construction (top) 0.78 0.2
5 Jelly-like black microbial mat 133+0.2
6 M etamorphosed wood fragment 0.00
Sediment Surface horizon of sediment 0.37+0.10
Water Near-bottom water at depths 100600 m, northwestern part of the Black Sea 0.19 + 0.002

* The analyses were performed by S.I. Arkhipovaand N.Yu. Mirzoeva from the Institute of Biology of Southern Seas, National Academy

of Sciences of Ukraine.

isotopic composition of the carbon of these compounds
[4]. Therefore, in subsequent expeditions, much atten-
tion was paid to collecting samples of methane, carbon-
ate minerals, and organic matter to obtain additional
information on the isotopic composition of carbon.

The isotopic composition of the carbon of methane
evolving in the form of bubble jets was studied in two
samples, the first of which was collected 44°41.7" N
31°40.7" E from a depth of 226 m and the second of
which was collected 44°52.97" N-31°52.59" E from a
depth of 65 m (Fig. 1). The 3'3C values were—-58.2 and
—64.4%o, respectively.

The lightest isotopic composition (8'*C values from
—40.3 to —46.4%0, Table 3, samples 5-8) proved to be
characteristic of aragonite crystals and non-decrystal-
lized carbonates incorporated into the slimy microbial
mat, which, along with carbonates, contained more
than 80% organic matter.

The 8'3C values of the carbonate of the aragonite
constructions per se (purified of microbial mats) varied
from —35.7 to —38.3%o; the value averaged over 12 ara-
gonite samples was —38.3%o (Table 3).

Magnesian calcite and microcrystalline carbonate
minerals of the plates cementing the surface of bottom
sediments were considerably less enriched with the 12C
isotope: the &'3C values for ten samples of carbonate
plates varied from —25.2 t0 —38.1%o (Table 3). The rea
son for this is that the composition of plates includes
not only the isotopically light autigenic carbonates but
also an admixture of carbonates of sedimentary origin,
whose 6'3C values in this region range from —2.0 to
—10.0%0. The influence of the admixture of shell car-
bonate on the i sotopic composition of the carbon of car-
bonate plates is demonstrated by the analysis of the
plate from adepth of 180-200 m that was performed in
2002
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layers (Table 3, samples 11-16). The 3'*C values of
microcrystalline Mg-calcite from the bottom part of the
plate were —29.3 and —25.2%o (Table 3, samples 14 and
15). The 8"*C vaues of the mixed carbonate phases,
occurring in the middle part of the plate and consisting of
Mg-cdlcite and aragonite micrite, were—36.7 and —36.4%o
(Table 3, samples 12 and 13). The isotopically lightest
carbonate composition (8'*C = —38.1%o) was found in the
surface layers of the plate (Table 3, sample 16).

The carbon of the organic matter of carbonate con-
structions and, in particular, of the microbial mats, was
significantly depleted of the '3C isotope as compared to
carbonate minerals and background &'*C values of the
organic carbon of bottom sediments of the Black Sea
northwestern part (from —23.4 to -25.6%c). An
extremely light i sotopic composition is characteristic of
the C,,, of microbial mats (8'*C from —61.2 to —83.8%o,
Table 3, samples 2-8; the 6'*C value averaged over
seven samples is —76.7%o). The average 8'*C value for
three samples of aragonite constructions (Table 3, sam-
ples2, 3, 30) was—75.4%o. The C,,, of thethree samples
of carbonate plates whose composition includes an

Table5. Isotopic composition of carbon (8'3C, %o) of carbonate
mineras and organic matter in samples from various depths

Depth CaCO, Corg
range, m | number of 53¢ number of 53
samples samples
178-198 — — 3 —445
180-200 5 -33.3 1 -50.9
220-260 20 -38.7 8 -72.9
590 1 -40.4 2 —76.6
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Fig. 4. Isotopic composition of carbon (CaCOz and Cyg)
and of the oxygen of autigenic carbonates: 1, carbonate of
tabular constructions; 2, aragonite of coral-like construc-
tions; 3, Mg-calcite with an admixture of sedimentary shell
material.

admixture of sedimentary organic matter exhibited the
greatest variation of the 6'*C value (-33.4, —36.4, and
—=50.9%., Table 3, samples 1, 9, 13).

| sotopic Composition
of Carbonate Oxygen

As can be seen from data in Table 3, the isotopic
composition of oxygen (8'0, %o) of various carbonate
phases was rather similar: for samples of microcrystal-
line carbonate, 380 varied from 0.9 to 1.2%. and for
pure aragonite of coral-like constructions, from 0.2 to
0.8%o.

