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METHANE EMISSION TO THE HYDRO- AND ATMOSPHERE BY GAS BUBBLE STREAMS
IN THE DNIEPER PALEO-DELTA, THE BLACK SEA

To estimate methane flux from natural gas bubble streams (seepages) a combined approach was applied, inclusive of
detailed echo survey of investigated area and data analysis with the use of specialized software, GIS technique and
mathematic simulation. A precise location map of methane seepages in the Dnieper paleo-delta region was obtained.
In total 2200 seepages were identified at the investigated area of 387.1 km?, which release 16.74 10° m® at atmos-
pheric pressure (STP), or 12.0 10~ teragram (Tg) methane a year. Statistical distribution of individual seepage meth-
ane flux rates conforms to the lognormal law. We found that 1.9% of methane from gas bubble streams reaches the
atmosphere in gas phase, while 98.1% dissolves in the water column. Thus, the most part of methane remains in sea
water and enters into physical, chemical and biological transformation processes of carbon-containing compounds.
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Over the last decades it becomes clearly
evident that emanations of gas bubble streams
from the sea floor (gas seeps) are widespread at
the ocean shelf and continental slope [8, 22, 23,
33, 44, 51, 38, 68]. Only recently the attention was
attracted to this phenomenon as a potential source
of atmospheric methane [21, 31, 34, 39]. After
carbon dioxide, methane is considered to be the
most important green-house gas, which content in
the atmosphere increases by 0.5 — 1% a year and
doubled during the last century [54]. It is supposed
at present that annual methane intake to the at-
mosphere ranges from 535 to 598 Tg (1 Tg = 10"
g) of which 360 — 430 Tg have an anthropogenic
origin, while 160 — 240 Tg come from natural
sources, including marine gas seeps [32, 36, 52].
At that time, known estimates of the total emission
rate for atmospheric methane from gas seeps vary
by orders of magnitude: 0.5 — 1.9 [21], 10-30 [41],
65—-146 Tg/yr [34]. Such a wide value scatter is
rather inherent to these estimations as they are ob-
tained by extrapolation from a few particular ob-

servations and objective complexities are met
when determining factors, which have an influ-
ence on methane evasion from the seabed and
methane consumption in the water column [55]. It
is believed that the ecological role of methane
seeps could be understood better at the cost of in-
creasing the factual data pool representing the lo-
cal and regional features of seepage manifesta-
tions, such as: number, spatial distribution and
dimensions of gas outlets, the relation between the
sea-floor morphology and seep occurrences, inten-
sity of ebullition from the sea floor, physical-
chemical characteristics of bubbles in gas plumes
and others. Earlier the rate of atmospheric meth-
ane emission from marine seeps has been docu-
mented for very limited regions, mainly shallower
than 50 — 70 m: in southern California on shelf of
northern Santa Barbara Channel [18, 31, 64], on
the UK continental shelf [38] and in the offshore
area of Bulgarian Black Sea Zone [25].

According to long-term acoustic observa-
tions carried out by scientists from IBSS NASU

© Yu.G. Artemov, V.N. Egorov, G.G. Polikarpov, S.B. Gulin, 2007 5

s



Yu.G. Artemov, V.N. Egorov, G.G. Polikarpov, S.B. Gulin

on board the R/V “Professor Vodyanitskiy”, gas
bubble streams in the Black Sea are generally oc-
curred at river mouth areas, the edge of the shelf,
the continental slope and also associated with mud
volcanism [3]. One of the most active seepage ar-
eas in the Black Sea is the Dnieper paleo-delta
where the large number of venting site manifesta-
tions have been recognized (Inset Fig. 1).

The discovery of gas bubble streams at
this area, which came out from results of the R/V
“Professor Vodyanitskiy” 28" cruise, was reported
for the first time in 1989 [6]. Later on, the Dnieper
paleo-delta stood a survey area for numerous mul-
tidisciplinary investigations targeted the gas bub-
ble streams phenomenon, such as: analysis of lo-
calization, spatial distribution and environmental
role of methane seeps [0, 2, 3, 7, 8, 11, 13, 26];
study of geological conditions for gas deposit gen-
eration [10, 11, 49]; studying the mechanism of

32°00'

bacterial oxidation of methane and formation of
carbonate build-ups in anoxic waters [4, 9, 37, 45,
48]; determination of the age and genesis of meth-
ane in the Black Sea [5, 29, 30]. The aim of the
present work is to quantify the emission of gase-
ous methane to the water column and atmosphere
at this area of the Black Sea. Statistical data on
individual methane flux rates from seepages are
presented.

Materials and methods. Our work is
based on data acquired during the detailed acoustic
survey in the north-western Black Sea on board
the R/V « Professor Vodyanitskiy» in 58" (May —
June 2003) and 60™ (May — June 2004) cruises
under the framework of the EU project «ContRi-
bution of high-Intensity gas seeps in the Black Sea
to Methane Emission to the Atmosphere (CRI-
MEA)» (Fig. 1).
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Fig. 1 Ship’s track in the study area. Inset shows location map of gas seeps in the Black Sea according to long-term
acoustic observations carried out by scientists from IBSS NASU on board the R/V “Professor Vodyanitskiy” [3].

Active seepage areas are represented by red dots

Puc. 1 MapmpyT cynna B paitoHe pabot. Ha Bpe3ke: kapTa pacupeieicHus: CTPYHHBIX METaHOBBIX T'a30BbIICICHUN B
YepHoM Mope 1Mo JaHHBIM MHOTOJIeTHeT0 MoHUTOprHTa Ha HUC «IIpodeccop Bomsaunkmit» [3]. YuacTku BRIXonma

rasa OTMEYCHbI KpaCHbBIMH TOYKaMHU
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Methane emission to the hydro- and atmosphere ...

It is well known that the echosounding ob-
servation of the water column is a convenient and
efficient method for the detection of bubble re-
leases from the sea-floor [7, 24, 47]. Echo re-
sponses from numerous gas bubbles, rising to-
wards the sea surface, combine on echograms into
vertically elongated figures, which shape resem-
bles flares. This analogy is especially vivid if ap-

plied to color echograms where high levels of the
echo-signal are coded with red hues. It is generally
accepted that there is a certain dependency be-
tween the echo-signal strength and the intensity of
gas bubble streams (number and size composition
of bubbles in a flare), though echogram images
above the same seepage can significantly differ
from each other (Fig. 2).

Fig. 2 Echograms of the gas flare from seep site
at 240 m water depth

1200 m
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In fact, each an acoustic flare represents a
particular realization of the echo-signal forming
process, which is stochastic by nature and sub-
jected to various factors, such as: backscattering
properties of gas bubbles, sonar characteristics and
settings, ship speed and travel direction. Among
other factors, we focused our attention on those
which arise from the character of the spatial distri-
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bution of seeps in the investigated area. From un-
derwater observations with the use of TV sub-
mersible vehicle MiniRover MK-II [26], scientific
submarine “Benthos-300” [9] and the submersible
“Jago” [48] it was noted that the typical gas outlet
is a relatively small (from a tenth of a square cen-
timeter to meters), spatially separated from an-
other seeps area on the sea floor (Fig. 3).

