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[NoBbIIeHNe KauecTBa M pa3peliaroniell CliocOOHOCTH CeHCMUYECKUX N300paXKEHHH CIIOKHOIIOCTPOCH-
HBIX T€0JIOTMYEeCKNX 00BEKTOB MPeJICTaBIsIeT COO0H HEeNpoCTyIo 3a1ady. Pe3ynsrarsl HAeHTHUKALMN TPAHHI]
COJISTHBIX AMAMUPOB, Pa3PhIBHBIX HAPYIIEHHUH, CKJIa[4aThIX CUCTEM, HOKPOBHBIX U MIAPbSHKHBIX 30H, a TAKXKE He-
COMIACHOTO 3aJIeTaHus! TOJII, KaK TPABUIIO, HEOJHO3HAYHBI M HAAEKHOCTh MX JOBOJNBHO HU3Kas. [l permenus
9THX MPOOIEM MPH MOCTPOSHNUH CEHCMHUYECKNX H300paKeHHH TIPUMEHSIOTCS pa3IMIHbIe COBPEMEHHBIE METO-
JI6I 00pabOoTKH: 0OpaIieHne MOJIHBIX BOJTHOBBIX IOJIEH, BOCCTAHOBJICHNE BOJIHOBOTO TIOJISI HA OCHOBE MHTErpaja
@eitnmana, 00paTHOBpPEMEHHAsT MUTpaLys, ONTHMAIBHOE CyMMHPOBaHHE MO 00IIel OTpakalomel IIomaaKe
U T. 1. Meron cyMMHpOBaHUS O OOLIeH OTpakarollel IUIOIaJKe YacTo UCMOb3YyeTCs ISl XapaKTepUCTUKU
CIOXKHBIX cpell. OJJHaKO TOMUMO MPEUMYILECTB, TTO3BOJISIONINX YIYUIINTh KaUe€CTBO CEHCMHUYECKNX H300paske-
HUIA, 9TOT METOJ] CTAJIKMBAETCS C MPOOIEMOi MaeHNsI HAKIOHHBIX TPAHHUI] B pa3Hble CTOPOHBL. OnepaTop cym-
MHUPOBaHUS MO 00MIEH OTpaKaroIIeH TUIOMIAJIKE TIPEACTABISICT COO0H MPUOIMKEHHBIN CEHCMIUUECKUI OTKIINK
KPHUBOJIMHEHHOH IpaHMIIBI B HEOIHOPOIHOM cpese. B HacTosmieit paboTe mperaraeTcst HOBBIH ITOAXO0M, KOTO-
PBIii TIO3BOJISIET MOJTHOCTHIO PEIINTH MPOOJIEMY pa3IMYHbIX HAKJIOHOB I'PAHUIl B CIIO)KHOIIOCTPOCHHBIX CEHCMHU-
YeCKHUX cpeiax. B omimume oT Merona CyMMHpOBaHUs MO OOIIei oTpakaromieil IIomaake, HOBbIi onepaTop
CYMMHUPOBaHHUS ABJISCTCS MPUOIKCHIEM AU(PParHpOBaHHOTO CUTHAJIA OT TOYEYHOTO PaCcCENBAIOIIEr0 0ObEKTa
Ha TiyOuHe. J{71s TOUKH pacCenBaHMS OMPEIEISTIOTCS KHHEMaTHIeCKHe aTpruOyThI BOJHOBOTO OIS, HO TIPH 3TOM
He oOecrieunBaeTcs MOMHBIN y4eT KPUBU3HBI TPAaHUIBL. B mpenmaraeMoMm MeTozne omepaTop CyMMHPOBAHHS
BBOIMTCS JUIS KaXKI0TO TH(PAarupOBaHHOTIO JIyda, HAI[PaBIEHHOTO OT TOYKH pPacCeHBaHUs K MoBepxHOCTH. Ta-
KM 00pa3oM, B HOBOM OIIepaTope yIUTHIBACTCSI SHEPIHsl, KOTOPAsi OKa3anach Obl HEYUYTEHHOM IPH ITOCTPOCHUN
M300paKeHHH C MOMOIIBIO IPYTHX YIPOIIEHHBIX OIIEPaToOpOB CyMMHUpOBaHusl. HOBBIN MeTo/ OBbLT HCIIOIB30BaH
JUISL CECMUYECKOTO MOJIETIMPOBAHUS CII0KHOM M€0J0rMUECKON CTPYKTYPbI, BKIIOUAIOIIEH IPs3eBOM ByJIKaH Ha
FOTO-BOCTOYHOM TobOepekbe Kacnmiickoro Mops. B paifone BeTpedaeTcss MHOKECTBO IPS3EBBIX BYJKaHOB, KOTO-
pBIe yKa3bIBAIOT HA HAJIMYHE KOJUIEKTOPOB MPHPOIHOTO Ta3a. [ IMHNCTOE BEIIeCTBO MOMIOMAeT CEHCMUYECKYTO
SHEPIHIO, YTO CHIDKAET Ka4eCTBO MOJTyYSHHOIo ITyOMHHOTO pa3pesa M JiejaeT NpodIeMaTHIHbBIM TOYHOE H30-
OpaxxeHHe OOBEKTOB B O0JIACTH I'paHUIIBI TPSI3EBBIX ByJIKaHOB. [IpoGiema Oblia pelieHa ¢ IOMOIIBI0 HOBOTO
MEeTO/la CyMMUPOBAHUS 110 001Iel paccenBarollei MIOMAaKe, B KOTOPOM B Pa3pe3e YUUTHIBAETCS BCS SHEPTHS,
BKJTIOYAst SHEPTHIO TU(PPArnpoBaHHBIX BOIH. 3aTeM K CyMMHPOBAHHOMY pa3pe3y MPUMEHSIETCS MPOLEeaypa MHU-
Tpanyuy MOCiIe CyMMUpPOBaHHMS 110 mTyOuHe. [TomHbI ITyONHHEBIH pa3pes, MONydYeHHbBIH B pe3yabTaTe 3TOH Mpo-
Leypbl, IEMOHCTPUPYET NPEHMYIIECTBAa HOBOTO OIlepaTopa CYMMHUPOBAHUS UL IOCTPOCHHS CEHCMHUYECKUX
N300paKeHNH CIIOKHBIX 00BEKTOB. B 3akiroueHne MOXHO cienaTh BBIBOJ, YTO MPEIOKEHHBIH METOJI IIPHMe-
HUM JUIS WICHTU(UKALUK PE3KHUX CEKYIIUX OTPaXKAaIOIMX I'PAHUL, CBI3aHHBIX C Pa3pbIBHBIMU HAPYLICHUSIMH,
JHMaNupaMy U y9acTKaMK HECOIIACHOTO 3aJIeTaHusl OPO/I,.