Distribution of %Sr

The distribution of *°Sr in autigenic carbonates of
plates, coral-like constructions, and mats was com-
pared with *°Sr concentrations in the upper layer of
underlying sediments, near-bottom water, and meta-
morphosed wood (Table 4). Taking into account the
decay of radioactive strontium in the course of sample
preparation and analysis, all data were unified and
dated March 1995. The greatest accumulation of *°Sr
was recorded in the top part of acoral-like construction
(Table 4, sample from st. 1). In a carbonate plate (sam-
ples 1-3), the highest content of °Sr was found in the
near-surface layer, with aregular decrease of *°Sr content
both toward the base of the plate and toward its surface.

In a cord-like congtruction from a depth of 487-593 m
(st. 5228), the content of *°Sr was 15-fold lower thanin
an analogous construction from a depth of 226 m. In
microbia matsfrom the same depths (487-593 m, sam-

ple 5), the content of *Sr was higher because its accu-
mulation by living matter is more active. At the same
time, in wood (sample 6), the content of *°Sr was at the
level of background values (Table 4).

DISCUSSION

The absolute age of methane evolved from seepsinthe
northwestern part of the Black Seaiis 3400-5100 years as
determined from the content of the '“C isotope in the
carbonate constructions from a depth of 226 m [4].
It follows that the methane of the Black Sea seeps
was formed in the clayey—sapropelite sediments aged
3500-7000 years.

The 6'3C values of the carbon of seep methane that
we determined (-58.2 and —64.4%0) unequivocaly
prove the microbia origin of this methane and allow us
to state that the main roleinitsformation was played by
autotrophic methanogens producing methane accord-
ing to the reaction (1):

CO, +4H, = CH, +H,O0. (1)

The conclusion about the leading role of autotrophic
methanogenesis is based on the results of Ivanov et al.
[19], who demonstrated that the fractionation of stable
carbon isotopes during aceticlastic methanogenesis
does not exceed 40—45%o, and, thus, the 8'3C value of
aceticlastic methane cannot be lower than —50%o.

In our opinion, the most important point in our
investigation is the obtained complex of data proving
the existence in nature (by the example of the Black Sea
hydrogen-sulfide zone) of a large-scale process of
microbial methane oxidation under strictly anaerobic
conditions.

The scale of this processis confirmed by the finding
of numerous large coral-like constructions during
visual observations from Bentos-300 SL in 1988-1990
[3, 4] and by the results of demersal trawling during the
voyages of theresearch vessel Professor Vodyanitskii in
1993-1994 [20].

The microbiological nature of the process of meth-
ane oxidation followed by sedimentation of methane-
derived carbonates is unequivocally proved by the data
from microbiological and molecular-biological investi-
gations of the mats covering the carbonate construc-
tions[4, 5, 8] and by the results of analysis of the dis-
tribution of stable carbon isotopes in carbonates and
organic matter of microbial mats (Table 3).

The analysis of data presented in Table 3 allows cer-
tain interesting conclusions to be made concerning the
nature of the microbial processes occurring during the
anaerobic oxidation of methane:

(1) All 26 carbonate samples and all 12 samples of
organic carbon of the constructions and mats are
greatly enriched with the light '>C isotope as compared
to the carbonate and organic carbon of sedimentary ori-
gin. These data unequivocally prove that all carbon
compounds of carbonate constructions contain the iso-
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Table 6. Isotopic composition of oxygen (3'30, %o, PDB) of various compoundsin the Black Sea