Fig. 3 Methane-rich gas discharge in anoxic waters of
the Black Sea providing formation and growth of car-
bonate build-up. Still photograph was taken from the
porthole of scientific submarine “Benthos-300”. Visi-
bility range is limited by the area of projector light spot
~ 100 m? [9]

Puc. 3 Boixog MeTaHa B cepoBOJIOpOAHOM 30HE YepHo-
ro Mopsi, obecreyuBIInii 00pa3oBaHUe U POCT OakTe-
puaneHON nocTpoiiky. CHUMOK clenaH U3 WUTIOMUHA-
TOpa UCCIIENOBATENIBLCKOM MOABOJHON JToaKkH «BeHTOoCY.
30Ha BUIMMOCTH OrpPaHHYCHA IUIOLIAZBI0 CBETOBOTO
nsiTHA pokekTopa ~ 100 M [9]

These observations conform to our acoustic
data which indicate that echo returns come in most
cases from the only one flare at a time, i.e. the spa-
tial resolution of a gas flare takes place (Fig. 4).
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As shown in Fig. 4, when the single seep-
age is crossing the sound beam, it should be ex-
pected at any given instance that: a) the echo-
signal level (figure in green) depends on the angu-
lar deflection of the flare from the beam axis due
to the beam pattern (hatched figure); b) even if the
flare is distinctly recognized in the echogram, the
real geographical location of the seepage can dif-
fer from that of beam axis (seep’s track in the
beam footprint is highlighted by the figure in
blue). Any reasoning in this paragraph concerns
thin bottom layer marked in echogram Fig. 4 by
red rectangle.

Indeed, the echo level from a single acous-
tic target, positioned in the insonified volume, is
described by the equation [59]:

107 1077 2

b =EG(aaf)WUbSWEG(a,f), (1)

where P, and P, are the transmitted and received

power, correspondingly, o, is the effective back-

scattering cross-section area of the target,

8

Transducer beam pattern

Echo-signal level

Seep’s track in the beam footprint

Fig. 4 Schematic showing acoustic
detection of spatially resolved flare. h
— direction of vessel travel (heading),
N — north direction, lat0, lon0 — geo-
graphic coordinates of the beam axis,
lat, lon — actual seep location, a, f -
angular deflection of the flare from
the beam axis athwartships and along-
ship, correspondingly

Puc. 4 Cxema akyCTHUECKOTO JI€TEK-
THUPOBAHHUsI MPOCTPAHCTBEHHO pa3pe-
mienHoro (akena. h — kypc cyana, N
— HampaBJieHue Ha cesep, lat0, lon0 —
reorpaduueckue KOOpJUHATHI EHTPa
3BYKOBOTO Jy4a, lat, lon — neiicTBu-
TeNbHBIE KOOpAMHATHI cuma, a, f -
YIJIBI HApaBJIeHHs HA (akes, OTCUH-
TBIBa€Mble OT LIEHTPa aHTEHHBI HOIIe-
PEK ¥ BIOJIb CYAHA, COOTBETCTBEHHO

G(a, f) is the transducer gain towards the target

as the function of angular deflection from the
acoustic axis athwartships and alongship, corre-
spondingly, 7 is the transducer-target range, & is
the sound attenuation constant, and A is the sound

wavelength.
1007,
Denoting K = P,(——; ) =, equation
4" Arx
(1) can be rewritten in a compact form
P, =KG*(a, f)o, @

As direct signal is a sound pulse, the
whole insonified volume dV contributes to the
echo-signal at any particular instance [59]:

P.=K[G(a, f)s,dV (3)

where dV is assumed to consist of small elemen-
tary volumes OV , s, is the volume backscattering
coefficient defined as the backscattering area of
contained in the elementary volume targets per
this volume, i.e. s, =00, /0V , a and f specify
the direction from the transducer face to the ele-
mentary volume OV .
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Methane emission to the hydro- and atmosphere ...

On the assumption that the cross-section
of gas flare is small, at least at its “root”, it can be
stated that s, = 0 everywhere in the insinified vol-
ume of the thin bottom layer except for containing
gas bubbles small volume OV where s, is s,; on
average. Denoting the mean 2-way sensitivity of

transducer within the volume OV, 62( a,f.),
(3) can be transformed to:
P.=KG'(a,.f,)s,0V )
Value of s, OV, by definition, is com-

bined from the effective backscattering cross-
section areas of all acoustic targets containing in
the volume OV . If these targets (gas bubbles in
our case) are randomly and homogeneously dis-
tributed in OV then

SVSaV = ngbs 5 (5)

where n and o — correspondingly, the number
and the mean backscattering cross-section of bub-
bles contained in the insonified volume, therefore

P =KG’(a,, f. )ncn. (6)
Equation (6) shows in explicit form, that
the echo level from gas flare depends on the back-

scattering property of gas bubbles, s, number of
bubbles, n, and the flare position in the insonified

. . . =2
volume relative to the acoustic axis, G (a,, f, ).

It should be noted, that equation (6) differs from
that of the volume reverberation model, which is
deduced, as well known, from the assumption that
the whole pulse shell is filled by a large number of
randomly distributed over the beam cross-section
targets [61]. In this latter case dV in (3) is replaced
by 1/2¢ 7 7dS, where ¢ — sound speed, 7 — pulse
duration and Q — solid angle, while s, is consid-

ered to be a constant and sz (a, f)dQ is substi-
4
tuted by W — the equivalent two-way beam width
of the transducer, within which limits the sensitiv-
ity is by convention steady and equal to 1:
cT
P=K= ', (7)
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Equation (7) is referred to as the theoreti-
cal background of the echo-integration method
[17, 60], which is widely used in fish stock as-
sessment researches. The central aspect of these
researches relates to the volumetric fish density
p =N/V, where N is the number of fish in the
volume V. According to the linearity principle of
fisheries acoustics [27], there is a simple relation-
ship between the volume (s,) and point (&)
backscattering characteristics averaged over large
time/space extent s, = poss. A few applications
of the echo integration technique for estimating
methane emission over seep fields are also docu-
mented, e.g. [53].

In the present study we use a modified
echo-integration method based on the combination
of equations (6) and (7):

s
G'(a,.f,)

where s, is equivalent to the volume backscat-

Now = ®)

tering coefficient in terms of (7), i.e. as if n bub-
bles from (6) would dispersed randomly and ho-
mogeneously over the whole pulse shell, and N is
the number of bubbles per 1 m of the flare height.

