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Radar images of the southwestern part of the Casgea received from Envisat satellite
in 2003-2004 revealed a large number of oil sliaksatural origin. Computer processing
and visual interpretation of the radar images adl a® comparison with offshore
geological-geophysical and seismic survey datauitidation of geoinformation system
relate these slicks to underground fluid dischqaile gas, formation water) in the south
Caspian tectonic depression. Impact of the oil fdisge on the Caspian ecological
situation is herein proved to be significant.

INTRODUCTION

Technological breakthrough in the area of undemvateduction provided opportunity
for developing deepwater regions of the contineskeallf of the World Ocean and land-
locked seas where a third of the world oil resosiiseextracted. In particular, offshore
Brazil, Angola and USA oil is already produced @& slepths of up to 1200 meters and to
the volumes of over 1000 tons per day. It is ldgibat presently there are projects under
review for field development at greater sea deptliside the continental shelf. Therefore
at the regional and prospecting stages of the exfobm activities the use of Earth remote
sensing facilities may become very supportive foediction of oil and gas seeps,
evaluation of oil and gas accumulation areas ardctien of local structures for deep
drilling.

From the standpoint of methodology Earth remotesisgntechnique when used in
offshore conditions is more effective than when liggpfor onshore terrain sensing
because it uniquely detects olil slicks on sea sagaf satellite images, which may serve
as a direct evidence of oil and gas occurrenceigedvthese slicks are proved to be
related to corresponding productive geological cttes. In combination with sea
seismic survey data and geological-geomorphologioakstigation in sea bottom
configuration, relating these slicks to local gewtal structures represented by
sedimentary strata ridges, fractured zones, difgsdlislocations, etc doesn’t present
any principal difficulties.

It's well known that oil slicks accumulation cantei be found on the sea surface in
offshore oil and gas bearing areas. Normally oihes to the surface with gas bubbles;
the bubbles pop and oil slick remains on the serféig. 1) [1, 2].

Depending on its quantity and properties oil fomfdm dumping low-scale wind waves
(ripples) and forming smoothing spots that areechBlicks; these slicks can be clearly
seen from space using optical or radar imagery.



Locating oil slicks on land and sea surface is maague to exploration of hydrocarbon
fields by detecting oil and gas discharges. Thishoe detected fields in oil and gas
bearing regions of Azerbaijan and Pennsylvaniaaaly @s in the 1860’s and then in
Sumatra, in the USA (Texas and Oklahoma), Iran, itéexX/enezuela, Iraq, Bahrain and
Kuwait.

Starting Seasat oceanographic satellite missid®#8 which was followed by launching
radar satellites “Kosmos-1870”, “Almaz-1", ERS-L,etise of radar data for oil and gas
complex solutions underwent active development.s€hsatellites are fitted with active
radar systems — synthesized aperture radars (SAREh allow acquisition of radar
images of land and sea with high spatial resolut®8R’s have significant advantages if
compared with optical sensors installed onboarddkat)y Spot or IRS satellites as their
data don’t depend on presence of cloud cover andlsmination, which allows imagery
virtually in any weather conditions and in nighimAdvantages of modern satellites
with SAR, such as Radarsat (launched in 1996) amdskt (launched in 2002) are
represented by wide swath (up to 400 — 500km) dmattsinterval between two
consecutive imagery sessions for the same areae@rsurface radar images it's quite
easy to detect olil slicks, which origin is relatedunderwater oil and gas sources.
Underwater sources of formation fluid could be detd above permeable zones of the
Earth crust in the form of fractures, rifts, mudoanoes, springs, etc. Presently around
900 mud volcanoes are detected on Earth, 400 afhykhat is almost a half are located
in the south Caspian tectonic depression in the fof onshore, island and underwater
formations [4] (fig. 2). The primary condition fomud volcanism is presence of
sedimentary cover of several kilometers in thicknesntaining plastic clay strata, which
in case of water intrusion are capable of swellpgnetrating into above lying rocks and
forming injective dislocations. Activity of this pcess dramatically increases during
earthquakes. Mud volcanoes bring to the surfaceeins® amount of formation fluid as
well as enclosing rocks and serve as an indicdtoil @and gas occurrence as well as an
index of sea water interaction with undergrounddff&].

The need of understanding peculiarities of undengdofluid discharge and in particular
those of the southern Caspian mud volcanism coactmmee most pressing problems
from scientific and practical standpoint.



Fig. 1 Surfacing oil slicks (left) forming one extied slick in the Gulf of Mexico (aerial
image at 100 m altitude); same slicks (right) ord&aat radar image. © NPA Group.
Surfacing oil slicks (below) on the surface of @aspian Sea (image from [1]).

The first problems traditional and concerns the issues of oil gasg occurrence of the
south Caspian tectonic depression. Logical reldtietveen mud volcanoes and oll fields
located in this depression was noted at the turKI¥f— XX centuries and proved by
long-term practice of offshore rich oil depositpitation. In the undeveloped part of
the south Caspian depression commercially prodeiativand gas will undoubtedly be
detected in Mesozoic-Cenozoic deposits within thnét$ of anticline folds, complicated
with fractures and mud volcanoes.

The second probleris less apparent and concerns determination ohexgion form
between hydrology and hydrochemistry of the Caspvaters and Earth crust fluid in
particular ground water, oil and gas flows deliveby mud volcanoes [6].

Presently researchers admit that the Caspian Sgasents a unique self-regulating
system. At least within certain timeframes hydrata mode of this system bears the
marks of autonomy in relation to climatic changes veell as to regional tectonic
movements. It's logical therefore that the seamhréasons of such self-regulation is
presently aimed at the evaluation of charactesqtertaining to interaction between the
Caspian waters and fluid dynamic systems and mighrism in particular.
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Fig. 2 Occurrence of mud volcanoes in the soutl@aspian region.