Compound 5180, %o Reference
Seawater from depths of 100-200 m from—-32.8t0-33.1 [26, 27]
Seawater from depths greater than 200 m -315 [27]
Sulfate dissolved in seawater from -15.5t0-20.0 [28]
Autigenic carbonates of plates and constructions from0.4to0 1.2 Our data (Table 3)
Bicarbonate of sediment waters from-0.5t0-3.2 Our data

topically light carbon of methane. As can be seen from
thedatain Table5, theisotopically lightest carbon com-
pounds were found in the sample taken from the maxi-
mum depth, 590 m. In samples from lesser depths, car-
bonate minerals and organic matter carbon are less
enriched with the '2C isotope. Two hypotheses can be
suggested to explain this regularity. First, under shal-
low-water conditions, the admixture of sedimentary
carbonate and planktonogenic organic carbon may be
significantly greater, and their 5'3C values are known to
be less negative [17, 18]. Second, the above regularity
may reflect the dependence of stable isotope fraction-
ation on the rate of microbial oxidation and on the por-
tion of methane consumed. It has been experimentally
shown [19] that the lower the rate of a microbia pro-
cess and the lesser the portion of the substrate con-
sumed, the lighter isotopically are the products of
microbia metabolism.

(2) In al samples of carbonate plates (Table 3, sam-
ples 1 and 13) and aragonite constructions (Table 3,
samples 2, 3, 5-8, 30) for which the isotopic composi-
tion of carbonate and organic matter carbon has been
analyzed, the organic matter was notably greater
enriched with the light 12C isotope. The maximum dif-

ference[AC = (8"C,,— 613CCaCO3)] reaches—39.9 and

—40.3%o in samples of bacterial mats and —42.2%o in
aragonite constructions (Table 3). The relatively
heavier isotopic composition of the carbonate carbon
can have two explanations. The composition of carbon-
ate constructions and, especialy, that of carbonate
plates may include, in addition to methane-derived car-
bonate, an admixture of sedimentary carbonate, having
a heavier isotopic composition. However, in our opin-
ion, the main reason for the difference between theiso-
topic compositions of carbonates and organic matter of
mats and constructionsisthe biological fractionation of
isotopes during the enzymatic processes of biomass
synthesis in methane-oxidizing microorganisms from
intermediate (methanol, formate) or fina (carbon diox-
ide) products of methane oxidation. This suppositionis
in full agreement with the following issue.

(3) All samples of organic carbon of microbial mats
and aragonite constructions (Table 3, samples 2-8, 30,
and 31) are considerably enriched with thelight 1>C iso-
tope as compared with the carbon of the methane con-
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sumed (the methane CH, value averaged over two sam-
plesis d'*C = —61.3%o).

Thus, detailed analysis of the results of our study of
the distribution of stable carbon isotopes in the carbon-
ates and organic matter of constructions and mats
leaves no place for doubt about the biological nature of
the 2C and '3C isotope fractionation occurring during
anaerobic oxidation of methane.

The question of the mechanism of anaerobic meth-
ane oxidation and of the role of various physiological
groups of anaerobic microorganismsin this process has
been actively debated in the micraobiologica and
geochemical literature sine the pioneer works pub-
lished by Zehnder and Brock in 1979 and 1980 [6, 7].
In laboratory experiments with pure cultures of metha-
nogens, these researchers demonstrated that, upon the
depletion of substrates (CO, and H,) under conditions
of a high concentration of methane, methanogens can
drive the process of anaerobic methane oxidation
according to the equation

CH, + 2H,0 = CH, + 4H,. ©)

Since, in pure cultures, this process was very slow due
to hydrogen accumulation, Alperin and Reeburgh [21]
and then other researchers[9] put forward a hypothesis
according to which, in natural anaerobic ecosystems,
reaction (2) is accompanied by reaction (3), driven by
sulfate-reducing bacteria:

4H,+S0; +H" = HS +4H,0. 3)

Formal summation of the egquations (2) and (3) pro-
vides a description of the so-called sulfate-dependent
methane oxidation (SDMO) by the equation (4):

CH, + SO = HCOj + HS™ + H,0. )

Along with this mechanism of anaerobic methane
oxidation by a consortium of methanogens and sulfate
reducers, which is the one most commonly accepted in
the modern literature, a hypothesis has been put for-
ward assuming direct anaerobic oxidation of methane
by sulfate reducers [22-24].