The employment of (8) allows making an
appraisal of the individual intensity of gas bubble
streams and also resulted from their activity meth-
ane flux to the water column and atmosphere.

To achieve objectives of present study a
comprehensive approach is required for data collec-
tion, processing and analysis. This approach in-
cludes some interrelated steps to be passed through.

1. Data collection. Acoustic observations
were performed with the calibrated scientific
echo-sounder EK-500 unit equipped with 2 hull-
mounted transducers (split-beam 38 kHz, nominal
beam width 6.7° at -3 dB level, and conventional
120 kHz, beam width 9.4°), precision transceivers,
internal microcomputer, display and printing de-
vices for representing echograms in the real-time
mode, and digital data transfer channels. We
treated the echo sounder as a source of raw
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acoustic data (the envelope and the electric angles
of split-beam phases) which were registered at the
output of the high-speed 10 Mbit ETHERNET
communication line and processed in the remote
computer. Measurements were stored in a set of
files: low depth resolution vertical profiles of the
volume backscattering strength (maximum 700
samples) *.fq#, high depth resolution vertical pro-
files of the volume backscattering strength (maxi-
mum 5000 samples) *.fv#, phase angles of the
electrical output signal from quadrants of the split-
beam transducer (maximum 5000 samples) *.fbl
and the log file *.str containing the references to
all received from the echo sounder telegrams as
well as the readings from the satellite navigation
system FURUNO GP-80, where * is the file set
name and # denotes transducer number which
takes on a value of 1 or 2 (1 — 38 kHz channel, 2 —
120 kHz channel). For the purpose of our investi-
gation, the special data logging and processing
software was developed [15].

2. Determining the number and location of
observed seeps. First, the obtained data were rep-
resented in the form of echogram and examined
visually for flare occurrences. Depending on the
noise level and the echo-signal strength, to gain
the reliability of seep identification the various
tools were employed in the echogram window of
the WaveLens program: adjustment of the window
extent and vertical scale (depth range), tuning the
minimal visible echo level, switching between
different color palettes as well as TVG laws —
20logR or 40logR, application of the interactive
noise elimination procedure [15]. Then, those
parts of the echogram, which provisionally recog-
nized as flares, were exposed to the detailed
analysis with the use of the full set of acquired
data (Fig. 5).

Shown in Fig. 5 SV values are determined
according to (7) with the threshold level of -55 dB.

b
a) ) ping No
6810 6860 6910 6960
-30 . . 0 _
]
-35 i 11 %
-40 I >3
g 45 I* 2 ©
= s
x T3 =
7 -90 3 5
-+ 4 =
-55 - 0
-60 4 +5 .
@
-65 6
34 5.6
c)
%b 44.841 -
o
S 44.840 - T e
k] / o
5 2
T 448391 @ [43]
= 6,5
— 44.838 : . .

31.993 31.994 31.995 31.996 31.997 31.998 31.999

Longitude, dec. deg.
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Methane emission to the hydro- and atmosphere ...

Fig. 5 Gas flare identification and determination of geographic coordinates of seepages: a) fragment of the echogram at
38 kHz with 0.3 ms pulse duration and 1 s ping rate. Vessel moved along the straight-line trajectory at a variable speed
within the range of 4.6 — 5.7 knots. Detected flares are numbered 1 — 6; b) volume backscattering strength SV, dB (red
line) and solid angular deflection of flares from the transducer axis @, degrees (blue line), averaged for each ping within
2 m near-bottom layer; ¢) geographical location of seeps 1 — 6. Ship’s travel direction is indicated by the arrow.

Puc. 5 OGHapyxeHnue dakenoB u onpeneneHue reorpaduueckux KOOPAUHAT CTPYWHBIX ra30BbIICIICHUIA: a) ¢par-
MEHT 9XOrpaMMBbl, TOJYYSHHOH NPH 30HAUPOBAHUU MMITYJIbCAMH IJIMTEIBHOCTEIO 0.3 MCEK ¢ 4acTOTOH 3arlOIHeHUS
38 x['u u mepnogom mosroperust 1 c. CyaHo ABHTAIOCh MPSAMOIMHEHHO C TEPEMEHHOI CKOPOCTRIO B peaeiax 4.6 —
5.7 y3na. Hludppamu 1 — 6 oTMeueHb OOHAPYKEHHBIC ra30BbIe (pakemnbl; b) cuila 00paTHOro 0OBEMHOIO pacCesTHUs
SV, nb (JMHUM KPacHOTO I[BETA) U YIIIOBOE OTKJIOHEHHE (DAaKEeJIOB OT OCH aHTEHHBI @, rpanychl (CHHUE JIMHUH), pac-
CUMTAHHBIE JUIS KaXKI0H 30HIUPYIOLIEH MOCBUIKH YCPEIHEHUEM 110 MPHIOHHOMY CIIOK0 IIMPHHOU 2 M; ¢) reorpadu-

YecKoe IT0JI0KeHue CuioB 1 — 6. HaHpaBJ’ICHI/IC JABWKCHUC CyJHA 0003HaYEHO CTpeJIKOﬁ.

<

It should be noted, that visual analysis of
echograms was performed with low echo-signal
threshold (in the order of -90 dB, TVG 20logR ap-
plied), efficient for detecting even week flares at the
periphery of the sound beam. However, when cal-
culating SV the echo-signal threshold could be set
to higher values to provide better spatial resolution
for the seepage distinction as shown in Fig. 5.

The solid angle @, which represents the
angular deflection of a flare from the beam axis, is
calculated by formula:

1

5 —)>
\/ l+tga+tg” f
where a and f are flare angular deflection relative
to the split-beam axis athwartships and alongship,
correspondingly.

In Fig. 6 all © values of observed flares
are drawn on the plot uniform quantile plot, from

O = arccos(

)

which it is seen that only in 10% cases flares were
detected by the most sensible area of the trans-
ducer within 1° off the acoustic axes; while in 50%
cases O exceeded the nominal half-width of the
split-beam pattern (3.35°). As shown in Fig. 6,
seeps, which angular deflection from the beam axis
constituted no more than 6.5°, were distinguished in
echograms with the probability of 97.5%. Because
of this reason we assumed that the area, scanned
during acoustic survey, coincides with the stripe
along the ship’s track which breadth refers to the
13° full-width sound beam footprint.

Depending on the direction to the insoni-
fied flare from the split-beam transducer face, the
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small correction was introduced to GPS readings
to determine the seep’s position more precisely:

lat =lat0+d * (tg(f) * cos(h) - tg(a) * sin(h))/M
(10a)

(10b)
where /at0, lon0 and h — current GPS readings of
the latitude, longitude and ship’s heading, /at and
lon are calculated seep position, d is water depth,
M and N — the radius of curvature of the ellipsoid
in the prime meridian and the radius of curvature
of the ellipsoid in the prime vertical of the geo-
detic reference system WGS 84, correspondingly.