The third problem is related to the need of operati monitoring of the Caspian waters
pollution due to natural and anthropogenic factdrsdate when evaluating the extent of
anthropogenic impact on the life of the Caspian &esumption is made that all sea
ecosystem components must reflect the impact ofriver runoff [10]. Streams of
harmful substances, which are supplied to the sma the entrails of the earth due to
discharge of highly mineralized formation watet,anid gas, however, are not taken into
account. No doubt that there are two major zonemtiropogenic sea pollution with oil
within the limits of the southern Caspian: west@kpsheron sill with Baku archipelago)
and eastern (Turkmenian sector). Pollution focutsected away from the coast in the
central part of the sea are normally “classifiedtirely as harmful activity of vessels and
oil fields or trans-border pollutants transfer froine waters of the adjacent states, which
is viewed as not exactly rightful.

It is apparent that Earth remote sensing methodsfiest of all radar ones may provide
additional information on underwater sources ofrfation fluid and oil discharge in the
sedimentary basins and increase efficiency of rediand exploration phases of offshore
exploration activities.

Using the south-eastern part of the Caspian Seanasxample this article shows the
capabilities of such approach, which allowed datgauinderwater sources of oil and gas
(in the form of mud springs, seeps, mud volcane$s) on the basis of acquisition,



processing and analysis of radar images. It is afgmarent that radar imagery analysis
allows evaluation of a number of parameters featumot only the discharge of oll
sources at the sea bottom but also the contributibminderground fluids into the
hydrologic accounting and hydrochemistry of thistlat basin. Solution to this task
could be achieved by using radar imagery resultsambination with data obtained
through hydrometeorology, geochemical, seismic ather types of surveys. The most
efficient method for comparing such heterogene@ia @ to use geoinformation systems
(GIS) [11, 12].

TRACES OF FORMATION OIL DISCHARGE PER EARTH REMOTE
SENSING DATA

It's well known that satellite radar imagery allow®nitoring oil slicks on the sea surface
(see, for instance, [13, 14]). Radar imagery maoimtpassets, such as satellite SAR’s
provide regular acquisition of detail data simudtansly on the entire sea area under
control. Attraction of these methods is determitgdindependence of imagery from
cloudiness, weather and luminosity as well as ptodgia acquisition over large sea
areas, which allows receiving virtually instantangopicture of oil slicks spatial
distribution and monitoring transformation of tipisture in time.

Systematic scientific study of the mud volcanisnd associated phenomena commenced
in the second half of the XIX century, which higtés detailed in [16]. One of the major
results of this study is the recognition of thetfalcat the south Caspian tectonic
depression was formed as a peculiar, unique andratatmuseum of oil and gas
volcanism” providing localized discharge of fornatifluid, the major amount of it being
released primarily at the paroxysmal phase of estpdovolcano eruption and to a lesser
extent at the quieter mud spring — salse phads attivity.

Similar mud-spring-like phenomena were also desdriby foreign researchers [17, 18].
In 1978 underwater oil sources were discoveredanté® Barbara Strait (California) on
the radar image of Seasat satellite [19]. Here-i6dkilometers away from coast over the
depths of 50 — 60 meters radar images often shaleekl spots stretching along the
coastal line; similar spots were detected on ofaellite images as well. The authors
[19] assumed that these spots may be connected regiilar oil releases at the sea
bottom and confirmed the results obtained by previesearchers [20, 21].

Results of the further observations [22, 23] inolgdthose from aircraft and satellites
supported this assumption. It's worth noting hdre tesults of the Russian satellite
Almaz-1 mission, which radar images were used tedaieoil slicks of natural origin
located offshore California [13, 24]. Quite intdieg in this respect are the latest studies
[25, 26], which showed that satellite radar imagemay be effectively used for
monitoring natural sea pollution with oil.

For investigation into mud springs and mud volcanokthe Gulf of Mexico American
specialists collected a large number of radar imagequired by ERS-1/ERS-2 and
Radarsat satellites [27]; besides observation audiess weather conditions involves
visible range images of such sensors as TM Lantsaith 20-25 meter resolution,
ASTER with 15 meter resolution and aerial imaged.[2

The pioneer works on application of Earth remotass®g methods for the Caspian
hydrogeology studies commenced as early as in $350the Aerial Methods Lab of the



Academy of Science of the USSR. In particular, b4 the process of mud volcano
island shape changing in the southern Caspian esited on the basis of analysis of
aerial imagery materials [28].

By 1969 joint efforts of Moscow Engineering Instéuof Geodesy, Cartography and
Aerial Photography, All-Union Scientific Researatstitute of Geophysics under USSR
Ministry of Geology and Geology Institute of Turkm&8SR led to completion of highly
detailed aerial magnetometer survey from aircrilfte survey revealed numerous mud
volcanoes, a number of other oil and gas bearingtsires as well as relation of these
structures to disjunctive dislocation of the seditaey cover of the south Caspian
depression [29] that were later confirmed by seissarvey data.

The specified works clearly demonstrated the efficy of the combined utilization of
remote observations in optical and “geophysicatiges for investigation into oil and gas
occurrence and underground fluid discharge.

Unfortunately one of the first studies of mud signn the Caspian Sea was performed
without accounting for the efficiency of such intagon.
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Fig. 3 Envisat imagery coverage of the south-easpart
of the Caspian Sea in 2003 — 2004.

RADAR DATA AND ITS PROCESSING

With the view of investigation into oil slicks irhé southern part of the Caspian Sea
seven image pairs were selected from the EuroppaneSAgency (ESA) archives that
covered south-eastern (SE) part of the sea (fig.TBg radar images and associated
primary parameters are shown in fig. 4 and tabkesbectively. In order to minimize
impact of various processes in atmosphere anddapayer, such as calm sea areas, rain
cells, upwelling, etc those radar images were satiethat primarily reflected oil slicks.
Radar images of Envisat satellite used in the ptestidy were received under AO
Envisat #226 project from ESA in the standard mpoege mode, scene size of 100 X



100 km, 25 meter resolution, vertical polarization)the period from July 2003 to

October 2004. For evaluation of hydrometeorologaaiditions at the time of imagery

available data were collected with regard to wirsdlameters (data of Baku, Lenkoran
and Astara meteorological stations) (table 1) abb agescatterometer data of Quickscar
satellite (not shown in the article). As seen inl¢al wind velocity at the time of imagery
didn’t exceed 6-7 meters per second and the wihdewthern bearings dominated.
Mapping of slick formation distribution utilized éhmethodology suggested in [11, 12].
Radar imagery processing was performed on the basiandard procedure

