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ABSTRACT
The presence of gas hydrate and associated gas in the Makran Accretionary Prism, offshore Iran, has
been confirmed by various seismic indicators, including the bottom-simulating reflector (BSR), amplitude
blanking, and bright spot. The pre-stack analysis and the study of amplitude-variation-with-offset (AVO)
attributes are the most reliable tools for semi-quantitative study of gas hydrate and free gas resources.
Due to the lack of well data in the most regions of gas hydrate accumulations in deep oceans, the study of
AVO attributes and application of seismic inversion techniques are solutions to evaluate both gas hydrate
and the free gas trapped beneath it. Conventional seismic stacked data increases the signal-to-noise ratio;
however, amplitude stretching in far offsets resulted in normal move-out (NMO), and Poisson’s error in
velocity analysis decreases the frequency content of stack section. Moreover a stacked seismic data do
not present a real zero-offset seismic data. In this study, the AVO intercept section was used to remove far
offset effects and produce a more realistic zero-offset section with a high frequency content. Consequently, the acoustic impedance produced from the inverted intercept section shows acoustic property of the
sediment in a better accuracy. According to the inverted section from AVO intercept data, free gas zone,
and double bottom-simulating reflector, which identified about 50 ms below the first BSR, were observed
with high vertical resolution.
Keywords: Amplitude-variation-with-offset (AVO), Intercept Attribute, Gas Hydrate, Free Gas, Double
Bottom-simulating Reflector (DBSR)
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accumulated as free gas beneath the gas hydrate
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conditions[1]. Studying natural gas hydrates as
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pressure is lowered to adjacent zones of solid

pre-stack seismic attribute study, and seismic

hydrate pressure due to the production well in the

velocity analysis have been developed to identify

gas hydrate reservoir [3,4] and pressure reduction

gas hydrates in marine sediments and the trapped

frees the methane molecules from hydrate; thermal

free gas beneath them [10-15]. Most gas hydrate

stimulation method: the reservoir temperature is

resources which is generally found in deep marine

increased above the hydration temperature by hot

areas confront lack of well data, subsequently,

water injection, steam stimulation or circulating hot

exploration approach is heavily depends on seismic

fluids downhole[5]; chemical inhibitors injection:

data for further evaluating these resources [16,17].

the injection of chemical inhibitors (such as salts

The dominant seismic indicator of gas hydrates

and alcohols) shifts the pressure-temperature

accumulation is bottom-simulating reflector (BSR)

equilibrium conditions to lead a rapid dissociation

which is sub-parallel to the seafloor and has a

of gas hydrate [6]; and finally carbon dioxide

reverse polarity compared to the seabed on a

displacement method: this method produces

seismic section [18]. This reflector corresponds as

methane via the exchange between CO2 and CH4

the base of gas-hydrate stability zone, and most

in this method [7]. In practice, a combination

of the seismic analyses have been focused on

of these techniques has also been proposed.

this reflector to characterize the above hydrates

Depressurization method is considered as a

associated with its possible underneath free gas.

relatively feasible method and the most efficient

BSR generally depicts the interface between

and economical recovery technique to produce

higher P-wave velocity and lower P-wave velocity

methane from seabed gas hydrates [8].

since a small amount of free gas below the gas

A

exploration

hydrate stability zone decreases P-wave velocity

technology is integration of 3-D seismic data (such

considerably without affecting the S-wave velocity

as multicomponent ocean bottom cables (OBC)),

[19]. Thus, important information on gas hydrate

Marine controlled-source-electromagnetic (CSEM),

and free gas accumulation across the base of the

marine sediment sampling, and gas geochemical

gas hydrate stability zone is provided by amplitude-

analysis to reduce drilling risk. OBC technology

variation-with-offset (AVO) characteristics of the

provides a direct measurement of shear wave to

BSR, which depends on P-wave and S-wave velocity

estimate elastic modules and to provide a more

changes [20-22].