Paznuunvie naxnonel epanuy, obwjas ompajdcaowas niowjaoka, odwas pacceusarowds nioujaoxd,
CILOJICHONOCMPOEHHbIe CPeObl, NOCMpOoeHuUe celicMuueckux uzoopasicenutl, FOxcno-Kacnutickas enaduna.

SEISMIC IMAGE ENHANCEMENT OF MUD VOLCANO BEARING COMPLEX STRUCTURE
BY THE CDS METHOD, A CASE STUDY IN SE OF THE CASPIAN SEA SHORELINE

Mehrdad Soleimani

Improving seismic image quality in complex geological structures remains a challenge in seismic imag-
ing. In complex media, imaging of geological structures such as the boundary of salt diapirs, faults, folding
systems, overthrust zones, and unconformities are controversial and challenging tasks. Therefore, new imaging
methods such as full waveform inversion, path-integral seismic imaging, reverse time migration, and the opti-
mized common reflection surface stack methods were introduced to face these challenges. The common reflec-
tion surface stack method was used frequently to resolve some of the problems in complex structure seismic im-
aging. However, besides its great advantage in enhancing the quality of seismic section, it faces a problem with
conflicting dips. The common reflection surface stack operator is an approximation of the reflection response of
a curved interface in an inhomogeneous medium. In this study, a new strategy in the common reflection surface
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stack is introduced, which completely resolves the problem of conflicting dips in complex structures. Compared
to the common reflection surface stack, the new stacking operator is the approximation of diffraction response
of a diffraction point in depth. The kinematic wavefield attributes are defined for that diffraction point, whereas
curvature of the interface is not fully considered. In the introduced strategy, there would be a stacking operator
for each diffraction ray from the diffractor to the surface. Thus, the new operator gathers more energy that might
get lost in imaging due to simplified operator in the other methods. The new method was applied to seismic
data from a complex geological mud volcano bearing structure from south east of the Caspian Sea shoreline.
This area includes numerous mud volcanoes which act as indicators of gas reservoirs. As a natural phenomenon,
mud absorbs the seismic energy and deteriorates the quality of the final seismic section. Therefore, obtaining
accurate image of the subsurface structures here, in the boundary portion of the mud volcano, is questionable.
To overcome this problem, the new method was used to obtain a stacked section with all the possible diffraction
energies. Subsequently, the stacked section underwent post stack depth migration. The final depth image proves
the advantage of the new stacking operator for imaging in complex structures. Finally it could be concluded
that this method could be used for imaging structures with sharp reflector truncations such as faults, diapirs, and
unconformities.