As illustrated in Fig. 5, any seep gets into
the insonified volume for a short time period even
at medium ship’s speed (4 — 6 knots); so the pos-
sibility for obtaining representative statistical
samples on a single traverse is very limited. How-
ever we used the consolidated data from various
routes executed at different time, direction and
speed. In total, more than 2000000 resulting echo-
sounding pings insonifing one or another gas flare
were made. The geoinformation system (GIS)
ArcView™ 3.3 was applied for data processing.
When mapped on the GIS pad according to the
georeference label (lat, lon), flare samples aggre-
gated in a cluster indicating the seepage location.
Number and coordinates of centers of such clus-
ters were treated as quantity and localization char-
acteristics of gas bubble streams in the investi-
gated area (Fig. 7).
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Fig. 6 Solid angles @ of all detected flares showing on the uniform quantile plot
Puc. 6 Yruel © oOHapy eHHBIX 5XO0-OTKJIMKOB Ta30BbIX (hakeJoB Ha rpaduke KBaHTHIIEH PaBHOMEPHOW (YHKIHMU
pacripeneneHus

31°43'30" 31%44'00"

Fig. 7 Determining the
4°3400 . : actual number of seep-
' ages and their geo-
graphic locations. No-
tation used: EZH —
ship’s track; -
GPS readings (lat0,
lon0) for flares insoni-
fied at Vanous traverse

routes; — seep-

age coordinates (lat,
lon) calculated accord-
ing 1o (10); I —
area of acoustic cover-
age calculated by Arc-
View™ as  non-
overlapping buffer
zone around the ship’s
track which refers to
the 13° full-width
| sound beam footprint.

B4R B Puc. 7 Omnpenencuaue
YTOUHEHHBIX KOOPIHHAT cUMoB. O003HAYCHUS: = MapUIpyT CyHa; — xoopauHarsl (lat0, lon0) CUMTAHHBIE C

noka3anuid GPS npu nepeceyeHun QakesnaMu Jiyda aHTEHHBI 9X0JI0Ta HA Pa3iIMYHBIX Tajcax Cy/Ha; E KOOp.IH-

HaThl CTPYHHBIX Tra3zoBblnenenuit (lat, lon), BeruncnenHbie mo Gopmynam (10); — 005acTh aKyCTUYECKOTO I10-
KpBITHS, paccunTaHHas ArcView' ™ kak Hemepecekaromascs OydepHas 30Ha BOKPYT MapIIpyTa CyJHA ¢ YUETOM -
(heKTHBHOU IIMPUHBI AUATPAMMbI HAIIPABIIEHHOCTH aHTEHHBI 9X0J0Ta 13°.
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Methane emission to the hydro- and atmosphere ...

3. Estimating the seep’s productivity. As a
measure of productivity the number of bubbles per
1 m flare height just above the sea floor (V in the
equation 8) was used. It can be shown that N is
proportionate to the frequency of bubble emitting
from the sea floor. If At is the mean period of time
between instants of bubble detachment from the
sea floor and v, is the mean initial bubble rising
speed, then the mean distance between bubbles in
the lower part of gas flare constitutes Ah = vyAt.
Let NV bubbles contain in water layer 1 m thickness
above the seepage. Estimation of A% can be ex-
pressed as /N, therefore, N = 1/vyAt.

The mean productivity of j-th seep N,

was estimated by averaging over the correspond-
ing cluster in the GIS pad according to (8):

2 m; i
— [l s
N, = > >

- — : : )
ObsM ;i Gz(a;’fsl)

where i is the point number from a cluster and

(11

takes values from 1 to m;.
The beam pattern factor G°(a, f) is a

nominal characteristic of calibrated echo-sounders.
For used in our study SIMRAD ES38B split-beam
transducer it is expressed by formula [59]:

0.4 —

a)

0.3 —

Frequency
o
N
|
Frequency

.

-63 -60 -57 -54 -51 -48
TS=10log(cps)

-45 -39

G2(a, f) =100/ 0/ (1 /y F018(alg) (1 /v ))

(12)
where ¢ and y are half-width -3 dB beam angles
athwartships and alongship, correspondingly.

Aiming to minimize the inaccuracy of
formula (12) evaluation and to eliminate the influ-
ence of closely approximating seeps, only those
points from a cluster were selected for averaging

(11), which satisfy conditions a’ < ¢, f! <y .
Backscattering cross-sections of bubbles

0,, were determined by direct split-beam meas-

urements at flare “roots”. These measurements
require single bubbles to be spatially resolvable in
the sampling volume; however we have found
such a situation is rather atypical straight above
seepage. Therefore, one of two generalized, in-
stead of individual, o value was used in (11)
depending on the seepage depth: one for depths <
140 m, another — more than 140 m. The first value
represents the statistical average of measurement
results over many seeps at water depths 80 — 100
m, the second — 180 — 230 m. (Fig. 8).

04 — b)

7

0.3 —

0.2 —

\

60 57 54 51 48  -45 42 -39
TS=10log(cps)

7772272

Fig. 8 The target strength 7'S' = 10/og(',, ) distribution bar charts of gas bubbles above the sea floor: a) at depths

80 — 100 m: b) at depths 180 —230 m

Puc. 8 I'ucTtorpamMMbl pactpe/iesieHrsl CHITbI LEH 18 = IOIOg ( O ) My3BIPHKOB HAJl THOM: a) Ha mryOuHax 80 —
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4. Evaluating the methane flux. We distin-
guished three constituents of the methane flux
originated from gas bubble streams:

— initial upward flux @, governing methane
intake from the bottom to the water column;

— dispersed flux @,, evolved from gas exchange
between rising bubbles and surrounding water;

— flux to the atmosphere @,, produced by bub-
bles reached the sea surface.

Our approach to flux calculations proceeds
from the hypothesis that each flux constituent is
linearly dependent on the seep productivity N
(1/m):

@, =N-s,-m, (13)

om(h)
oh

D, =N- js(W -dh (14)
0

om(h)

H,
¢a =¢0_@w=N(gm7()—J'@7dh)
0

: (15)

where ST) is the mean initial bubble rising speed,
m, is the mean initial methane content in bubbles,
s(h) is the mean bubble rising speed depending

on depth, Om('h) is the mean change of methane
content in bubbles depending on depth, and H, is

Equations (13) — (15) refer to bubble pa-
rameters, namely the rising speed and the methane
content at any depth throughout the entire water
column, however measuring these parameters for
each seep seems to be impractical. Meanwhile,
after [20] gas bubble features are commonly con-
sidered in terms of two dynamic characteristics
(both in cm/s) — the rise velocity v, and the liquid-
side rate of mass transfer across the surrounding
bubble thin gas-liquid boundary layer 4, which in
turn depend on bubble size, shape, gas content and
various environmental factors. At all that, the
“clean” and the “dirty” bubble behavior modes are
distinguished in [20], where “dirt” stands for vari-
ous surfactants exist in sea water, such as: salts,
polysaccharides, proteins, lipids [13]. As influence
of surfactants on the bubble results in decreasing
both v, and &, we made few measurements of rising
speed of seep bubbles to evaluate the validity of this
factor in the Black Sea environment (Fig. 9).