reliable image of structure associated with gas

In this study, the main target is investigation of the

hydrate reservoirs than primary wave data [8].

regions which likely contain highly concentrated

CSEM technique provides information on rock

gas hydrate and free gas in the sediments across

and fluid electrical properties due to the electrical

the BSR located in the Iranian part of Makran

resistivity contrast of gas hydrate and free gas

accretionary prism. AVO analysis and post-stack

bearing zones with water-saturated rocks[9].

inversion of the AVO attributes are utilized to

Numerous seismic techniques such as seismic

reduce ambiguity and increase reliability to identify

inversion, rock physics templates and modeling,

a potential target of gas hydrate accumulation.

comprehensive

gas

hydrate
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EXPERIMENTAL PROCEDURES
Methods
AVO inversion
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V

 − 4 P

 VS





2

 ∆VS

 VS


V
 − 2 S
 VP


2

  ∆ρ 
 
,
  ρ 

(3)

and
1 ∆VP
.
2 VP

(4)

an effective tool for reservoir characterization

C=

including porosity, density, lithology identification,

θ can be estimated by equation 5 that relates the

and fluid content due to the fact that seismic

offset to the angle in the presence of an appropriate

amplitudes at layer boundaries are affected by

estimation of velocity [27]:

the variations of the physical properties just above
and below the boundaries [20,23]. Theoretical
equations which completely determine the exact
coefficients of the transmitted and reflected plane
waves and its mode converted waves when the
plane wave incident occurs at an interface between
two semi-infinite isotropic and homogeneous
layers have been developed by Zoeppritz in 1919
[24]. The Zoeppritz equation was simplified by
making some approximations that describe the
variation of P-wave reflection coefficients with
the angle of incidence as a function of the P-wave
velocity, the S-wave velocity, and the densities
above and below the interface [25]. A series of
linear approximations to the Zoeppritz equations
has been developed for AVO analysis technique
to predict the presence of natural gas. A useful
approximation of the Zoeppritz equations has been
proposed by Shuey in 1985 [26]; where AVO is
estimated by performing a least-squares fit of the
amplitudes from each time sample of the gather.
This equation contains three terms of the intercept
(A), gradient (B), and curvature (C):
R (θ i ) ≈ A + B sin 2 θ i + C (tan 2 θ i − sin 2 θ i )

(1)

1 ∆V P
∆ρ
(
),
+
2 VP
ρ

)

(5)

where x is the source-receiver offset, vi is the
interval velocity of a particular layer, vr is the RMS
velocity, and t 0 is the zero offset two-way time
(TWT). The values VP , VS , and ρ are the P-wave
velocity, S-wave velocity, and density respectively.
The first term (A) denotes the intercept which
measures the band-limited reflection amplitudes
at normal incidence or zero offset. The second
term (B) is the gradient that predominates at the
intermediate angles Gradient measures the rate
of change of P-wave amplitude with offset and it
is related to Poisson’s ratio. The gradient section
is often a good indicator of gas reservoirs since
Poisson’s ratio is greatly affected by gas in porous
media [20]. The third term (C) is the curvature
which controls the behavior of the reflection
variation at far angles, and it is related to P-wave
velocity.
For the low incidence angles (up to ~ 30°) based
on the Shuey’s approximation of the Zoeppritz
equation, the third term can be ignored and the
intercept and gradient are estimated by a linear fit
each time samples (Figure 1). Equation 1 can be

(2)

expressed as [26]:

R (θ i ) ≈ A + B sin 2 θ i
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The inversion workflow utilized in this research
constitutes of two steps. The first step is
reprocessing of seismic data to recover true
amplitude. This procedure includes geometrical
spreading, transmission loss, attenuation, receiver
directivity corrections, conversion of amplitude to
reflection coefficient, and trim static correction
[29].

The second stage is estimation of AVO

attributes followed by post-stack inversion in order
Figure 1: Intercept and Gradient calculation based on
least-squares fit of the amplitudes of all traces at each
time sample of the CMP-gather [28].

to estimate P-wave impedances. This workflow is
depicted in Figure 2.