Keywords: conflicting dips, common reflection surface, common diffraction surface, complex media,
seismic imaging, South Caspian Sea Basin

INTRODUCTION

Exploration geophysicists continue searching for fast and accurate seismic imaging algorithms that can
be used for migrating large 3D survey data collected in geologically complex regions [Berkovitch et al., 2008;
Pruessmann, 2008]. The objective of seismic imaging is to provide an image of the subsurface from multicover-
age seismic reflection data by enhancing genuine reflection signals and suppressing unwanted energy in the
form of coherent and random noise. However, recent advances in time and depth imaging and velocity model
building resulted in the introduction of novel methods for imaging in complex structures. Some of those meth-
ods are path integral seismic imaging [Landa and Fomel, 2006], full waveform inversion [Robein, 2010], mul-
tifocusing method [Gelchinsky et al., 1999], hybrid linear and non-linear full waveform inversion [AlTheyab
and Wang, 2013], polystack method [de Bazelaire, 1988], common reflection surface [Miiller et al., 1999], re-
verse time migration [Baysal et al., 1983] and the Gaussian beam migration [Hill, 1990]. The common reflec-
tion surface (CRS) stack method and the common reflection surface-beam prestack depth migration [Garabito
et al., 2012a], could partly resolve some of ambiguities in geological interpretation of seismic sections. How-
ever, some of these new methods belong to prestack migration methods beyond Kirchhoff (wave-equation and
beam migrations), and some are referred to 1mag1ng by regularlzed iterative inversion [Biondi, 2006].

However, the main challenge for seismic imaging in structurally complex media is associated with the
complexity of the wave-propagation phenomena. Important instances of these situations are intruded mud vol-
canoes or salt diapirs in sedimentary basins and the fault-folded structure; that in the viewpoint of geophysical
prospecting, they make hydrocarbon-bearing structures.

Complex bodies such as salt diapirs or mud volcanoes are illuminated by many wave paths that cannot
be considered by conventional one-way wave equation techniques. In such areas, the combination of the model
building and the migration is the key to a successful imaging [Robein, 2010]. However, some of those methods
need the velocity model as accurate as possible, while the common reflection surface proved that regardless of
the velocity model accuracy, result of the post-stack time migration could be comparable to the result of the
pre-stack depth migration.

Furthermore, in contrast to certain conventional seismic imaging methods like the common midpoint
stack, the common reflection surface stack makes use of the full multicoverage data volume during the imaging
process. The common reflection surface method uses a stacking operator that describes the reflection moveout
response for inhomogeneous media. In contrast to the common mid-point, the common reflection surface meth-
od does not directly depend on the macro stacking velocity model.

FROM CRS TO CRS-BEAM-PSDM

In classical normal move-out correction and common mid-point stack method, the stacked section is
obtained by summation over a curve along the offset coordinate (green curve Fig. 15). The concepts of using
second order traveltime approximations for stacking can be generalized to include also the midpoint coordinate.
The stacking operator in 2D is then no longer a trajectory in time/half-offset/midpoint coordinates, but is a
stacking surface, which extends not only in the offset, but also in the midpoint direction (Fig. 1a).
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Fig. 1. Different stacking operators. (a), the CRS stack operator in time, midpoint and half-offset domain
highlighted in green and (b) the NMO summation trend shown by green line [13].

Jager [1999] showed that the parameters of that surface could be approximated for limited offsets and
limited midpoint apertures by a parameterized function of distance to the normal ray emergence point and half-
offset by:

. _ 2 2 2 2
+2s1n:I:(xm xo)} +2t0cos i{(xm Xy) 4 h :I (0

2 (x. h)=|t
hyp( n ) { ° Vo Yo Ry Ryip

where, o is the emergence angle of the normal ray at x,, Ry, is the radius of the wave front curvature of a hypo-
thetic normal wave, Ry, is the radius of wave front curvature of hypothetic normal-incidence-point (NIP) wave
and 4 is the offset. Figure 2a shows the shape of the common reflection surface operator in time, midpoint and
half-offset domain obtained by Equation (1). Compared to conventional stacking methods, the number of traces
contributing for stacking in each zero offset sample is considerably increased in the common reflection surface
stack method. So, it results in an improvement of signal to noise ratio [Heolmann et al., 2004; Mann et al.,
2007; Menyoli et al., 2004]. Zhang et al. [2001] introduced the common offset common reflection surface stack
method. The common offset common reflection surface stacking operator is macro-model independent and
fully automatically determined by means of a coherency analysis. In contrast to conventional stacking methods,
the common offset common reflection surface stack uses the full multicoverage data volume in the stacking
procedure as it is not restricted to specific gathers (Fig. 2b). Bergler [2001] showed that the common offset
common reflection surface stacking technique gives noteworthy results with respect to the stacked common
offset section. However, this method could not solve the problem of conflicting dips. Hocht [2006] mentioned
that conflicting dips often pose a problem when using a single operator. Later on, Hocht et al. [2009] introduced
an interpolation scheme that was called operator oriented common reflection surface interpolation.