1) Radiometric correction (radiometric adjustmehftradar image brightness towards
slant range);
2) Speckle-noise smoothing with the use of filoafi

3) Geometric correction per orbital data;

4) Georeferencing of images (transformation intgmeojection without ground control
points);
5) Interactive delineation of dark spots (slicke)radar images.
Delineation of oil slicks on radar images took iattount the following features:
recurrence of slicks at the same locations on im#éaeen at different times which
was considered as evidence to regularity of foromafiuid discharge or mud

volcanism;

extent of slick spatial clustering;
association of slicks with local structures of teedimentary cover or mud
volcanoes at the sea bottom (these geological baite most efficiently detected

using sea seismic survey data).

Table 1.Properties of radar images received from Envigtlige for the south-eastern
part of the Caspian Sea

Scene center Wind,
Pass # Scene Date Time, UTC | coordinates, direction and
latitude/longitude| velocity, m/s
7031 2817 5.07.2003 06:56:03 39.10/49.37 S-SE 3-6
2835 06:56:18 38.17/49.23
7532 2817 9.08.2003 06:56:09 39.10/49.37 S-SE 4-6
2835 06:56:24 38.17/49.23
8534 2799 18.10.2003] 06:55:54 40.03/49.52 S-Sw 244
2817 06:56:09 39.10/49.37
10767 2817 22.03.2004| 06:53:16 39.10/50.21 NW/SE -
2835 06:53:31 38.17/50.06
11540 2817 15.05.2004| 06:56:08 39.10/49.37 NW/SE -
2835 06:56:23 38.17/49.23
11769 2817 31.05.2004| 06:53:17 39.10/50.21 NW/SE -
13544 2817 2.10.2004 06:56:09 39.10/49.37 NW 2-3
2835 06:56:24 38.17/49.23




Fig.4 Radar images of south-western part of thepizasSea acquired by Envisat
satellite of 5.07, 9.08 and 18.10.2003, 22.03, 3%0d 31.05.2004 © ESA



Table 2. Number of slicks and total area of pollution

## Date N“”.‘ber of Average slick Total area, krh
slicks area, km

1 5.07.2003 30 3.4 101.6

2 9.08.2003 78 15 113.9

3 18.10.2003 52 1.3 66.7

4 22.03.2004 64 0.5 314

5 15.05.2004 59 1.2 84.3

6 31.05.2004 o8 1.3 127.2

7 2.10.2004 32 0.6 19.3

The analysis also considered position of the slrekstive to navigation routes, offshore
production platforms, oil pipelines, other facési of fuel and energy industry; their size
and shape depending on wind velocity and sea sudaedition. From the morphological
standpoint (taking into account direction of digjtive dislocations and axes of the south
Caspian depression brachyaxial folds) consideratias given primarily to those slicks
that were of linear shape. Potential direction ladks transfer (drift) was taken into
consideration depending on prevailing currents\aimdl. Naturally, the slicks (smoothed
areas) on the sea surface that could be subjeptotesses in the top sea layer or in
atmosphere as well as anthropogenic pollution weteonsidered.

Radar module integrated in the ERDAS Imagine safwpackage, which allows
conversion in raster and vector formats was usedpfocessing — geometric and
radiometric correction, transformation and geomiemg as well as delineation of dark
spots on the radar images.

Cartographic base for composite mapping of oikslidistribution was built using maps
scaled 1:500000 (with updates per the map sca@D@00, built in 1980 — 1981). Once
digitized, it helped building the following geoinfoation layers: a — coastal line of the
south-western part of the Caspian Sea; b — hydpbgranetwork (rivers and onshore
lakes); ¢ — settlements; d — state borders of #&pi@an region countries; e — bathymetry
of the south-western Caspian. Besides the followuag involved for the analysis: f —
mud volcanoes distribution map for south Caspiagiore (fig. 2) [30]; g — local
structures map for the south Caspian depressiamsathry cover (fig. 6a and 7) [31]; h
— earthquakes map (fig.8); i — driven wind field pmabuilt per Quikscat scatter meter
data; k — generalized map of the Caspian Sea darren

ArcGIS software package was used for building digiartographic base for mapping oil
slicks distribution in the area of the south-westeart of the Caspian Sea.

After GIS-shell preparation it was integrated wittiormation layers containing data
regarding oil slicks distribution on the sea suefam our analysis GIS was used as a
system allowing joint analysis of data receivedfrdifferent sources.

RESEARCH RESULTS

Composite oil slicks map is shown in fig. 5. Iretperiod from July 2003 to October
2004 from 30 to 98 oil slicks were observed dusagh of the seven satellite observation
sessions (table 2). Overlaying of this map with da¢a of geological and geophysical
surveys (maps for mud volcanoes distribution (figaRd local structures of the south



Caspian depression sedimentary cover (fig. 6a)eldetp determine that oil slicks are
concentrated on the sea surface approximately eatséime locations and distributed
across the sea surface at random. The majorityiakssis concentrated over the deep
water part of the south Caspian (sea depths frant&¥00 meters) 30 — 40 kilometers
east from the denting. The distribution strip af Wil slicks is 50-60 kilometers wide and
stretches in meridian direction for 140 kilometemsyrowing to 20 kilometers in its
northern and southern parts. Density of slicks es®s considerably both northward and
southward. A number of slicks are associated withgea shallow waters with depths no
greater than 100m. An individual slick area avesa@esknf. Total number of slicks
observed on the radar imagery is 423. At locatioheil slicks concentrations positive
forms of underwater topography appear at the botf@nb).

From the standpoint of its morphology in plan thserved oil slicks can be divided into
linear, circular and radial-actinoform.