For a conventional stacked trace, the amplitude
value for a time sample is the average of the
amplitudes of all offsets. This average does not
consider the relative amplitude changes based
on different offsets while an AVO intercept trace
gives normal incidence amplitude considering the
amplitude value of each time sample depending on
the related offset. Therefore, AVO intercept section
can be considered as a better zero-offset section
than a conventional stack section.

Impedance Inversion
Good –quality impedance inversion provides the
detail of the subsurface due to the fact that acoustic
impedance is a layer property (e.g. porosity and
lithology) rather than interface property. The
acoustic impedance is the result of the integrating
of seismic data with well logs or velocity data. AVO
analysis in conjunction with acoustic impedance
improves interpretation and discrimination of
lithology, and fluids. Subsequent AVO attribute
analysis followed by AVO inversion was carried out
to verify initial interpretation as well as to assess
the possibility of distinguishing between different
lithologies and fluids.

Figure 2: Workflow for calculating the acoustic
impedance section from seismic data using AVO and
post-stack inversion.

Seismic inversion requires initial low-frequency
impedance model to constrain the inversion
results. Seismic data generally lack low-frequency
components; thus, inversion is limited to the
frequency content of the seismic data. The lowpass filtered impedance log data is used as a
background model to overcome this shortage
of low frequencies. Usually, these background
trends (p-wave impedance and density profile) are
extracted from well data but due to the lack of well
information in the area of study, these values were
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derived from the velocity model obtained during
Pre-stack time migration process. Furthermore,
the density profile was derived using Gardner’s
relationship [30].(Gardner et al., 1974). Figure 3
shows the initial impedance model in which the
acoustic impedance is continuously increasing with
depth while no gas layer could be detected in prestack time migration (PSTM) velocity model nor as
stated earlier on the resultant acoustic impedance
initial model.
(a)

Figure 3: The initial impedance model on which the
acoustic impedance steadily increases with depth
while no gas layer is visible.
(b)

Zero-phase wavelet was statistically derived from
the de-phased seismic data (Figure 4). Post-stack
AVO intercept inversion was first computed at five
selected control point (pseudo wells) locations to
test the input parameters for robustness before
computing the inverted P-impedance section.
Afterward, a model based inversion (generalize
linear inversion) which was constrained not to
vary by more than 50% from the input model
was applied on the background model to update
acoustic impedance iteratively by minimizing the
difference between synthetic seismic trace and
real seismic data.

Figure 4: The statistical wavelet was extracted from
the dephased seismic data. (a) The extracted zerophase wavelet in time domain. (b) Amplitude and
phase spectrum of the extracted wavelet in frequency
domain.

Field Data
The data used in this study includes: 2-D pre-stack
seismic data, pre-stack time migration velocity,
and 2-D post-stack seismic data. These data have
been acquired with 6100 m streamers length that
consisting of 480 hydrophone group with 12.5 m
receiver interval at a depth of 6 m. The energy
source constitutes 2842 cubic inch airgun array
at a depth of 5 m with a 25 m long shot interval
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providing foldage of 120. Sample rate is 2 ms with

RESULTS AND DISCUSSIONS

record length of 7000 ms. Dominant frequency of

Acoustic impedance inversion was applied to the

the data is 50 Hz. The data were kindly provided by

Makran 2D seismic data to determine the extension

Exploration Directorate of National Iranian Oil

of the gas-hydrate and free gas saturated zones. In this

Company (NIOC).