In this method, one operator may contribute to the construction of several target samples. Vice versa, a
target sample might receive contributions from different operators. The use of multiple operators for a single
target sample stabilizes the interpolation results and implicitly allows several contributions in case of interfering
events. However, Soleimani [2009] mentioned that due to the considerable computational expense, common-
reflection-surface interpolation is limited to work in subsets of the prestack data. Baykulov [2009] introduced
the partial common reflection surface stack method which calculates a stacking surface around a specified point
defined by its offset and travel time coordinates in a chosen common mid-point location and performs summa-
tion of data along that surface.

The partial common reflection surface stack is shown in Fig. 3a. This surface coincides locally with the
conventional common reflection surface, but the size of the partial common offset common reflection surface is
smaller. However, Baykulov [2009] mentioned that the partial common reflection surface stack method needs
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Fig. 2. (a) Lower panel (front): 2-D medium with two homogeneous layers about a half-space separated
by curved and smooth interfaces. Common Offset travel time curves (blue color) related to primary
reflections of the second interface with the CRS travel time approximation (red color) associated with
point P (b) the Common Offset CRS surface. (Figure () from [Zhang et al., 2001] and (b) from [Bergler,
2001]).
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Fig. 3. (@) The partial CRS stack performs the summation of data around the specified point on a CMP
travel time curve (magenta line) and assigns the result to the same point in a newly generated CRS super
gather. (b) The red lines are the CRS stack travel times related to the point P, in the ZO plane. The blue
lines are the Common-Offset diffraction travel times to define the stacking surface for the point R on the
second reflector. (Figure (a) from [Baykulov, 2009] and figure (b) from [Garabito et al., 2012b]).

further investigations on the conflicting dips problem. Yang et al. [2012] called the phenomenon caused by
conflicting dips problem as ‘dip discrimination phenomenon’. Their common reflection surface stack with the
output imaging scheme is a novel technique to implement a common reflection surface stack based on a unified

Kirchhoff imaging approach.
In the latest investigation on the common reflection surface method, Garabito et al. [2012b] developed a

new procedure of prestack depth migration based on the Kirchhoff migration integral and the beam stack using
the common reflection surface stacking operator (Fig. 3b).
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INTRODUCTION TO THE CONCEPT OF CDS OPERATOR

One of the most serious problems in the common reflection surface method is solving the problem of
conflicting dips. None of those methods emphasizes diffraction events; therefore they would have problems to
image abrupt truncation in reflectors, such as faulting, salt diapir or mud volcano body. Mann [2002] introduced
the extended search strategy in the common reflection surface method. In the general search strategy of the
common reflection surface stack method, only one angle is respected as the optimum emergence angle. Where-
as in the extended search strategy for defining the emergence angle of the central ray and producing the stacking
surface, only those angles in the angle range that were above the user predefined relative threshold were con-
sidered for coherency analysis. Garabito et al. [2011] used the separation of reflections from diffractions and
introduced the formulation of diffraction stack surface. This surface is shown in Fig. 4a. In this method, only
one stacking surface would be selected after coherency analysis for the selected sample. It also did not mention
that if this operator could resolve the problem of conflicting dips or not. In the new operator that is going to be
addressed here, the idea of dip moveout was used to overcome the problem of conflicting dips. In conventional
imaging, the dip moveout operator provides the correct amount of lateral moveout for each dip. Since different
parts of dip moveout operator correspond to different dips, the conflicting dip problem is also correctly re-
solved.

However, in the common reflection surface stack method, and other improvements on it, only one stack-
ing surface, that is selected by coherency analysis, is used for imaging the considered sample. This surface is
also related to the most dominant events in the section that passes through the sample. Therefore, in the case of
the conflicting dips problem, the common reflection surface method will fail to consider more than one event
for one sample. Here, the idea to use more than one stacking surface by considering all possible dips for each
sample was used to overcome the problem of conflicting dips. This idea means that the operator treats with each
sample like as a diffraction point. In this method, all possible common reflection surface operators are contrib-
uted into stacking for each zero offset sample. The entire emergence angles of the central ray within the search
range with any coherence value will make a stacking surface by defining an angle increment, da. Thus in the
(x,, ¢, h) space, not only one stacking surface, but many surfaces that are equal to the number of the emergence
angles in the angle range are produced. These operators are shown in Fig. 45 (only three of tens of operators are
shown for simplicity and better clarity).