To substantiate the three discussed mechanisms of
anaerobic methane oxidation (equations (2)—4)), biol-
ogists use data on the distribution of various microbial
groups and molecular-biological evidence for the pres-
ence of particular microorganisms in natural environ-
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ments (microbial mats, carbonate sediments, bottom
sediments), and geochemists invoke data on the in situ
rates of processes measured with the use of radioac-
tively labeled carbon and sulfur compounds and dataon
the distribution of stable isotopes of sulfur, carbon,
oxygen, and hydrogen [9].

In our earlier publications on the biogeochemistry
of the Black Sea [4, 5, 8, 15, 16], as well as in our
present work and in the publications of other research-
ers[3, 20, 25], al of the above-mentioned methods and
approaches have been used to this or that extent. This
allows us to attempt a brief review of the problem of
anaerobic methane oxidation as applied to the condi-
tions existing in the strictly anaerobic zone of active
methane seeps and carbonate constructions in the
northwestern part of the Black Sea.

Microscopic examination of mat samples from the
surface of constructions and inoculation of selective
nutrient media revealed abundant and diverse microf-
lora, including sulfate reducers, aerobic methanotro-
phs, and large filamentous microorganisms morpholog-
icaly similar to methanogens [4, 5]. The presence of
methanogens in the mats is confirmed by the results of
molecular-biological investigations that revealed biom-
arkers characteristic of archaea [5, 25].

Experiments with radiolabeled compounds, carried
out by Pimenov et al. [5], revealed in the mats active
processes of sulfate reduction, aceticlastic and
autotrophic methanogenesis, and anaerobic methane
oxidation. All these data, together with the data on the
isotopic composition of carbonates and organic matter
of mats, obtained in the present work, uneguivocally
demonstrate the microbiological nature of anaerobic
methane oxidation, but do not shed light on the mecha
nism of this process.

To establish the nature of the final €l ectron acceptor
in the process of anaerobic methane oxidation, we
attempted using a new approach, namely a study of the
isotopic composition of oxygen of the carbonate miner-
alsformed in anaerobic oxidation of methane. Sincethe
0'80 values of potentia termina e ectron acceptors (sea-
water, see equation (2), and sulfate, see equation (3)) dif-
fer appreciably (Table 6), it could be expected that the
080 value of carbonates would help us determine
which of the two compounds had provided its oxygen
for methane oxidation.

However, as can be seen from the datain Table 6, the
0'80 values of carbonates considerably differed from
the 8'30 values of both seawater and dissolved sulfate;
this fact prevents these compounds from being consid-
ered as oxygen donors during anaerobic methane oxi-
dation by equations (2) and (4).

At the same time, the 3'%0 values of autigenic car-
bonates are rather closeto the 5'*0 value of bicarbonate
dissolved in the water of the upper horizon of bottom
sediments (Table 6). Thus, it followsthat it is bicarbon-
ate oxygen that could have been used in the anaerobic
methane oxidation.

The feasibility of such a reaction was substantiated
in awork by Valentine and Reeburgh [9], who believe
that this reaction can proceed via methane oxidation to
acetate and water (equation (5)) with the participation
of aceticlastic methanogens and then via anaerobic oxi-
dation of acetate with the participation of sulfate-reduc-
ing bacteria by equation (6):

CH, + HCO; = CH,COO + H,0, (5)
CH,COO + SO;” = 2HCO; + HS, (6)
CH, +SO;” = 2HCOj; + HS + H,0. @)

Summation of equations (5) and (6) gives equation (7),
whichisrealized by methanogensand sulfate reducersand
which is outwardly identical to the overall equation (4) of

the SDMO. However, the source of oxygen (HCO3)
and the intermediate product of methane oxidation
(CH5COQO") are quite different.