These measurements were conducted over
water depths of 90 — 650 m at different parts of
gas flares (in near-bottom, pelagic, subsurface lay-
ers of the water column) using the single bubble
track extraction technique incorporated into the
WaveLens software [15].

T 40

35

30

Fig. 9 Rising speed of bubbles in gas
flares. 1 and 2 — theoretical curves for

25 4

20 4

“clean” [50] and “dirty” [42] bubbles,
correspondingly; 3 — data from our meas-
urements (data for the flare “roots”, at the
distance no more than 10 m from the sea
floor, are indicated by red dots)

Puc. 9 CkopocTs mogpeMa Iy3sIpHKOB B

15

Rising speed, cm/s

ra3oBbIX (hakenax. 1 U 2 — TeOpeTUIECKHE
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«Tps3HBIX» [42] My3BIPHKOB, COOTBETCT-
BEHHO; 3 - JaHHBIE HAIIUX H3MEpPEHHUH
(KpacHBIMH TOYKaMHM OTMEYEHBI H3Mepe-
HUS B HW)KHEH YacTH (hakesioB, Ha pac-
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Bubble diameter, mm
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As shown in Fig. 9, big bubbles of more
than 5 mm in diameter can be considered as quite
“clean”, while smaller bubbles, being initially
“clean” in the lower part of a flare, adsorb surfac-
tants during their ascent and gradually turn into
“dirty”” ones. This means that the state of a bubble
at any instant depends on its full lifetime prehis-
tory. From these considerations we estimated the
lacking parameters in equations (13) — (15) by
mathematical simulation. A model, based on the
Van der Waals equation of state and the Fick’s law
for diffusion, was developed for quantitative
analysis of gas bubble behavior in the water col-
umn [16]. The major difference of our model from

Rising speed v,

40

v

25 1 e

20 A

T
ol /) \

Rising speed, cm/s

0 5 10 15
Bubble diameter, mm

~— 3 —— ]

ot \2/0

others documented by various researchers [42, 46,
66, 67] concerns the algorithmic representation of
bubble evolution from “clean” to “dirty” modes
depending on the area of stagnant cap at the rear
of rising bubble, where adsorbed surfactants ac-
cumulate due to the surface convection and cause
the Marangoni effect [28, 43]. Analytic parame-
terizations for v, (first proposed in [56]) and %,
were earlier successfully tested in experiments
with air bubbles placed to tap water stream [14,
62, 63]. The “clean”, “transitional” and “dirty”
modes of methane bubble behavior in the Black
Sea environment calculated according to our
model are illustrated in Fig. 10.

Gas transfer coefficient 4;

0.05

AN

o
o
@

Kb, cm/s

o
o
N

0.01 - /
J/’ |

0 5 10 15
Bubble diameter, mm

Fig. 10 Calculated values of v, and k, for three behavior modes of methane bubbles: 1 — “clean”; 2 — “dirty”; 3 —

“transitional”

Puc. 10 PacuerHble 3HaueHUS v, U kp, XapaKTEepU3YIOIINE TPH PEXHUMa MOBEICHUS My3bIPKOB: | — «UUCTBINY; 2 —

«TPSI3HBIIY; 3 — «IEPEXOIHBIIN

The developed model was verified using
time series data acquired by single bubble tracking
observations (Fig. 11). Gas flares in whole were
modeled as statistical ensembles of bubbles, which
initial sizes were evaluated from measured back-

scattering cross-sections o,  (Fig. 8, a, b) using
the simplified formula [19]:
d =2000./c,, , (15)

where d (mm) is bubble diameter.

Mopcekuii exonorignuii sxxypsain, Ne 3, T. VI. 2007

Initial bubble sizes, calculated for shallow
seeps, ranged from 1.3 to 18.3 mm with the mean
of 5.1 mm, while for deep seeps, correspondingly,
2.0 — 15.7 mm with the mean of 7.7 mm. The ob-
tained bubble size series were divided into 2-mm
discrete classes and the bubble model was repeat-
edly executed for each size class. The model out-
put included: time ¢, s; actual bubble depth 4, m;
bubble diameter d, mm; content of four gases in the
bubble m, umol. For shallow seeps (water depth <
140 m) modeled bubbles were assumed to be

15
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composed of CHy, N,, O, and Ar, while for seeps
located at depths more than 140 m — of CHy, Ny,

He, Ar.

b) 65
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90 = ‘ :
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Time, s
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g 0.3 °
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Fig. 11 Validation of methane bubble model results using acoustic observations for single bubbles: a) echogram with
the echo-trace of single bubble; b) depth-time curve; ¢) change of rising speed; d) size transformation. In plots b), c)
and d) points represent observed data; solid lines — model curves.

Puc. 11 ComocraBieHne aKyCTHYECKUX HAONIONCHWA ¥ MJAHHBIX MOJEIHMPOBAHMS METAaHOBOTO IIy3bIphbKa:
a) ciel] OAMHOYHOTO Iy3bIPbKa Ha 9XorpaMme; b) TpaeKTopHs B KOOpAMHATaX TIIyOMHa — BpeMs; ¢) U3MEHEHHE CKO-
poctu noawvema; d) msmenenue pasmepoB. Ha puc b), ¢) u d) Toukamu oTMeUeHbBI JaHHBIC U3MEPEHHMA, CIUIONIHBIC

JIMHUU — MOJICJIbHBIC KPUBBIC.

In both cases the initial methane content
was specified at 99% according to literature data
[4, 5, 8, 48]. Model calculation stopped when
bubble either reaches out the sea surface or de-
creases in size under 0.2 mm, what was interpreted
as complete dissolution of a bubble. Then simu-
lated for each size class data were used to compute
the vertical profiles of methane content m,,(4) and
flux to the water
£(h)= m, (h+4h)—m, (h)
At
bubble travel time through the depth interval of
Ah. Finally, required for equations (13) — (15) the

16

column

, Where At is the

statistical mean values of methane content and
flux to the water column per 1 seep bubble were
determined by the bubble size-frequency distribu-
tion weighted averaging over m,,(h)- and f,.(h)-
profiles as illustrated in Fig. 12.