The number of conflicting dips is not concerned here, because any present dip will contribute into stack-
ing for each sample. Resolving the problem of conflicting dips with this method will enhance the usually weak
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Fig. 4. (a) Lower panel (front): 2-D medium with two homogeneous layers about a half-space separated by
curved and smooth interfaces. A finite offset central ray is shown, where x; is the midpoint and 4 is the
half-offset. Upper panel: CO travel time curves (blue color) related to primary reflections of the second
interface with the CDS operator (green color) associated with P. (b) The new introduced CDS operator
volume stack. Against all the previous figures stated before, it contains all the possible surfaces that each
one is related to an event with different dips in a sample (Figure (a) from [Garabito et al., 2011]).
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diffraction events in the stacked section. As the new ] CRS Super gathers
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strategy not only addresses reflection events but in par-

ticular diffraction events, it is called the common dif-
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That is called the common diffraction surface stacking operator. To make the common diffraction surface
operator for a zero offset sample, the number of operators should be defined according to a predefined angle range
and angle increment that would be defined according to the complexity of the structure. Widening the angle
search range and shortening the angle increment step leads to increasing computation time to search for R .

The strategy used here differs from the simplified search of Garabito et al. [2012], the extended search
strategy of Mann [2002], and the pragmatic search strategy of Miiller [1998]. In this strategy, the only remain-
ing attribute to be searched for is the R attribute. The first thing that should be defined by the user is the
range of considered emergence angles along with a suitable angle increment. The larger the search range, the
more computational time. The target zone, the aperture and the range for minimum and maximum stacking
velocities are defined for the normal common reflection surface search strategy. For a range of values of R ¢
to be tested, the shape of the operator could be defined in terms of a moveout range. By coherency analysis, the
optimum value of R can be calculated in the next step. Although this initial maximum could be further re-
fined, this would be computationally very expensive and would have little impact on the final stack result. Now,
by knowing the optimum value of R4 and the emergence angle a, equation (2) defines the shape of the stack-
ing operator for the specified sample. According to the user given angle increment do, the same procedure for
the same sample is performed for the next defined angle (a+da) within the angle range and the next operator
for the same sample will be shaped. The angle increment always has to use a sufficiently fine angle grid, even
if there is only one contributing event. Otherwise, it might simply miss the contributing dips. This procedure is
repeated over the entire angle range and all common diffraction surface samples. At the final step, all events are
able to simulate their interferences by superposition. Figure 5 shows the simplified flowchart of the proposed
strategy for the common diffraction surface stack method.

Enhancing diffractions in the common diffraction surface stacked section will further image the geologi-
cal structures that are responsible for making those diffractions, like as faults, salt diapir or mud volcano body
and other similar structures. In this study, we used a 2D line for seismic imaging the mud volcanoes in the
South Caspian Sea Basin, the Gorgan Plain, in North East of Iran with the introduced common diffraction sur-
face stack method.

MUD VOLCANOES IN THE SOUTH CASPIAN BASIN AND STUDY AREA

In complex media, mud volcanoes as a natural phenomenon have attracted geoscientists for a long time.
They have many similarities in appearance to that of magmatic volcanism but widely differ in origin. Many
authors describe mud volcanoes as simple topographical features complicating the surface morphology [Jakubov
et al., 1971], without taking into account that these landforms are expression of a remarkable natural process
initiated deep in the sedimentary succession. Mud volcanoes are geological structures formed as a result of the
emission of argillaceous material on the Earth’s surface or the sea floor. The term mud volcano system is coined
to describe the set of structures associated with the constructional edifice and feeds complex that connects the
mud volcano to its stratigraphic source [Basu et al., 2012]. The majority reported mud volcanoes occur at active
plate margins which lead many authors to suggest that tectonic stress, mainly compressional, is the main driving
mechanism for mud volcanoes. The largest and best cone-shaped mud volcanoes as well as the most active ter-
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restrial mud volcano area with the greatest number of mud volcanoes in the world occur at a belt centered in the
Baku region of the Caspian Coast, Eastern Azerbaijan. This belt starts from the Mediterranean Ridge and adja-
cent land areas in Sicily, Albania and Southern, Central and Northern Italy. Continuing past the forelands of
Eastern Carpathians in Romania, Kerch and Taman Peninsula through the Black Sea, the belt turns to the south
in the area of Southern Caspian Sea and Gorgan Plain in Iran, passing the Makran coast of Pakistan and South-
ern Himalayas, ending in Burma [Dimitrov, 2002]. Figure 6a shows geological blocks and distribution of mud
volcano in the South Caspian Sea Basin as a part of this belt. The South Caspian Sea basin is one of the most
important mud volcano bearing basins with varying size of mud volcanoes from small to giant (in some reports;
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10 km wide and 1.4 km thick, overlying an oval caldera 1.2—1.6 km in width and 0.5 km in depth) [Davies and
Stewart, 2005]. Most of the mud volcanoes in the South Caspian Sea Basin consist of an extruded submarine
mud bi-cone. A 3D seismic study on the mentioned giant mud volcano in the South Caspian Sea Basin showed
that their caldera narrows downwards into a zone of collapsed country rock forming a downward tapering cone
[Davies and Stewart, 2005]. In the other seismic modeling of the South Caspian Sea Basin, it was stated that
wall rock erosion and compaction of the intruded zone leads to the collapse of a downward-tapering cone en-
veloping the cylindrical zone, capped by ring faults [Davies and Stewart, 2006]. Mud volcanoes get buried
during basin subsidence and can look like intrusive laccoliths at first glance on seismic data. Reactivation of
mud flow through a conduit system generates a stack of superimposed mud volcanoes through time. Large vol-
canoes continue to dewater during burial and may locally remobilize [Davies and Stewart, 2006]. In another
study, a 3D/4C and 4D Ocean Bottom Cable (OBC) program was used to seismically image mud volcanoes in
the South Caspian Sea in the Azerbaijan offshore [Bouska, 2007].