Figure 6a shows the local structures map of thehsaestern part of the Caspian Sea,
while figure 6b — seismic profile across a numbiethem. Overlaying these figures with
fig. 2 and 5 results in oil slicks distribution dime sea surface generally matching the
structure of the sedimentary cover of the southpf@astectonic depression under
investigation. In the Azerbaijani sector of the thtoGaspian oil slicks appear above mud
volcanoes located in the crests of the five liresaicline folds of the north-west course.
These folds are observed in the deep water antbshalater sea parts from the adjacent
area and have a direct manifestation in the bottopography especially within the
transitional area (fig. 6a) [31]. The first antiei fold represents a chain of local
structures Astara-deniz (D-43) — Lenkoran-deniz aly3h-deniz — Kyzylagach-deniz.
The second fold incorporates local structures rgl4) — Kurgan-deniz — Aran-deniz —
Kyurdashi. The third fold is formed by a chain o€l positive structures D-35 — Inam —
Ghisas-gyunyu and stretches towards the entry @fRlver Kura. The forth fold is
formed by local structures D-5 (Azekberi) — D-3&hirvan-deniz. And finally the fifth
fold represents the large positive structure Nakawvan, above which a single oil slick
was detected on 31.05.2004.
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Table 3. Sea surface oll slick position shift in metersatiek to the bottom source
depending on constant depth current velocity Viwiabble rate of ascent at 20cm/s)

Depth (m) V=10cm/s V=20cm/s VV=30cm/s
100 57 100 173

250 142.5 250 432.5

500 285 500 865

Based on the analysis of the above material theclesion was made that slick
accumulations reflected on the radar imagery redultom the activity of underwater
mud volcanoes and strings being in relatively capning-salse phase, which features
low-volume gas, water and oil release.

The analysis of slick temporal distribution showtdt in some places slicks originate
from one point that could be interpreted as sopastion at the bottom. However the
situation when all slicks from single source appddrom one point was not always the
case (fig. 5). Most likely this is related to thact that, first underwater sources are
distributed or arranged in groups and second retegss bubbles could drift with the
currents in the water layer while rising to thefaoe. The example of evaluating oil slick
surface shift relative to the bottom source depsgmoin constant depth current velocity is
shown in table 3. It's quite obvious that the deepesource is situated the farther its
surface signature could be shifted relative tadsial position at the bottom.

Exact geographic coordinates of large mud volcanomdd be defined in GIS by
overlaying all surface manifestations for eachtw@n. The starting point of “slick fan-
like channeling off” with a certain error marks tpesition of the bottom oil source
(some of them circled in fig.5). Underwater oil szes start appearing at depths as small
as 100m; the deepest are located at depths of GD®-7

Having ascended to the surface oil forms separagd! slicks which drift and channel off
later forming large slicks of several kilometerslemgth. Subject exclusively to surface
currents field (in this case insignificant wind taloution into the overall drift of the
slicks is neglected) the slicks move within theeld, change shape and often take
cyclonic whirl in the open sea.

Double and triple signatures could be observed adamr imagery of 9.08.2003 and
31.05.2004 which proves regular or pulse patterrmaotl springs activity in the south
Caspian depression. Similar phenomena are knowheiradjacent area. Radar imagery
analysis allowed estimating duration of the mudrgpactivity at 6 — 10 hours assuming
the double/triple signatures on the radar imageigirate from one and the same source
and are shifted by a constant current with avevadgcity from 10 to 30cm/s. Otherwise
(i.e. in case of continuous discharge) large sistitks would be observed. In addition
these signatures could be related to simultanectixgtg of two or three mud springs at
the periphery of a large mud volcano.

Based on the fact that each square kilometer oflibk-covered sea area could contain
up to 400 — 450kg of oil and oil products [32] hygeochemical effect of mud volcano
activity could be estimated. Judging by the oitlslsurface distribution map (fig.5) total
slick areas vary from 19 to 127knwith that area of certain largest slicks couldcte
15knt accounting for 5-7kmin average (table 2). Therefore total amount efriatural



oil discharge in the sea is estimated from 6.8 4 4ons per day or from 2.5 to 16
thousand tons of oil per year (in case of dailyég) (table 4).

Table 4. Estimated amount of oil in slicks based on théhogology [32] and their color
pattern [33]

Minimum and t/day Thousand t/day| Note
maximum total slick
area on radar imagery,
km?
25 | Semaleper memetoiol L
127.2 44.5 16.2 Ppre
—10°mm
Min Max Estimate per methodology [33]

(silver) (iridescent) with slick coloring from silver|
19.3 1.7 ) . il
127 2 0.4 5.8 11.1 to.opalescent, approximate slick

' 2.5 38.2 ' thickness 0.3 — Tnm

Finally, for determination of underwater mud voliszn relation to the region seismicity
per US Geological Survey Earthquake Data Base U3@&tional Earthquake
Information Center) the map was built for earthqglkoccurred in the south Caspian
region in 2003 — 2004 (fig. 8).

DISCUSSION OF RESULTS

Processing and analysis of Envisat satellite radagery served as basis for mapping oll
slicks distribution in the western part of the $o@aspian (fig.5). Overlaying the map
with bathymetry data as well as the results of bgubkteorological, geological-
geophysical and seismic surveys allows capturinghuenber of peculiarities in
distribution of these slicks and their interrelatwith the sedimentary cover structure as
well as with oil and gas occurrence of the eartinadls, seismicity and fluid dynamics.

1. Shows of sedimentary cover structures oil and gasiroence In the part of the
south Caspian tectonic depression under survey @voiah oil and gas
accumulations were revealed in the stratigraphigedrom Cretaceous system to
Apsheron stage. The primary oil and gas bearingptexnis represented by
Cimmerian stage pay section which reaches hereii@kmckness and comprises
suites (Kalin, under-Kirmakin, Kirmakin, sandy Kiakin, clay Kirmakin, Pereriv
suite, Balakhan, Sabuchin, Surakhan). Those switex® accumulated under
conditions of fast tectonic setting in small isethtbasin with accumulation of
enormous mass of terrigenous material, which waplsd here by palaeorivers
Volga, Karyn-Zharyk, Uzboi, Araks, Samur, Kura, .e@ituated in the arid
climate zone, peripheral parts of this basin ottead out forming lake and inland
drainage kettle system.

