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Seismic Acquisition, Imaging & Interpretation of complex structures

Reservoir Geophysics
New advances in non-seismic techniques
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Review of new advances in exploration geophysics: which direction?
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Abstract

High demand of the industrial world to hydrocarbon makes the petroleum industry to search for
new reserves in more complicated geological areas. To reach this aim, it is crucial to look for
cutting-edge technologies in exploration geophysics. In this paper, we mainly attempt to briefly
review some of new advances in exploration seismic especially in imaging domain. It shows
how the full waveform inversion scheme can provide us the higher resolution physical model
compared to conventional travel-time tomography. If additional sources of prior information
(addition to seismic data) exist, it would be really valuable to use them as a constraint for
seismic inversion scheme, especially in time-lapse application where several prior data are
available. Another advance in geophysics is related to time-lapse imaging where it is possible to
estimate quantitatively the reservoir parameter changes during production phase. At the end,
choosing a proper computational domain for analyzing the seismic data is important. Probably
fitting the data in another space would be easier and lead to more robust results compared to the
original domain.

Key words: High resolution imaging, Full waveform inversion, Prior information, Time-lapse
imaging, Alternative computational domain

Introduction

Seismic technique is still one of the useful techniques for exploration geophysics and especially
for finding hydrocarbon in complex media. Seismic data have an ability to provide high
accurate and precise estimation of subsurface physical parameters. In order to access to this
ability of seismic technique, it is necessary to develop new approaches in acquisition equipment,
in seismic imaging and interpretation. Nowadays, due to demand of petroleum industry to go
towards to more complex areas for exploration, need of high resolution images and more
reliable techniques becomes more and more important. Deeper, faster and safer are the master
words to reach this goal. In this paper, some of new advances in seismic technique mainly in
imaging will be reviewed.

Full waveform inversion (FWI)

FWI delivers high resolution quantitative images and is a promising technique to obtain macro-
scale physical property models of the subsurface. This method is an iterative technique based on
fitting the full observed seismogram with a corresponding synthetic seismogram calculated by
solving a wave equation in a velocity model. As the L, norm of the difference between observed
and calculated data (equation 1) is minimized in a least-square sense (Tarantola, 1984), the
model is iteratively updated with a gradient-based descent method until a minimum of misfit
function is reached (Virieux and Operto, 2009). Since all kinds of wave, such as diving waves,
refracted and reflected waves are considered for inversion and more accurate forward modelling
is also used, FWI provides higher resolution model compared to a ray-based travel-time
tomography (Figure 1).

1
C= Zzgmﬂbs&,x} —d_ (5, 203, (1)

where t and x represent time and offset. dy,s and d.y are the observed and calculated data



vectors, respectively.
Figure 1 shows the application of 3D acoustic FWI to real field data recorded in North sea. The
geological channels and gas clouds can be clearly recognized in the obtained velocity model.
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Figure 1. Application of real Valhall field data, left panel shows the results of travel-time tomography at two
different depth slices and right panel shows the results of 3D acoustic FWI at the same depths (after Sirgue et
al., 2010)

Non-seismic source of information

Prior information, as those collected in wells or deduced from a geological analysis is available
and should be used to increase the image reliability. Moving away from a pure data-driven
strategy (only seismic data), it is possible to add an additional term based on a prior model norm
term into the classical inversion scheme. In order to increase the reliability of obtained models
from seismic inversion, we can include other non-seismic sources of information as prior
information into our reconstruction procedure. Prior information (like well logs) has been
already used in travel-time tomography, however it has been recently proposed in FWI
technique (Asnaashari et al., 2013).