The study area is located in the shoreline of the Caspian Sea and the Kopet Dag zone, shown by rectangle
in Fig. 6b. The Kopet Dag region trends for 700 km south of the Caspian Sea, and passes northeast of Iran and
southwest of Turkmenistan (Fig. 6a). It separates the Turkmen Block from central Iran. The height of the region
ranges up to 3000 m in some parts, which is 2000 m higher than the Turkmen foreland basin to the north. Juras-
sic—Miocene marine carbonates and clastics were deposited across the region are now deformed into a series of
folds and thrusts. These are broadly convex northwards, and curve into the trend of the range parallel to the
right-lateral Ashgabat fault at the northern margin of the region (Fig. 6a). Focal mechanisms in this area show
north-to-south overthrusting on gently north-dipping planes [Smith-Rouch, 2006]. The Gorgan region is a part
of the Kopet Dag zone located in northeast Iran in two different geological zones. These two zones are among
the several sedimentation basins that are distributed between Iran and Turkmenistan. The region is made of
thick sediments from Jurassic to Miocene age [Weinelt and Briickmann, 2011].

These sediments are made of shale, limestone, marl, sandstone, and sometimes conglomerates and evap-
orates. This sequence is beneath an unconformity of Palacocene conglomerates. This region is famous for its
mud volcanoes as most are related to gas reservoirs (Fig. 6b). Figure 7 shows the exact seismic line in the study
area. This seismic line was designed based on the previous gravimetery acquisition. Figure 7 shows the gravity
map of the study area that defines possible locations of mud volcanoes (and related hydrocarbon reservoirs)
with low gravity value. Thus the seismic line that was selected for this study had been designed in order to pass
through most of the structural events (Black line in Fig. 7).

The aim of seismic experiment in this region was defining favorable structure for hydrocarbon reservoirs.
So a 2D seismic project was designed in the area and the largest line with more complex structures was se-
lected here for seismic imaging. Length of the seismic line is about 48 km with 680 shot points and maximum
offset of 3458 m. The seismic data contain approximately 1900 common midpoint records (some of them from
end of the line were removed due to dramatically low fold) with spacing near 25 m. The maximum fold of the
line was 35, which make it a low fold data. A brief introduction of the seismic line is shown in table 1. It should
be noted that in a 2D seismic survey, the implicit as-
sumption is that the earth is a cylinder, with the axis
orthogonal to the survey. If this underlying assumption
is fulfilled, the image obtained by 2D seismic interpre-
tation is an accurate representation of a vertical section
of the subsurface. However, when this assumption is
not fulfilled, 2D seismic imaging produces a distorted
image of the subsurface. The most severe problem in
2D seismic imaging is out of plane reflection. Geologi-
cal structures are 3D in real world, so it is usual that
diffractor points that lay out of the plane of acquisition,
introduce additional reflection to the data. These reflec-
tions are incorrectly back propagated in the earth along
the vertical plane passing through the acquisition direc-
tion and imaged in wrong position [Biondi, 2006]. To
image the diffractor at its correct location, 3D imaging
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Fig. 7. Gravity map of the study area that was the base
of seismic acquisition design. The seismic line is shown
by black line (gravity map from [Baghzendani et al.,
2015)).
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Table 1. Geometry of the seismic line used in this study

Mid-point and offset geometry Shot and receiver geometry

CMP numbers 1900 Number of shots 680
Maximum fold 35 Shot spacing 70 m

CMP spacing 25m Number of receiver 99
Receiver spacing 50 m

Frequency content Recording parameters

Frequency range 8 —100 Hz Total recording time 7s
Dominant frequency 20 Hz Sampling interval 4 ms

is necessary to be applied for back-propagating the recorded reflection along an oblique plane. However, in this
study, there was no 3D seismic data available. Based on the gravity map of the study area (Fig. 7), it was as-
sumed that the 2D seismic line is orthogonal to the general trend of the region and passes over top of the mud
volcano in the subsurface. Thus, care should be taken in interpretation of the final depth image.