Eventually in the course of abrupt setting of tbate Caspian depression the pay
section acquired extremely diverse composition\wsad complicated by injective
dislocations in the form of mud volcanoes, hydroaoloes, hydrofracs,
penetration of Neptunian dikes, numerous veingjniracture holes, etc. The




nature of these dislocations varies for boundargired of the south Caspian
depression and its inner part.

The boundary edging is characterized by large skeigetures complicated with
numerous faults, diapirism and mud volcanism. gbrveyed sea part it covers
Under-Kurin-Enselian depression which continuethenadjacent area in the form
of Kurin depression, borders on the Apsheron doldnfo the north and is edged
by pre-Elborus folded zone in the south. A numbkprgressively growing
anticlines is associated here with positive bottopography and accompanied
with mud volcanism manifestations.

Inner depression is entirely located within theitgmof deepwater part of the
South Caspian and features relatively low-dippifigro horizontal strata of the
sedimentary cover, which form a number of clinofobodies with specific
primary cross-bedding (which is not connected &t#dttonic strata dipping).

Due to the above the productive strata turned oubd divided into multiple
hydraulically isolated blocks of rocks with extrdsneomplicated drive of their
fluid dynamics systems and distribution of formatressures. This is proved by
numerous ascending groundwater sources dischatgta dand surface and at
the sea bottom as well as corresponding hydrocteémand temperature
anomalies.

Therefore the entire spectrum of compression pessesacts at all levels of the
sedimentary cover pertaining to the part of thetlsdlaspian depression under
review, which creates conditions for fluid breakiigh at the sea bottom.
Commercial development of several offshore oil gad fields in the productive
strata has been long under way within the limit&\p§heron downfold, while in
Under-Kurin-Enselian basin such production so $aeffected only onshore and
in the anticline zone combining the chain of loel@vations Neftechala — Khilly —
Durovdag — Babazan — Salyan — Karabagly — Kurovddgs zone extends
offshore by the chain of local elevations Nefteahdéniz — Inam — D35 (fig. 6a).
Presently underwater local structures Inam, Kyurgasurgan-deniz, Lenkoran-
deniz, Salavan and D-43 (Astara-deniz) (fig.6a)camesidered as prospective gas-
bearing (with G resource category). Oil and gas bearing capadityumerous
other local elevations detected in the offshore pathe Under-Kurin-Enselian
basin remains undefined.

With that based on the radar imagery distributiboibslicks on the sea surface is
in good agreement with the structural elements h# sedimentary cover
associated with this basin (fig. 7) although theureaof this agreement is different
for Azerbaijani and Iranian sectors.

In the Azerbaijani sector oil slicks appeared #edent timeframes over the crests
of five anticlines of submeridional stretch, whiobmbine the following chains of
local structures (north to south): 1) Shirvan-deni2-5 (Alekberi); 2) Inam — D-
35; 3) D-7 — D-54 — D-53 - D-21; 4) Kurgan-deniD-44 (Irs); 5) Salavan — D-
52 (Ordubadi) (fig. 6a). All those local elevatiohave corresponding positive
bottom topography complicated with multiple undei@vanud volcano structures.
Within the offshore part of the Iranian sector lgdicare associated with the
brachymorphic local elevations of north-easteratshr. In the deepwater part the
connection between oil slicks with the sedimentaoyer structures might not



always be detected due to weak knowledge of thee geelogy. It is characteristic
that here local elevations of the sedimentary cdfarinstance large elevation
such as D-52, etc) do not have distinct and direflection in the bottom
topography as those of the Azerbaijani sector. Ehexplained by the fact that in
the Azerbaijani sector progressive growth of teitaglevations at recent and
present times exceeded the effect of sedimentssdepy which possibly created
more favorable conditions for mud volcanism. In bfamian sector to the contrary
runoff of tremendous masses of sediments from tina River transferred by the
sea currents to a considerable extent level orregpgghe growth of sedimentary
cover local elevations and consequently fluid btleadugh from the entrails to
the sea bottom. Therefore quantity and density ofl molcanoes in the Iranian
section are a lot lower than those of the Azerbagactor. In the deepwater part
of the south Caspian, which is mainly lined by ekaynud, local structures of the
sedimentary cover may also be reflected in theobotbpography.
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Fig. 8 Relation of mud springs and mud volcanoesviag to the seismicity of the
Caspian region in the period of radar imagery. lsm®rrelation between the magnitude
of earth quakes and the quantity of oil slicks det@ on the radar image; circled area

represents a series of earth quakes in the Nortthem, leading to appearance of a big
number of oil slicks.



It's logical that slick clusters (circled in fig.) 5are well grouped primarily in the
Azerbaijani sector and quite distinctly visualizégre by mud volcano structures
especially in the areas with 100 — 200 meter depththe Iranian sector of the Caspian
Sea oll slick concentration is generally less iste® This, however, doesn’t mean that
local structures of the Iranian sector are not petide. On the contrary due to their
closed nature oil and gas deposits in these stegtmay feature better preservation
compared to unsealed deposits in the local strestaf the Azerbaijani sector over which
oil slicks appear on a regular basis (table 5).

Therefore oil slicks detected on the radar imagespresent the showing of quite
powerful fluid stream from the entrails of Under+iKuEnselian sedimentary basin and
testify that the above listed local structuresto$ tbasin are oil and gas bearing. Most
frequently oil slicks appeared over the followingal structures (table 5): Shirvan-deniz,
Inam, Kurgan-deniz, Salavan, Irs, D-7, D-20, D-B&45, D-52, D-54 and D-55, with
that only three of them, namely Inam, Kurgan-deamd Salavan are presently considered
as prospective. In the unexplored Iranian parthig basin there are also oil and gas
bearing areas present that deserve more detaifgdration.

2. On oil slicks formVarious slick forms may correspond to the areasmaferground
fluid discharge along the narrow fault zones ofedént directions, circular structures or
structural failures of the “broken plate” type. Hewer, this correspondence is
insubstantial and caused by the dynamics of thestsp layer. First of all these are
changeable surface currents which often change tiieection depending on the
prevailing wind. Circular and loop slick forms réstutom entrainment of slicks into local
vortex structures usually of cyclonic nature.