The prior model could drive the optimization as an additional constraint towards the semi-global
minimum. Figure 2 shows the superficial zone of the Marmousi model with two gas sand traps.
An acquisition at the surface is used, and in addition some receivers are located on two recorded
wells. The prior model (not shown here) deduced from a very simple interpolation between two
well profiles at two sides of model. This figure shows how the prior information prevents the
trapping into a local minimum.
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Figure 2. Reconstruction of the Marmousi model by acoustic FWI and noisy data: left panel is the recovered
model without prior information, middle panel with prior information and right panel with decreasing impact
of prior information during the inversion.

Time-lapse imaging

Monitoring and 4D seismic allows detection and estimation of the subsurface parameter
variation occurred through a time evolution. Analyzing the time-lapse seismic can help to better
manage production programs of reservoirs and can optimize the injection programs. New



approaches in 4D acquisition, 4D processing and imaging have been developed in last decade.
Asnaashari et al. (2015) have suggested the double-difference FWI strategy to obtain robust and
more accurate physical parameter changes. In this strategy, instead of performing two separate
inversions for baseline and monitor data sets, the difference of differential data between two
data sets is tried to minimize (equation 2). The synthetic application of this strategy is shown in
Figure 3. We should mention that in this case only receivers at the surface are used for inversion
in order to be more realistic. The velocity variations of two reservoirs are properly recovered
with fewer artifacts.

1
c= z z 5 ((d OB fmonitor tx)-d ob Sy azeline . .'I']) - (d calmanitor t.x)-d calpgseiing (. x)))z (2)
.

Distance (km)
0.3 0.8 1.3 1.8 2.3 2.8 3.3 3.8

Distance (km)
0.3 0.8 1.3 1.8 2.3 28 3.3 3.8

20
X
-l . =~
&o. ~
i _A
[ eeee—— ]
1500 2000 2500 3000 3500 20 0 20 40 60

Vp (m/s) Vp time-lapse (m/s)

Figure 3. The recovered baseline model by regularized FWI and using only surface acquisition (left panel);
the recovered time-lapse V, model by double-difference strategy (right panel).

Alternative computational domain

A key feature of each inversion is the misfit function definition. Sometimes, by considering the
classical point-to-point difference between the observed and the calculated data and due to
complexity of seismic data, a local optimization in the original domain (for example offset-time
domain) might converge to a local minimum. By choosing an alternative domain, it is possible
to change the shape and behavior of misfit function, therefore converging to a global minimum
can be easily achieved. Masoni et al. (2013) compared the inversion of surface wave and
reconstruction of two model parameters in two different domains, x-t and w-k domains (Figure
4). The misfit map in the x-t domain can clearly illustrate the local minima. In this case, the
starting point is really important while inversion in w-k domain would not get trapped in local
minima and converges to the interested minimum, therefore even with further starting point, it
possible to reach in the global minimum. By changing the computational domain and moreover
by choosing another misfit definition (difference-based or correlation-based), the complexity of
inversion could be decreased and more reliable model parameter will be recovered.
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Figure 4. Misfit map in the x-t domain (left panel) and @-k domain (right panel) for the variation of two
model parameters which are depth of the layer and homogeneous velocity of the layer (after Masoni et al.,
2013).



Conclusion

For the future, in order to minimize the risk of hydrocarbon exploration in complex areas, it is
necessary to move towards developing and innovation of new techniques in acquisition,
processing, imaging and finally in interpretation field. Smart acquisition and broadband seismic
can lead to have higher resolution seismic. Real and synthetic applications of new imaging
methods such as full waveform inversion show the capability of these approaches to provide us
high resolution and quantitative subsurface images which leads to have an easier task to
interpret the geological details. Using other sources of information as a constraint for analyzing
seismic data and additionally selecting a proper computational space can increase the robustness
and reliability of the obtained results. In addition, it can reduce the non-uniqueness issue of the
delivered model by inversion scheme.
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ABSTRACT