Results and discussion. During 2003 and
2004 CRIMEA cruises 55 Gbyte of acoustic data
were collected in the research area, where 381.5
km® of the sea floor were covered by acoustic ob-
servations. In total, 2875 gas flares were detected
from echograms. By data processing with the use
of GIS technique it was determined that all ob-
served flares belong to 2200 seeps located in dif
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ferent water depths between 66.0 and 832.3 m (Fig. 13).

Fig. 12 Mod-
a) 0 by O eled  vertical
10 - 10 - profiles of
mean methane
20 1 20 1 content  M(h)
30 30 (a) and flux to
g 40 g 40 the water col-
£ 50 £ 5] umn £, (1) (o)
A 60 R 60 per 1  dis-
70 | 70 - charged bubble
20 - \ o0 | for a seepage
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90 ~ m depth
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Normal quantile plots (Fig. 15) for log-

transformed @, values testify that the statistical

distribution of initial methane seep fluxes follows
the log-normal law independently of seep location
depths.

Mopcekuii exonorignuii sxxypsain, Ne 3, T. VI. 2007

Fig. 13 Seep distribution versus depth in the investigated
area

Puc. 13 Pacnpenenenue cumoB 1o riiyOuHe B paiioHe UC-
Clel0BaHUI

Of the total amount of recognized seeps, the
productivity N was determined for 811 seeps, well
spatially resolved by the echosounder. The initial
methane flux was estimated separately for seepage
areas above and below the horizon of 140 m, corre-
sponding, approximately, to the oxic-anoxic bound-
ary in the Black Sea. Shown in Fig. 12 are frequency
diagrams of initial methane fluxes from individual
seeps @) (I/min STP), calculated for shallow and
deep areas according to equation (14).

Presented in Fig. 15 data confirm to early
proposed assumption that the log-normal distribu-
tion is applicable when methane flux over seepage
areas is estimated by extrapolation of small
amount of observations [65].
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Fig. 14 Frequency distribution of initial methane fluxes from individual seeps in shelf (a) and deep (b) sectors of in-

vestigated area
Puc. 14 YacroTHbIe pactipenieieHus HHINBUAYAIBHBIX HAYaIFHBIX TIOTOKOB CHIIOB B MIENB(OBOM (@) U TITyOOKOBO-

HOM (b) y9acTkax MCCIIEIOBAaHHOTO paifoHa

a) b)

10fog, (®,)
10iog , (@,)

Y] POREL I N N N RS R e e e e e 1 e
orad 12 5 0M0 25 50 Ts 90 85 98 33 997998 o103 12 5 00 25 50 5 90 95 9899 937998

Probability, % Probability, %

Fig. 15 Log-transformed initial methane fluxes from individual seeps in the shelf (a) and deep-sea (b) sectors shown
on the normal quantile plots. The solid line represents a linear fit through the data points aggregated between 25% u
75% quartiles

Puc. 15 nauBuayanbpHble HaYaIbHbIE TOTOKU CUIIOB B IENB(GOBOM (2) U IiyookoBoaHOM (b) yyacTkax Ha rpadu-
Kax KBaHTHJIEH HOpMaJbHOW (pyHKIMM pacripeneneHus. JInHeiiHas anmpokcuMalysi, OlleHeHHas! 110 JTaHHBIM, CTPYII-
MUPOBAHHBIM MEXy KBapTUISIMU 25% 1 75%, moka3zaHa CIIOMIHOM TMHUEH

Averaged over depth intervals the individ- trough a resonance effect was considered as the
ual estimates of initial methane fluxes @, from most probable cause of artifacts, resulting in in-
811 seeps are shown in Fig. 16. crease of s, values in (11) for deep seeps and,

It appeared unexpected for us that seep hence, overestimation of seep productivity N. Us-
fluxes so dramatically trend towards an increase ing formulae (A6.1.16) and (A6.1.21) from [19],
with the water depth increment as observed in Fig. we recomputed the aggregated echo return from
14. We have examined our data with due attention. the ensemble of bubbles, which size distribution
Variation of bubble backscattering cross-sections corresponds to Fig. 6b.
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Methane emission to the hydro- and atmosphere ...

=
Z_

500 \\

Water depth, m

[=2]
o
o

~
o
S

\
<
(

900 T

T
0.1 1 10 100 1000

10log10( D 0)

b) 0
100
200 1

300

400 -

500

Water depth, m

600 -

700

800

900

0 50 100 150
Number of observations

Fig. 16 Individual initial methane fluxes from 811 seeps, averaged over depth intervals (a); (b) — number of aver-

aged observations

Puc. 16 MaauBrayanbHble HayaibHbIe TOTOKH 811 cnnoB, YCpEIHEHHBIE IO UHTEpBAJIaM riryouH (a); (b) — obec-

NMEYCHHOCTDb JaHHBIMU IPHU YCPCIAHCHUN

In contrast to (15), these formulae allow
estimating of the bubble acoustic properties de-
pending on depth and a number of other factors.
The typical vertical distributions of temperature,
salinity and water density in the Black Sea were
employed in our calculations; methane was as-
sumed as the dominant bubble gas species, there-
fore the heat capacity ratio for methane y = 1.31
was applied; the Q-factor of bubbles was defined
by 10.2. It should be noted, that our calculations
concerned solely with bubbles from a thin near-
bottom layer. At mean initial rising speed of 25
cm/s (Fig. 9 — 11), bubble residence time in this
layer does not exceed 10 — 15 s. According to our
model data, bubbles insignificantly change in size
over such a short period of time (even bubbles of
the lowest size class shrink by no more than 0.2 —
0.3 mm). Nevertheless, we made two alternative
calculations — for initial bubble sizes and reduced
by 0.3 mm. The results of our calculations showed
that in both cases the overall echo return from
bubbles at seep “roots” very slightly increases
with depth. Thus, when depth changed from 200
to 800 m, the seep echo strength increased in the

Mopcekuii exonorignuii sxxypsain, Ne 3, T. VI. 2007

first and the second cases by 0.23 dB and 0.26 dB,
correspondingly, i.e. by values comparable with
the accuracy of echosounder calibration. It can
also be suggested that real initial sizes of deep
seep bubbles are somewhat smaller than those
used in our calculations; however we consider the
strong influence of resonance effect on our N es-
timates to be improbable, for all that. Meanwhile,
while studying the methane budget in the Black
Sea, authors of [40] apply a geochemical box
model, which predicts a local maximum of meth-
ane input from seeps at 700 m water depth. The
question about the origin of this maximum re-
mains open in [40], but with a glance at data
shown in Fig. 16 it might be supposed that seep
methane source strengthening with depth can be a
factor affecting the modern Black Sea methane
distribution and budget.

Comparing estimates of @, against @, we
found, that most amount of bubbling methane
coming to the water column, transforms into the
dissolved gas phase. The ratio @, /@, is the less
the more seepage depth and bubble methane can
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reach sea surface only from those seeps, which are

30
Depth <262
@,=0,

20 Depth > 262

O,/ Do

10 —

“®@,= @, (30.5/(1+(Depth/121.2)*7.6),

located at depths shallower than 262 m (Fig. 17).