Surface currents field of the Caspian Sea featomesocyclonic circulations. Magnitude
and direction of the surface currents in the Casfiea may significantly vary depending
on the prevailing wind [34]. In the south-westerartpof the Caspian Sea quite often
small scale eddies form in the open part of the wedhe background of the general
cyclonic circulation, which is caused by rivershaif (largely by the one of the Kura
River) and wind. The analysis of top sea layer b&nascenarios in the South Caspian
performed in [34] shows that slicks in the open Seauld be entrained in local cyclonic
circulations in majority of prevailing wind direotis.

Imagery Date Detected and Prospective Structures

5.07.2003 Shirvan-deniz, Inam, Kurgan-deniz,
Salavan, Irs, D-7, D-20, D-21, D-35, D-52,
D-54

9.08.2003 Shirvan-deniz, Inam, Kurgan-deniz,
Salavan, Irs, D-7, D-20, D-35, D-45, D-52,
D-55, D-54

18.10.2003 Shirvan-deniz, Inam, Kurgan-deniz,

Salavan, Irs, D-5, D-7, D-21, D-35, D-45,
D-52, D-54, D-56, D-65

22.03.2004 D-7, D-21, D-29, D-45, D-52, D-53, D-55,
D-56

15.05.2004 Shirvan-deniz, Peik, Inam, Kurgan-deniz,




Salavan, Irs, D-7, D-21, D-35, D-52, D-54,
D-55

31.05.2004 Salavan, D-21, D-26, D-35, D-39, D-42, D
45, D-52, D-55, D-59

2.10.2004 Shirvan-deniz, Inam, D-21, D-45, D-55, D-
56, D-65

Besides, oil slicks on radar images are often fchmvégh a peculiar “edging”, its outer
boundary being frequently hard to detect on imagks phenomenon is quite interesting
and one of the explanations could probably lie e fact that some amount of
groundwater delivered by mud volcanoes may accumale@und the oil slicks.

3. On slick area, film thickness and lifetim&verage area of individual oil slicks varied
from 0.6 to 3.4krf Total slick area per day was from 19.3 to 127 2kmd their total
area for all days was 544.4kittable 2). The slick area value to a great extiepiended
on the velocity of drive wind and sea surface ctodi The radar imagery clearly shows
that in a number of cases strong wind contributedlissipation of slicks on the sea
surface while in conditions of light air oil slickeecame invisible on the background of
calm areas.

The time intervals between the seven sessionsdair ianagery are 36, 71, 157, 74, 17
and 138 days. This means that virtually any of ¢hesssions reflects existence of
independent, not interrelated oil slick groups,heat which could not exist for so long
and inevitably must have disappeared from the seace. Stable association of those
slicks to local structures of the sedimentary cdestifies that appearance of such slicks
on the sea surface reflects a number of oil digghpulses.

Estimated quantities of discharged oil directlyretate to total area and thickness of the
slicks under review. Thickness of oil film in thi slicks related to bottom oil discharges
is estimated from I8to 10°mm [35], while the lifetime of the slick on the ssarface is
estimated from 8 to 24 hours (on the average 12shoBased on the observations of a
number of authors oil slicks on the sea surfaddénareas of mud volcano activity were
of silver-grey or opalescent color (L.R. Merclimjvate message; see also [26], which
corresponds to the film thickness of 3- 5 X>fm.

4. Frequency of slick appearance and underwaterceguwperationJudging by the
frequency of oil slick appearance during varioussgms of radar imagery activity of
associated underwater sources may be two-way [B6)ne case oil slick cluster may
originate from one source operating continuouslintermittently. In the other case these
slicks may be related to different sources opegatirthe form of individual mud springs,
salses, Neptunian dikes, spurious feeders. Inrdspect “multiple action” slicks over
local structures Shirvan-deniz, Inam, D-35, Kurgikemiz, D-7 and Irs (D-44) (see fig.7)
are indicative, which undoubtedly constitute commenters of mud volcano activity.

The process of oil slick cluster formation over @oirce is quite interesting and poorly
studied. Dual and triple signatures may form foo @asons. First, it's not improbable
that a source operating intermittently may discha?¢8 portions of gas and oil during
certain time period. In this case several slicksusdh form on the surface separated at
certain distances due to drift with the currentle/lsiscending. Our estimates prepared on
the basis of measuring distances between slickdupenl the period of 6 — 10 hours with
account for the drift with a constant current hgvien average velocity from 10 to




30cm/sec (table 3). Secondly those signatures neaydmnected with simultaneous
operation of the primary mud volcano and/or twathmud springs at its periphery. In
this case several spaced slicks may also formdditian, it's obvious that a mud volcano
or a mud spring discharges portions of substancegatantaneously but during certain
period of time grouping on the surface into a d@ustf slicks that in the course of time
forms a slick drifting in a certain direction. Detien of slick clusters (groups) in a small
area of sea surface may mean more or less constgmiarity of underwater sources
operation.

In the south-western part of the Caspian Sea naragplarge slicks were detected which
evidently means periodical or intermittent openatad mud volcanoes. For instance, on
California shelf in the region of Santa-Barbargy ctick area may reach 100km2 and
over, which is considered as a proof to the faat tinderwater sources operate in “quasi-
continuous” mode. However based on the evalua{®bhs36] activity of the majority of
the like structures may frequently be considerethi@smittent. A number of factors both
of geological and oceanographic nature contribatthis. In the case of mud volcanoes
and mud springs their pipes may from time to tireélgocked with discharge products.
In addition, seasonal changes of water column tessiatification apparently may lead
to formation of layers “impenetrable” for gas andbabbles.

On the other hand, oil and gas mixture dischargeusuts from mud springs are generally
considered as continuous in relatively large i Siga areas where at the same time mud
springs may be found that operate intermittentty, ihstance, several times a year [35,
36].

Therefore frequency of slick appearance on the sseface matches the one of mud
volcanoes and springs operation.