The concept of Extended Elastic Impedance has capability to estimate elastic properties such as
density, S-impedance, Vp/Vjg ratio, shear modulus and Bulk modulus as well as petro-physical
properties of reservoir as clay volume, porosity and water saturation. EEI analysis by
calculation of Impedance value beyond physically observed range of incident angles (imaginary
angles not really recorded in the gathers) is appropriate to delineate different fluid and lithology
types. Each EEI log related to different angle value can be proportional to an objective property
of reservoir which is defined through the maximum correlation. The aim of this real application
study was to assess the ability of EEI analysis to estimate density of a reservoir which consists
of loose sandstone located in Persian Gulf. After performing feasibility study and determination
the proper angle of EEI, the EEI reflectivity section was generated by integration of A
(Intercept) and B (Gradient) sections (estimated from AVO analysis) at specific angle. Then
model-based inversion procedure was performed to generate density cube. The comparison with
well data shows the density reconstructed by this method is properly matched with original one.
The hydrocarbon zone is clearly defined by low values in the predicted density section which
has a consistency with the reservoir engineers' reports. It is also worth mentioning that, the
results prove the EEI pattern is related to the lithology and fluid types.

Key words: Extended Elastic Impedance, AVO analysis.
INTRODUCTION

The Extended Elastic Impedance (EEI) was first introduced by Whitcombe (2002) as a pre-stack
seismic attribute for fluid and lithology discrimination. Integration of intercept and gradient
(extracted from AVO analysis) with various angles highlights different reservoir parameters.
EEI logs which varying between -90° and 90° angles, gives extension of EI (Connolly, 1999) for
any combination of intercept and gradient. Different angle values can be approximately
proportional to elastic and also petro-physical parameters such as shear-impedance, Vp/Vs ratio,
bulk modulus, Poisson’s ratio, Vshale, porosity, water saturation and so on. The new concept of
EEI has proved its ability to predict fluid and lithology types especially in the areas where the
acoustic impedance of gas saturated sands and surrounding shale are almost equal. This attribute
allows a better distinction between seismic anomaly caused by lithology and those caused by
fluid content (Whitcombe et al., 2002). In this case study, the concept of extended elastic
impedance inversion was used to derive density to highlight the difference between reservoir
and non-reservoir zones.

Method and Theory

Connolly (1999) defined EI as an angle-dependent weighted product of P-velocity, S-
velocity and density. One of the problems of EI is that values related to different angles do not
scale correctly. This is due to the variable dimensionality caused by changing incident angle.
Withcombe (2002) proposed that EI can be normalized by scaling as follows:

P 1+tant & V —2Esinle 1+Esin?s
s P
EI(0) =V, | & [—] [—J \
Vo Vo £

Where, Vpo, Vso and py are reference constants and K denotes the average of (Vs/Vp) .



Modification of elastic impedance (EI) definition beyond the range of physically meaningful
incident angles is one of the efficient techniques of pre-stack AVO analysis. EEI is a linearized
form of the Aki and Richards (1980) AVO equation introduced by Shuey (1985), where sin” (0)
is replaced with tan (y) for extrapolation beyond physically observed rang of theta as follows.

R,(8)= A+ Bsin® 8+ Csin’ @tan’ @
! 2

= Ry = A+ Btan[y) 3)

Then REH(_;{)W R{A)cos = Acos y+ B sinz(4)

9

x changes between -90° and 90° angles, which gives extension of EI for any combination of
intercept and gradient. It is noticeable that EEI is equal to acoustic impedance at x = 0 and to
gradient impedance (B) at x = 90.

This technique provides simple and robust tool of deriving lithology and fluid information from
pre-stack seismic data that are sensitive to numerous elastic and petro-physical parameters such
as density, water saturation, porosity and so on via different chi values. The optimum angle for
any objective parameter is selected through the maximum value of cross correlation of the
desired parameter and EEI logs in different angles. After identification of appropriate y value
for any parameter, the equivalent seismic reflection section is obtained from combination of
intercept and gradient stack sections from AVO analysis. It is noted that the accuracy of
intercept and gradient attributes is very important.