Fig. 17 Dependency of @, /@, ratio on
seep location depth (A).Solid line — an
approximating curve. The approximate
equation is shown.

Puc. 17 3aBucumocts @, / @) OT riryOUHBI
pacnionoxeHust cunoB (A).CronrHas
JIMHKS — aIPOKCUMUPYIOLIas KpUBasi.
[IpuBeneHo ypaBHEHUE aNIPOKCUMAIINH.

Statistical  distributions
of individual methane seep
fluxes @, (I/min STP) for both
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shallow and deep areas were also
300 close to the log-normal law (puc.
18).
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Fig. 18 Log-transformed individual methane fluxes to the atmosphere @, from seeps in the shelf (a) and deep-sea (b)
sectors shown on the normal quantile plots. The solid line represents a linear fit through the data points aggregated

between 25% u 75% quartiles.

Puc. 18 UnnuBuayansHble TOTOKM MeTaHa B atMocdepy @, oT cunoB B menbpoBoM (a) u riybokooaHoM (b) yya-
CTKaxX Ha rpaukax KBaHTWICH HOpMaJbHOI (yHKuMH pactpeneneHus. JIMHeHHas annpoKcHManus, OLeHEeHHas 110
JTAaHHBIM, CTPYIIIUPOBAHHBIM MEXIY KBApTWIAMH 25% 1 75%, TOKa3aHa CIUTOIIHON JTMHUEH.

We made an assessment of individual
methane fluxes @, and @, for all detected in the
investigated area 2200 seeps using the procedure
as described below:

a) seeps were ranked on location depth and dis-
tributed over the same depth intervals used for
plotting Fig. 16a;

b) the initial flux @, of those seeps, for which
individual methane fluxes were not estimated di-

20

rectly, was equated to the mean value from the
corresponding depth interval;
¢) fluxes @, were calculated from initial fluxes @,
according to the approximation equation Fig. 17.

The summary of obtained data over the
whole investigated area is presented in Table 1,
while the spatial distribution of seeps is shown in
Fig. 19 and 20 where estimates of individual initial
methane fluxes @, and fluxes to the atmosphere

@, are indicated.
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Table 1 The summary of obtained data
Ta6xa.. 1 CymMapHbIe JaHHBIC HAIIUX UCCIICTOBAHUN

Parameter Sector A: depths Sector B: depths
60— 140 m 140 — 850 m

Acoustic coverage, km” 41.2 345.9

Number of seeps 902 1298

Range of initial methane fluxes from individual seeps 0.01 -74.91 0.01 - 509.82

@y, I/min STP

Mean initial methane flux @, 1/min STP 2.47 22.86

Total initial methane flux @, 10°m*/year STP 1.17 15.57

Total methane flux to the atmosphere®,, 10° m’/year STP 0.31 0.01

31°40" 31°45" 31°50° 31°55" 32°00" 32°5" 32010 32015 32720

44°55' 44°55'

44°50° 44°50"

44°45' 44°45'

44°40' 44°40'

A ) R

44°35’ 44°35"

T

31°40° 31°45' 31250 3155 32°00° 3225 32°10° 32715 32°20¢

éllgls |

Fig. 19 Location map of observed seepages. Diameter of pie charts corresponds to the seep initial flux of methane
@y. The least one matches 0.01 I/min STP, the largest - 509.82 I/min STP. Blue sectors in pie charts denote individ-

ual methane fluxes to the atmosphere @,
Puc. 19 TlpocTpaHCTBEeHHOE pacmpe/esieHne OOHAPYKEHHBIX CUMOB. J[MaMeTp KPYroBhIX JMArpamm OToOpakaet

BENTMUYMHY HAYaIbHOTO MoTOKa MeTaHa @). Haumenbinmii quametp cootBercTByeT HHTepBany 0.01 a/mun STP, nau-

oot — 509.82 yi/muH STP. UnanuBuaya bHbIE BEIMYHHBI TOTOKA MeTaHa B atMmocdepy @, 0003HaUEHbI Ha JTHa-
rpaMmax CEKTOopaMu, 3aKpalli€HHbIMU CUHUM 1IBETOM

According to our estimates, 1387 or 63% area deliver gaseous methane to the sea surface.
of the total amount of seeps in the investigated However, the rate of atmospheric emission of
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methane gas phase from seeps constitutes only 10° Tg / yr. Correspondingly, 98.1% of bubbling
1.9% of the initial flux — 0.32 10° m® / yr or 0.23 methane dissolves in the water column.

31°40' 31°45' 31°50" 31°5%8" 32°00° 32°5' 32°10 32°15' 32720

44°55 44°55'

44°50 44°50"

44°45

31758307
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Atm. flux ( micromolis m*2;
per 100x100 m cells

[ 0.002 - 0.099
0.099 - 0.196
0.196 - 0.294
0.294 - 0.391
0.391 - 0.488
0.488 - 0.585
0.585 - 0.683
0.683-0.78
Sasind 0.78-0.877
P 0.877 - 0.974
B 0.974 - 1.072
I 1.072-1.169
B 1.169 - 1.266
I 1.266 - 1.363
B2 : 4450300 I 1.363 - 1.461
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] No Data
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Fig. 20 Location map of observed seepages which emit methane gas phase to the atmosphere. Diameter of pie charts
corresponds to the seep methane flux to the atmosphere @,. The least diameter matches 3.13 10 I/min STP, the
largest — 19.46 I/min STP. The most intensive methane emanating area is shown in the inset, where averaged over
100x100 m cells @, values are given

Puc. 20 IIpoctpaHcTBEHHOE pacIpefesieHHe CHIIOB, SMUTHUPYIOIINX Ta3000pa3HeIid MeTaH B atmoctepy. Huamerp
KPYTOBBIX AMarpaMMm oToOpakaeT BenuuumHy notoka @, HamMenwsmmii muamerp coorBercTtByeT 3.13 10° 2/Mun
STP, nanbonsmuii — 19.46 n/mMun STP. Ha Bpe3ke — kaprta y4acTka Hauboyiee HHTCHCHUBHOTO Ta30BBIICIICHUS B aT-
Mocdepy, rae nmokasanHele 3HaUeHus @, ycpenHeHsl B sueiikax 100x100 m

Conclusions. To estimate methane flux In total 2200 seepages have been identified at the
from natural gas bubble streams (seepages) a investigated area of 387.1 km” which release
combined approach is applied, inclusive of de- 16.74 10° m> STP, or 12.0 10° Tg of methane a
tailed echo survey of investigated area and data year. Our data confirm the hypothesis about log-
analysis with the use of specialized software, GIS normal statistical distribution of methane fluxes
technique and mathematic simulation. from natural seeps, which is commonly utilized

A precise location map of methane seep- for regional flux estimations by extrapolation from
ages in the Dnieper paleo-delta region is obtained.
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a few measurements of individual seepage rates as
calibration points.