5. Shift of a slick on the sea surface relativeh® source position at the bottoifhe
work experience associated with radar imagery datavs that in general geo-reference
accuracy of radar imagery accounts #55-20 m. However this doesn’t amount to the
accuracy of slick referencing to the associatedenmdter source which depends on a
number of other factors. First of all those areimmmental factors and in the first place
subsurface and surface currents, which first detlee ascending stream from vertical
and then transfer the slick down the sea surfate. Jpeed of oil encapsulated gas
bubbles ascent is estimated [35] at 20-25 cm/sidBssin the common ascending stream
individual oil droplets are also observed, whicltealing speed is somewhat lower.
Simple estimates show (table 3) that a slick on gba surface could be shifted by
hundreds of meters relative to the underwater goudae to this fact a slick cluster is a
more accurate marker of the bottom source in tladlesh sea areas (100 — 200 meter
depths) as opposed to those located at 500 — 7pths (fig.5).

6. Relation to the region seismic activiys seen in figure 8 the radar imagery sessions
under review correspond to the period of relatieesraic calm in the South-Caspian
region, registered from 01.01.2003 to 31.12.200faiAst the background of this calm a
short-term period (March — June 2004) stands ohighvfeatured noticeable increase in
number and magnitude of earthquakes in the Northem (circled in fig.8). It is
characteristic that this “uneasy” period was folkkavby growing number of oil slicks,
with that the maximum quantity of the slicks waptcaed on the radar images of 15 and
31.05.2004. In the period of seismic calm corretatof slick number and the seismic
impetuses is less apparent.




7. Relation of emergencies at offshore fields tocodymamic activity. Ensuring
appropriate safety of offshore hydrocarbons fieddedopment is often a challenging task.
A lot of incidents occurred at the South Caspidrfieids testifies that development of
hydrocarbon deposits is inevitably accompanied wih number of dangerous
geotechnical processes in the form of induced seigmbreakthrough of high power
ascending jets of groundwater, oil and gases. Qatgig from the entrails with
abnormally high formation pressure such breakthnsugause fluid cross-flow, which
often leads to forming new technogenic oil and @ggosits at higher stratigraphic data.
Inadvertent development of those deposits is ugdalihly dangerous. Therefore the
need is apparent for arranging an agency for j@nd and water monitoring of the
Caspian Sea.

The retrospective analysis of the seismologic nmalt¢B7] showed that incidents at
drilling platforms and rigs often occur in the pmetiof earthquake preparation and mud
volcano eruptions. The results of matching inciddates with the dates of strong
earthquakes, periods of mud volcanoes activitypoence of hydrochemical anomalies
and slicks on the sea surface correlate, whichrapgg may also support the analysis of
available radar images.

Table 6. Estimated amount of oil in the slicks on the baditheir coloring [33]

Color of ail film Average oil content, t/km
Silver 0.02

Grey 0.1

Iridescent 0.3

Light blue 1

Light brown 5

Brown/black 15/25

Dark brown/black >100

8. On the scale of oil contamination of the Caspgtma water Assuming that a slick
several kilometers long and hundreds of meters ddea is 1krf film thickness is 18

— 10% exists on the sea surface for about 24-hour gexim relates to one and the same
source, we conclude that 400 — 500 kg of oil psr al® to be delivered in the Caspian
Sea from that source.

Such natural infiltration could be erroneously assed with anthropogenic activity,
while in reality it represents one of the pecutias of the Caspian Sea. According to the
data [38] estimated natural pollution accountslfér2% of the overall sea pollution with
oil and petroleum products (120 thousand tons)pmliieg to other sources data — 13 —
15% of the overall pollution of the World Ocean.sBd on our estimates formation oil
discharge in the western part of the South Casmaid supply up to 16 thousand tons of
oil per annum (13% of overall pollution of the CaspSea).

For evaluation of the pollution scale the study][@6ed correlation of oil film color and
oil film thickness (table 6). According to aeriabual observations the films of oil and
petroleum products (discharges from mud springghéenGulf of Mexico in the area of
Cantarella field (offshore Venezuela) were coldiredn silver to opalescent [26]. Per the
data [33] estimated oil discharges from Cantanaetiderwater mud spring accounted for
46.4 to 62 tons per day, which roughly correspaiedsur estimates. This methodology




when applied to our task provides the estimatedusstnof natural oil discharge in the sea
from 4.6 to 30.5 tons per day or from 1.7 to 11ludand tons of oil per annum (see table
4).

One could state that formation oil considerablytdbate into the overall pollution of the
Caspian Sea. It's worth mentioning that in gendifi¢rent pollution evaluation methods
produced similar results. For the sake of comparmmtribution of mud springs into the
overall pollution of the Gulf of Mexico could acaaufor from 17 to 140 thousand tons a
year [39, 40]; estimations in case of the shelth& South California produce 8 — 17
thousand tons of oil per year [40].

9. Relation to underground fluid and gasésrmation fluid discharges represent the
primary background (natural) oil pollution of theagpian Sea water. Table 4 lists
estimated values pertaining to the scale of thei@asSea pollution with oil discharged
from the entrails. However, as it was noted alrelaglyide oil the discharges also supply
formation water, gases and mud rock material, wkiblen combined create a lot more
complicated picture of geochemical and biochempallution of the Caspian waters.
Unfortunately we have to state that quantitativalgsis methods for this kind of
pollution have not yet been developed.

The scientific discussion regarding the impact admolcanism and related fluid stream
on hydrological mode of the Caspian Sea in factesfamid-XVIIl century [16], but was
interrupted for a long period by the climatologiencept of sea level fluctuations that
matured by the start of the XX century [41]. By teed of 1970's — 80’s the
understanding came that the Caspian Sea represéhits layer of water covering thick
water, oil and gas bearing rocks of the three gsoop sedimentary artesian basins:
North-, Middle- and South Caspian. Each of thesansabears a number of high power
fluid dynamical systems often with abnormally hifiirmation pressure. The South
Caspian depression located in the seismically ea@rea of the Alps folds features wide
distribution of abnormally high formation pressumnes, the activation mode of which is
extensively regulated by mud volcanism.