IMAGING BY THE CRS AND THE CDS STACK METHODS

The common reflection surface stack method was used by several researchers for depth model building
in simple or complex structures [Landa et al., 1999]. The seismic data of the Gorgan region has been processed
with the optimized common reflection surface stack to obtain the optimized stacked section shown in Fig. 8.
There exists an unconformity in the section that separates the overlaying quaternary sediments from the under-
lying sediments which consist of a sequence of shale, limestone, marl, and sandstone. The upper sediments are
gently dipping to the right of the section. The underlying layers are dipping to the left in some parts and to the
right in the other parts. Some faults are imaged in the upper layers in the right part of the section. Detecting and
tracing the faults is difficult in this section. This difficulty is due to the smoothing nature of the common reflec-
tion surface stack method that removes the sharpness of events on the section. It also relates to the type of the
rocks of the layers that are made of alluvium, river, and deltaic sediments that can be easily deformed by the
stresses and creates no sharp edges. However, these faults will be better imaged in a migrated section or by ap-
plying some other imaging methods like the common diffraction surface stack. The big concern in this section
is to image the mud volcano boundaries below the unconformity. The study area has two mud volcanoes in the
left and one in the right. The two minor mud volcanoes are somehow captured by the seismic line and are lo-
cated in the left part of the section. However, some diffraction events that are due to the contacts of the mud
volcano boundary with the dipping layers are clear. The effect of the major mud volcano can also be seen in the
lower right part of the section.

In most cases, applying partial stack migration or pre-stack depth migration in severely complex media
gives an acceptable image of the subsurface, but in some cases, imaging beneath the complex structures is a
challenging task. In an attempt to image the semi-complex structure of the Gorgan region, acceptable results
could not be drawn by conventional and common reflection surface stack methods, due to strong lateral veloc-
ity changes below the unconformity. In most part of the section shown in Fig. 8, the events were cleared and
more structures could be observed. However, the problem of detecting the boundary of mud volcanoes in the

left part still remains. Most of the problems of con-

NW Distance, km se flicting dips in the section happen in events between

5 10 1.5 2.0 2.5 3.0 3.5 4.0 4.5 dipping layers below the unconformity and horizon-

tal layers above the unconformity. To resolve this
problem the common diffraction surface stack meth-
od was applied on the data (Fig. 9). As can be seen
at the first glance, the quality of the stacked section
and the signal-to-noise ratio is better in the common
reflection surface stack method. It should be noted
that the common diffraction surface operator images

Time (s)

Fig. 8. The CRS stack section. The unconformity
and diffraction patterns due to the mud volcanoes
are clearly seen on the section. Black rectangle
shows part of the section showing in subsection
in Fig. 10a.




Fig. 9. The CDS-stacked section. Black rectangle NW Distance, km SE
shows part of the section showing in subsection 5 10 15 20 2% 30 3B 40 4
in Fig. 10b.

0 | |

all the events exist in the events in the prestack
data. Thus, the common diffraction surface stacked
section might not be comparable with the common
reflection surface result in case of signal to noise
ratio. However, truncations of events are better
shown in the common diffraction surface result and
more diffractions are also imaged. Therefore it is
supposed that the common diffraction surface
stacked section will have better performance in mi-
gration procedure. This will make the imaging
methods applicable to locate the exact location of S

faults and show their trends. The problem of con-

flicting dips is also solved by the common diffraction surface method.

Differences are shown with more detail in a subsection in Fig. 10. Result of the common reflection sur-
face imaging (Fig. 10a), shows better continuity of events, while the intersections of events in deeper parts are
not well resolved. Figure 105 shows the same part in the common diffraction surface stacked section. The qual-
ity of the section in Fig. 10a is improved, but more details of events are shown better in the common diffraction
surface stacked section. Resolving the problem of conflicting dips and better imaging of faults and dipping
events is the main advantage of the common diffraction surface imaging, shown in Fig. 10b. However, it is
expected to image more details in a migrated section obtained from the common diffraction surface result
rather than migration of the common reflection surface.

It should be mentioned that since the common diffraction surface stack operator consider a stacking sur-
face for all emergence ray angles, it might increase the background noise in the stacked section. Nevertheless,
it is nothing to be concerned about, because most of the relevant events will provide usable energies for migra-
tion operator in the next steps.