Our data evidence, that only 1.9% of the
total amount of methane, released from gas seeps,
reaches the atmosphere with bubbles. Thereby it is
interesting to compare atmospheric emission rates
of gaseous and dissolved methane from the sea
surface. Data on the sea-air methane flux were
acquired in the work [57], performed in the
Dnieper paleo-delta in parallel with our survey
during the 2003 CRIMEA cruise. The results of
the methane flux calculations are reported in [57]
separately for shelf (water depth < 200 m) and
open waters (water depth > 200 m). Depending on
calculation method, the mean emission rate from
the shelf area was 0.32 — 0.77 nmol/m’s, while
from open sea water 0.19 — 0.47 nmol/m’s [57].
Having divided our estimations for the total flux
@, from surveyed sectors A and B by their areas
(Table 1), we determined that the area averaged
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atmospheric flux of free seepage methane over
sector A constitutes 3.6 nmol/m’s, one order of
magnitude more than that of dissolved methane,
while over sector B it decreases to 0.015
nmol/m’s, considerably less in comparison with
dissolved methane phase. Consequently, taking
into account the local character of seep spatial dis-
tribution (see insets in Fig. 1 and 20), the direct
contribution of gas bubble streams to atmospheric
emission of methane on the entire Black Sea basin
seems to be insignificant. An the same time, most
of seep methane remains in sea water, enters into
physical, chemical and biological transformation
processes of carbon-containing compounds and
may play an important role in the Black Sea basin-
wide methane budget.
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OMHuccHs MeTaHa B THAPO - M aTMoc(pepy CTPyiiHBIMHU ra3oBbIICICHUSIMHA B palioHe najieo-1ebThI p. [(Henp B
Yepuom mope. 0. I'. Aptemos, B. H. Eropos, I'. I'. Iloaukapnos, C. b. I'yaun. 51 oneHky MOTOKa METaHa OT
CTPYWHBIX T'a30BbIIENECHUH (CHIIOB) MPUMEHEH KOMOWHHUPOBAHHBIA ITOAXO0]], BKIIOYAIOMINN MPOBEICHHUE IETAIBHON
aKyCTUYECKOH CBEMKH MCCIEIyeMOro paifoHa M aHaJM3 AAaHHBIX C HCIOJIb30BAaHHEM CIELHATIN3UPOBAHHOTO IIPO-
rpaMMHoro obecneuenust, Textosornu I'MIC 1 MeToioB MaTemaTrnieckoro mojenupoBanus. [lonyuena noapobHas
KapTa pacnpejiesieHus MEeTaHOBBIX CUIIOB B paiioHe maneo-pycia p. Juenp. Beero Ha muomanu 387.1 KM?, 06cIIe10-
BaHHOM B 3TOM paiione, naeHTH(UIMpoBaro 2200 cumos, Beemsommx 16.7 10° M’ npu armocdepHoM aBieHmn
(STP), wm 12.0 107 teparpamm (Tr) Merana B roa. CTaTHCTHUECKOE PACIpPEIeICHHE HHIMBHIYaIbHBIX TOTOKOB
MeTaHa OT CUIIOB COOTBETCTBYET JIOTHOPMaJIbHOMY 3aKkoHy. ITo Hamum onenkam, 1.9 % meTaHa cTpyHHBIX Ta30BbI-
JIeTIeHnit TocThraeT arMocgeps! B Ta3000pa3sHOM cOcTOsIHAY, a 98.1% pacTBopsieTcs B BogHOM crojbe. Takum oOpa-
30M, MOJABIISONIAs YacTh METaHA OCTAeTCsl B MOPCKON BOJIE M BKITFOUAETCS B (PM3MUECKUE, XUMUIECKUE U OMOIOTH-
YeCcKHe MPOIECCH TpaHC(HOpMaLUH YTIIEPOICOAEPKAIINX COSIUHEHNI.

Kurouesnie ciioBa: U pHoe Mope, naneo-pyciuo p. JlHenp, cTpyiHbIe METaHOBBIE I'a30BbIIENICHHS], TOTOK METaHa.

Emicisi meTany B riapo - i atmocepy cTpyMMHHUMH BHXOAAMM a3y y paiioHi najeo-aeastu p. Aninp y Yop-
Homy mopi. 0. I'. Apremos, B. M. €ropos, I'. I'. [loxikapnos, C. b. I'yiin. [Iy1s1 o1iHIOBaHHS IOTOKY METaHy BiJ
CTPYMHHHUX BUXOMIB ra3y (CHIB) OyB 3aCTOCOBaHWH KOMOIHOBaHH IMiIXil, BKIFOYAIOUNH 3MIHCHEHHS NOKIAIHOL
aKyCTUYHOI 3HOMKH JOCIiIKYBaHOTO PaOHy ¥ aHAali3 JaHUX 3 BUKOPUCTAHHSAM CIIEIialli30BAHOTO MPOTPAMHOTO
3abe3neueHHs, Texaonorii ['1C i MeToniB MaTeMaTHYHOTO MoAeoBaHHA. OTpUMaHa JOKIaTHA Mara PO3IOALTy Me-
TAHOBHX CHIIIB Y paiioHi maneo-pycna p. Auinp. Pa3zom na mom 387.1 KM, 06CTEKEHOT y LIbOMY paiioHi, iieHTudi-
xoBaHo 2200 cumiB, Buaisounx 16.7 10° M mpu atmocdepHomy tucky (STP), ado 12.0 10~ Teparpam (Tr) MeTaHy
mopigHo. CTaTUCTHYHUNA PO3IMOILT IHAWBITyadbHUX TTOTOKIB METAHY BiJl CHIIIB BIIIOBIAa€ JOTHOPMAIEHOMY 3aKO-
Hy. 3a HalMMHK ouiHkam, 1.9 % MeraHy cTpyMHUHHHX BUXOJIB T'a3y JOCSTaloTh aTMochepu y ra3ornoaioHOMy cTaHi,
ane 98.1% pO3UMHSAIOTHCS Y BOJHOMY CTOBII. TakuM YMHOM, NIEPEBaKHA YaCTHHA METaHy 3AJIMILIAETHCS Y MOPCHKii
BOJIi Ta BKJIOYAETHCS Y (i3nyuHi, XiMiuHi i O10J0TI4YHI poliecH TpaHChOpMalii ByTrJie-MiCTIYUX CHONYK.

Karouosi ciioBa: Yopae mope, naneo-pyciio p. JIHinp, CTpyMHHHI BUXOJIU METaHY, MOTIK METaHy.
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