In addition to the above it was noted that the @asiSea is actually a peculiar self-
regulating system. Search for reasons of thisreelfdation is presently focused on the
evaluation of peculiarities associated with therattion of the Caspian waters with the
underground fluid dynamics systems and in partrowith mud volcanism [7-9, 42, 43].
Thus in [44] conclusions were made that in thequeof the calm stage estimated fluid
discharge accounts for around 0.001km2/year, wimléhe period of mud volcanic
activity - up to 0.01km2/year. According to otlealuations [45] mud volcanoes of the
South Caspian discharge around 7.1 X of fluid every year.

The obtained results show that in principal evaduest of formation fluid discharges,
which significantly impacts hydrology and hydrochstry of the South Caspian waters
especially in the periods of increased mud volcactivity could be obtained. From our
standpoint a more detailed analysis of all receirathr images for the South Caspian
including the amounts of discharged oil and extlaian of data on mud volcanism in
onshore regions will allow quite accurate deterriama of formation fluid amounts
supplied in the Caspian Sea water column.




CONCLUSIONS

Presently available radar assets of earth remot@rggmay be used to resolve the task of
monitoring oil slicks caused by discharge of undeugd fluid through penetrable zones
of the earth crest and in particular through muidamic activity.

Up-to-date methods of processing and analyzingrriaciges along with GIS techniques
allow not only detection of such slicks on the sadace but also quite high accuracy in
measuring their certain parameters characterigticiloand gas occurrence as well as
sources of formation fluid underwater dischargduding underwater mud volcanoes.

For the first time quantitative attributes wereeddtd pertaining to the oil slicks on the
surface of the south-western part of the South i@aspea, which are in accordance with
the estimates obtained for the sea area of the @ulexico and the Santa-Barbara
Strait.

The points of the fan-like slick spread were assed with the sources of underwater
fluid discharge at the sea bottom.

Based on the isobathic map and data of underwaelogical-geomorphological and
geophysical surveys oil slicks from mud volcanoad aprings reflected on the radar
imagery correspond to positive bottom topographg eonform to the structure of the
sedimentary cover of the South Caspian tectonicedsmpn. Besides, retrospective
review of radar images in the ESA Internet-basedlague showed that mud springs and
mud volcanoes are most active primarily in the 8B pf the Caspian Sea.

Comparison of radar imageries acquired on diffedays revealed significant variability
of slick characteristics: area of a slick from #zne source significantly varies from day
to day. Among the factors impacting slick size wetenspecifics of radar signal
dissipation by the sea surface and velocity ofemind. The wind and sea waves are
defining factors for a slick lifetime on the seafaae, which on the average accounts for
12 hours [35]. And finally this variability dependm the activity periods of mud
volcanoes themselves and other underwater sources.

Important specifics of slick distribution on therfsece are such characteristics as drift
direction (from the place of their origination ametsurface) spin direction (in event a
slick gets in a vortex field) as well as presend¢edoal and triple closely located
signatures. The analysis of repeated signaturesrasg that their bottom source is the
same at the first approach allowed evaluating egyl of mud volcanoes and
corresponding mud springs operations. Various dizks (and areas) on the sea surface
led to the conclusion that a number of mud sprimg&es several discharges, with that
the amount of oil and gas mixture of the second #d discharges is significantly
lower that that of the first discharge. Besideydpictivity of mud springs increases
significantly as a result of region seismicity aation.

The obtained results allow stating that up-to-dgiace techniques and geoinformation
approach are quite efficient in the course of thgianal and search stages of the
exploration activities for oil and gas bearing aa@paprediction, evaluation of oil and gas
accumulation zones and detection of local strusttoedeep drilling.

The experience of the last few decades shows ftat the USSR collapse condition
monitoring of the Caspian Sea is carried out by medependent states separately and
often formally, which doesn’t lead to developmentlamplementation of coordinated
managerial solutions for the sea ecosystem protecAs of today in the frames of the



effective intergovernmental Caspian Ecological Paog (CEP) attempts are taken to
diagnose “Caspian troubles”, which however entirghore peculiarities of underground
geodynamical activity induced by natural and marmendactors. The retrospective
analysis of the seismological material makes belihat incidents at drilling platforms
and rigs often occur in periods of earthquakes gmagmn and eruptions of mud
volcanoes, which is accompanied by oil and gashdigges to the surface.

Unfortunately the technique for monitoring ascegdman-made fluid discharge centers
has not yet been developed. Until recently intéoacof the South Caspian waters with
mud volcanoes was evaluated by some researchearsditglon the basis of isolated facts
related only to high power volcano eruption pulsése regional review of the mud
volcano scale especially at calm stages is notablaifor researchers.

The results of the performed survey could becomebidisis of the regional natural oil
sources monitoring program in the Caspian Sea. Pphiggram could include both
collection and analysis of all archive data andugition of new data for verifying their
parameters and characteristics, definition of #ation to seismicity and predictions of
oil and gas bearing capacity.

Finally we point out that radar imageries analyethe study covered just a small part
of the South Caspian Sea where such activity i®mobs. The experience of working
with radar data shows that despite the fact thatibst active mud springs are located in
the south-western part of the sea at the Azerb&iganborder their surface manifestation
could also be detected on the radar images foktidldle and North Caspian. Due to this
fact focused collection of radar data is requiredthe entire area of the Caspian Sea,
which above all will allow answering a number otsianding questions.

Radar data used in this study were received infrdm@es of ESA Envisat AO #226
Project. The authors extend their gratitude to Eueopean Space Agency for prompt
processing and timely provision of the radar images

The study was completed under the auspices of duerBl Agency on Science and
Innovations of the Ministry of Education and Scieraf the Russian Federation in the
frames of the Project called “Development of Mek#l Regionally-Adapted Ecological
and Geodynamical Monitoring of the Seas of the Rms&ederation, and in the first
place of Offshore and Continental Shelf Regionsd #re Russian Foundation for Basic
Research, grant #06-05-64468. The meteorologictl deere taken from the website
http://meteo.infospace.ru
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