Thus, it could be concluded that although the signal to noise ratio is lower in the common diffraction
surface stack result, it would be a better input for migration procedure that will image more details of the sec-
tion. Therefore, selection of the common reflection surface or the common diffraction surface method is a trade-
off between noise and details. In simple layered media, the common reflection surface method will preserve
better continuity of the reflectors while failing to show more details in complex structure. However, the com-
mon diffraction surface stack method might increase the background noise in the stacked section, but it will
compensate that with a dramatic increase in imaging more detail in complex structures in post stack depth mi-
gration. This is obvious in comparing the final migrated images of both methods.
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Fig. 10. Subsection of the CRS-stacked section () and corresponding subsection of the CDS-stacked sec-
tion (b) of the Gorgan region data.
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INTEGRATION PROCEDURE FOR VELOCITY
ANALYSIS AND MIGRATION

To perform migration on the stacked sections, a sufficiently accurate velocity model of the region was
needed. The velocity model was obtained by integration procedure for migration velocity analysis [Alaei, 2006].
The procedure has four main stages: initial model generation, regional velocity update, detailed high-resolution
velocity update and final model generation. It is based on the depth tomography of migrated gathers. Constrain-
ing the pre-stack depth migration velocity analysis by appropriate a priori information is an important part of
the velocity analysis process [Duveneck, 2001]. The area has several complexities including faulted blocks,
different style of deformation at subsurface and strong lateral velocity variation. A variety of a priori informa-
tion has been used at four velocity estimation steps to constrain the migration velocity analysis procedure. Some
rock units in the studied area show a depth-independent velocity behavior. So when the configuration of main
structural elements is mapped, the interval velocity of such units is updated with controlled horizon-based to-
mography. The final velocity model obtained with this strategy is fully consistent with the structural pattern of
the area and also with the properties of individual rock units. The final velocity model is shown in Fig. 11.

The common reflection surface stacked and the common diffraction surface stacked sections were used
as inputs for post-stack depth migration.

It should be mentioned that although the total recording time was 7 s, there is no usable information in
times greater than 6 s. Therefore, only 6s of the data was used for migration procedure. The result of the migra-
tion performed on the common reflection surface stacked section is shown in Fig. 12. At the first glance, some
of the geometrical distortions that were corrected by the migrated section are obvious in the section. The inter-
sections of the dipping layers below the unconformity and the overlaying layers are better imaged. The faults
in the upper right are also imaged well.

The result of migration performed on the common diffraction surface stacked section is shown in Fig. 13.
The boundary of the mud volcanoes in the left part of the section that was of more concern than the other parts
is imaged better here. The reflectors and other
structures that caused the diffraction events in the NW Distance, km SE
stacked section can be seen clearly. 0 5 10 15 20 25 30 35 40 45

The common diffraction surface stack mi-
grated section could better map the faults. Figure
14 shows two subsections of common reflection
surface and common diffraction surface stack mi-
grated section in detail. As it could be seen, mi-

Fig. 12. Defining the mud volcano boundary,
layers, and faults on the CRS stack migrated
section. Black rectangle shows part of the
section showing in subsection in Fig. 14a.
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Fig. 13. Defining the mud volcano boundary,
layers, and faults on the CDS stack migrated
section. Black rectangle shows part of the sec-
tion showing in subsection in Fig. 145.
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Fig. 14. Subsection of depth migration on (@) the CRS stacked section and (b) on the CDS stack result.
Migration on the CDS stack result shows well imaging of faults, mud volcano body, and wedge shape.

gration on the common diffraction surface stacked section could better resolve the problem of conflicting dips
and thus provide better imaging of faults and such geological events, like as mud volcano boundary. Finally the
primary interpreted section is drawn in Fig. 15.

CONCLUSIONS

The problem of imaging in complex structures such as folded areas, salt diapirs, or mud volcanoes, and
the quality of the seismic sections in such situations cannot be properly solved by conventional stacking meth-
ods. The conventional processing steps have some limitations on imaging of such complex structures. The
common diffraction surface stacked section followed by depth migration showed that it can be a method for
imaging in complex structures. This mainly relates to the common diffraction surface stacking operator that
gathers all the energies in data that might get lost in the other imaging methods. After conventional stacking,
the data set was processed by the common reflection surface and the common diffraction surface stack methods.
The velocity model was built by a new introduced migration velocity analysis technique and then used for post-
stack depth migration. The migrated sections showed that they can clearly define the boundary of mud volca-
noes that were not imaged well by other methods.
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Fig. 15. The primary geological interpretation
performed on the CDS stacked migrated
section. Mud volcanoes, unconformity, and
faults are shown on the section.

The near surface faults and the larger fault
that continued to larger depths were also imaged
better in the migrated section of the common dif-
fraction surface stacked result. Therefore, it could
be said that the common diffraction surface stacked section provides suitable input for migration in regions with
complex structure. The accuracy of the velocity model here is also not so much in concern.
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