It should be mentioned that the involvement of
bicarbonate, which has a rather heavy isotopic compo-
sition of carbon (8'*C =-2.1%o), can explain the above-
discussed considerable difference between the 8C
values of autigenic carbonates and organic matter of the
carbonate constructions (Tables 3 and 5). If reaction (6)
indeed occurs in the natural environment, both the iso-
topically light carbon formed during methane oxidation
and theisotopically heavy carbon of the seawater bicar-
bonate are to contribute to the carbon of the carbonate
constructions.

The suggested mechanism of anaerobic methane
oxidation requires additional studies that should
involve both laboratory experiments and the search for
additional evidence in natural ecosystems where the
active anaerobic oxidation of methane takes place.

Of considerable interest is the investigation of the
isotopic composition of acetate, which is, according to
our data, permanently present in anaerobic sediments
and microbial mats [5]. In the case of the operation of
reaction (6), the isotopic composition of acetate carbon
should be considerably enriched with the '2C isotope.

To determine the rate of growth of the carbonate
constructions, we used data on the distribution in the
Black Sea of strontium-90, whose content in the Black
Sea is known to have increased by an order of magni-
tude as aresult of the Chernobyl disaster [3].

The most reliable data on the rate of growth of the
carbonate constructions were obtained in the analysis
of the°Sr content in various layers of a carbonate plate
lifted from a depth of 180220 m (Table 4). Maximum
accumulation of *°Sr in the 5-8 mm layer and decrease
in its content observed toward the plate surface and
base provides grounds to relate this maximum to the
Chernobyl disaster. Then, the rate of growth of the car-

bonate plate should be 0.65 mm per year.
In coral-like constructions and, especidly, in the
mats covering them, the °°Sr concentration is consider-
MICROBIOLOGY 2002
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ably higher than in the plates; the highest °°Sr concen-
tration was recorded in a construction from a depth of
226 m (Table 4).

The majority of methane-derived carbonates
described in the literature were formed either at the
interface of reduced and oxidized conditions (the sur-
face of bottom sediments; upper horizons of bottom
sediments) or in the upper horizons of reduced sedi-
ments. In both cases, methane oxidation may involve
both aerobic and anaerobic microorganisms.

The aragonite constructions of the Black Seathat we
studied are formed in a stable anaerobic zone and are a
thus perfect object to investigate the natural mechanism
of anaerobic methane oxidation.

Therefore, the analysis of the results of the detailed
study of mineralogy and chemical composition of the
carbonate constructions and of the distribution of stable
carbon and oxygen isotopes in carbonate minerals and
organic matter of the constructions and microbial mats
allowed us to elucidate important details of the micro-
bial processes of anaerobic methane oxidation.

The determined 8'®0 values of carbonate minerals
disagree with the existing hypotheses of methane oxi-
dation either with the sulfate oxygen (with the forma-
tion of H,S and CO,) or with the water oxygen (with the
formation of hydrogen and CO,). The most feasible
pathway of methane oxidation isits reaction with bicar-
bonate dissolved in seawater; this reaction is driven by
aceticlastic methanogens and yields water and acetate,
which isthen consumed by other members of the anaer-
obic community, including sulfate reducers producing

HS-and HCO;.

Comparison of the 8!*C values of carbonate miner-
as and organic matter not only confirms the leading
role of the isotopically light methane carbon in the for-
mation of al carbon-containing compounds of the car-
bonate constructions but also once more demonstrates
that the formation of the organic matter of microbial
biomassis accompanied by intense fractionation of car-
bon isotopes, as aresult of which the total organic mat-
ter of biomass acquires an extremely light isotopic
composition, characterized by 8'*C values as low as
—83.8%o.

Inlight of these data, it iseasily conceivable that the
isotopically lightest components of the biomass of
microorganisms in the mats (namely, lipids) may have
still lower 8'3C values[25].

Considerable variation in the isotopic composition
of the carbon of carbonates and organic matter of con-
structions and mats, reveal ed upon comparison of sam-
plesfrom different depths, can be explained by the vari-
ation in the proportion of admixed sedimentary carbon-
ate and planktonogenic organic matter and/or by the
variation in the rate of methane oxidation with depth.
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