study, the seismic inversion has produced a data set of

Datasets and Data Reprocessing
Pre-stack amplitude inversion should be applied
to common reflection point (CRP) gathers in order
to derive the AVO attributes. Analyzing AVO in
CRP gathers after pre-stack time migration is more
accurate than in common-midpoint (CMP) gathers
on steeply dipping reflectors and in complicated
structures due to the effects of CMP smearing.
Therefore, Kirchhoff pre-stack time migration
was applied to the data to produce reflection
coefficients at image locations and provide suitable
data required for AVO analysis.
The raw seismic data were also reprocessed in order
to maintain true amplitudes [31]. For AVO analysis,
the relative amplitudes of the seismic data should
be preserved throughout the analysis in order to
extract information on primary reflectivity. Therefore,
all steps in the data reprocessing sequence could be
fulfilled through the spherical divergence correction
according to Ursin method [32], the transmission
loss correction [33], the attenuation correction for
the layers overlying top of gas accumulation (BSR)
as Q=191 that was considered for the P-wave of this
seismic line [31], receiver directivity correction was
accomplished using Sheriff and Geldart equation [34],
amplitude conversion to reflection coefficient using
Warner function [35], and Trim static correction to
accurately preserve the relative amplitudes to remove
misalignments of seismic events which have not been
corrected after normal move-out (NMO) corrections
and the computation of angle gathers.

the acoustic impedance of different layers associated
with the BSR by matching a reflectivity model to the
seismic data.
Figure 5 shows the AVO intercept section of the
selected line between CRPs 5000 to 9000 in the
Iranian part of Makran accretionary prism. The prestack time migration RMS velocity was converted to
the interval velocity using Dix formula [36] to convert
offset gathers to angle gathers. All CRP traces were
transformed from the offset domain to the angle
domain by estimating the incidence angles for each
offset and time sample using Equation 5. Then, for
each time samples the intercept and gradient were
estimated by equation 6. In the intercept section, the
BSR is clearly characterized by reversed polarity with
respect to the seafloor reflection at about 2000 ms
TWT. In Figure 5, the seismic reflections above the
BSR within the hydrate zone are weak compared to
the seafloor and BSR reflectivity. It can be explained
by the presence of hydrates that fill the sediment
pore spaces and decreasing the impedance contrast
between sedimentary layers. Also, below the BSR, a
weak reflector is observed that is subparallel to the
seafloor topography and has a reverse polarity with
respect to it. This seismic event which is identified
about 50 ms below the first BSR is interpreted as a
second or a double BSR (DBSR) (Figure 6) while it is
less visible on the AVO intercept and the conventional
post-stack seismic sections. The presence of another
BSR have been reported in Victoria Land Basin [37],
Barents Sea and Norwegian continental margin [38],
Nankai Trough off central Japan [39,40] and Danube
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deep sea fan in the Black Sea [41]. Therefore, the

inversionmethod to the AVO intercept section.

presence of double BSR and the gas below BSR were

Also, Figure 8 shows impedance section by inverting

investigated through post-stack inversion.

the conventional post-stack seismic data. In both
mentioned figures, the low acoustic impedance
zone containing free gas positioned underneath
of the gas hydrate stability zone, which has been
observed as BSR due to the decrease in P-wave
velocity at the transition zone from hydrate to
gas sediments while it was not included in the
initial acoustic model. Comparing Figures 7 and
8 demonstrates that P-wave impedance of AVO

Figure 5: AVO intercept section sample over Makran
accretionary prism shows weak reflections due to the
presence of hydrates in sediments and a negative and
strong BSR that is produced by the accumulation of
free gas at the base of the hydrate layer.

intercept inversion has a high vertical resolution which
helps thin layers such as DBSR be clearly observed
while it is barely visible in the conventional post-stack
inversion. In Figure 7, the high acoustic impedance
between CRPs 6000-7000 could be due to the high
concentration of gas hydrate (cementing effect) in
the deepest part of the gas hydrate stability zone. The
potential cemented gas hydrate reservoir at the base
of the gas hydrate stability zone and existence of
free gas beneath BSR would place these locations as
a suitable candidate as well as an economical target
for gas hydrate exploration in the future.

Figure 6: The wiggle traces show the seismic characters
of the BSR and double BSR in CRPs 6598, 6998, and
7798. BSR is characterized by a negative polarity
corresponding to the seafloor reflection due to
decreasing of acoustic impedance of the underlying
layer which is related to the gas presence. The double
BSR is observed by amplitude lowering of the BSR and
by a negative polarity with respect to the seafloor.

Figure 7 shows the acoustic impedance section
provided by inverting AVO intercept data. The
P-impedance contrasts at each subsurface position
were estimated by applying a model-based

Figure 7: P-wave impedance from post-stack inversion
of AVO intercept data. BSR and DBSR are clearly
seen by a transition from high acoustic impedance
containing gas hydrate to scattered reflectors with low
acoustic impedance including free gas. Also, highly
concentrated hydrate zone at bottom part of gas
hydrate zone is shown.

Journal of Petroleum Science and Technology 2018, 8(3), 42-52
© 2018 Research Institute of Petroleum Industry (RIPI)

48

http://jpst.ripi.ir

Identification of Gas Accumulation Adjacent to the Gas Hydrate Bearing Zone...

Journal of Petroleum
Science and Technology

CONCLUSIONS
The AVO intercept data provided a better zerooffset section than a conventional stack section
due to taking into consideration of the relative
amplitude changes in different offsets. Therefore,
AVO intercept inversion was undertaken to identify
regions where are likely to contain gas under
the BSR. Comparing inverted conventional stack
Figure 8: P-wave impedance from conventional poststack inversion. BSR is clearly seen by a transition from
high acoustic impedance containing gas hydrate to a
low acoustic impedance including free gas while high
concentration of gas hydrate at bottom of hydrate
stability zone and DBSR are barely visible.

seismic data with acoustic impedance derived from
intercept section, revealed the efficiency of the
proposed approach in depicting better distribution
of free gas and gas hydrate zones.
The amplitude blanking, high acoustic impedance,

Several hypothesis for a DBSR could be considered:

and strong reflections of BSR identified from

(1) the presence of sediments partially saturated

the 2D seismic profiles below seabed have been

with gas hydrates containing a different gas chemical

affected by the presence of gas hydrate. High

composition which produces a BSR with a different

acoustic impedance above the BSR is related to

stability zone [42,38,15], (2) regional uplifting of the

the presence of gas hydrates while a sharp drop

bottom of the hydrate stability field from a previous

in acoustic impedance below the BSR (sometimes

depth to the current depth due to the compressional

appears as scattered layers) indicates the presence

tectonic [39], (3) migration of free gas through

of free gas. Blanking zone could be related to

competent or concrete layers of fractured sediments

high acoustic impedance which is associated with

or in response to a recent sea bottom warming

low reflectivity. A second BSR, which mimics the

related to Global Warming effect [39,43]; and (4)

seafloor topography representing reverse polarity

diagenetic reflections that are produced by the

corresponding to this one, has appeared about

opalA/opal-CT transition show normal polarity to

50 ms below the BSR and could be considered

the seafloor [39]. Referring to [44], considering the

as a second gas hydrate resource containing

thickness modeling of gas hydrate stability zone with

thermogenic gas composition.

different gas compositions, geothermal gradient,
water depth, pore pressure gradient, seabed
temperature, and salinity revealed that the source
of gas hydrate in some areas in Iranian part of Oman
Sea includes thermogenic gases (containing 95%
methane). Therefore, the formation mechanism for
negative and weak DBSR in the studied area could be
referred to migration of gas through unconsolidated
sediments.
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NOMENCLATURES
BSR
CMP
NMO
AVO
DBSR
OBC
CSEM
TWT
NIOC
PSTM
CRP

: Bottom-simulating Reflector
: Common-MidPoint
: Normal Move-Out
: Amplitude-variation-with-offset
: Double Bottom-simulating Reflector
: Multicomponent Ocean Bottom Cables
: Marine Controlled-Source-Electromagnetic
: Two-way Time
: National Iranian Oil Company
: Pre-Stack Time Migration
: Common Reflection Point
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