In brief, the process involves four steps, choosing a target log and finding the optimum y angle
via the maximum cross correlation value, building the log parameter model, computing the EEI
(x) seismic reflection volume from the intercept and gradient and at the end performing the
inversion scheme.

Real application

EEI analysis was performed on pre-stack seismic data of one oil field in Persian Gulf to have
a reasonable estimation of reservoir parameters. In this case, the hydrocarbon is produced from
Oligo-Miocene Ghar formation. The depth of reservoir ranges between 820 to 880 m. The
reservoir consists of a light oil column about 44 m, a gas cap of up to 18.3 m and underlain by
an aquifer of considerable regional extent. The reservoir is capped by a few meters of anhydrite.
The Ghar formation consist of up to 100 m of unconsolidated sands, with inter bedded shale,
dolomite, dolomite cemented sandstones and layers of nodular anhydrite. The base of reservoir
is carbonates.

For EEI analysis, feasibility study was performed to investigate the best angle of EEIL. The
logs corresponding to one well location have been used for EEI logs generation from -90 to +90
degree. The cross correlation of EEI logs with objective log was performed to distinguish the
best angle with maximum cross correlation value for the target log.

After recognition of optimum angle, the calculated A and B sections through AVO analysis,
were inserted in equation (3). Then by applying a model-based inversion on the related EEI
reflectivity the density section was generated. In the following, the results of performing EEI
analysis to construct density data are shown. In figure 1 the EEI logs from -90 to +90 degree
generated from P-wave, S-wave and density logs are displayed. The top and bottom of the
reservoir are obviously distinguishable as well as oil-water contact in this figure. By changing
angles from -90 to +90, the increasing rate of EEI values is lower in the hydrocarbon area in
comparison with water saturated zones. The top and bottom of the reservoir which consist of
anhydrate and carbonate interbeds, present high values of EEI in the negative angles and by
increasing the angles these values are decreased. These results indicate that in this case, the
behavior of EEI values is variable in different lithologies. Figure 2 shows the cross correlation
result of EEI logs and original density log which is about 80% at (-18) degree EEI log. Figure 3



presents the result of model-based inversion on EEI reflectivity created at (-18) degree. This
section can highly represent the density values. In figure 4, the original density log and the
calculated one through EEI analysis, which are greatly correlated, are presented.
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Figure 1: EEI spectrum shows the EEI values from -90 and +90 degree. The inserted log is
water saturation. .
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Figure 2: The maximum correlation value of EEI with density log, which is about 80 percent
at (-18) degree.
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Figure 3: Density section estimated from EEI analysis, after performing a model-based
inversion on related EEI reflectivity (at y = -18). Ghar formationis is defined by white horizons.
Low values of density represent the hydrocarbon area of Ghar reservoir which is correlated with
oil-water contact (OWC) marker at well location. There is a low density zone at the left bottom
of reservoir which can be proposed as a stratigraphic trap after complimentary studies.
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Figure 4: Comparison of the EEI log extracted from EEI analysis and original density log. It
closely resembles the original density log.

Conclusion

The EEI approach has a potential ability to estimate elastic and petro-physical properties from
pre-stack seismic data. In this case study, EEI analysis was performed on the 3D pre-stack
seismic data to predict the density cube. One well data have been used for modeling and
analysis. Having identified the proper y angle through the maximum cross correlation of EEI
logs (from -90 to +90 degree) and density log , which was (-18), the EEI reflectivity regarding
to this angle was generated. In the next step, model-based inversion was performed on EEI
reflectivity. Density model as an initial model was used for inversion. The comparison with
well data shows the density reconstructed by this method is properly matched with original one
(Fig. 4). The hydrocarbon zone is clearly defined by low values in the predicted density section
(Fig. 3) which is consistent with the petrophysical interpretations. Moreover, a low density zone
is distinguished in the left part of density section (highlighted by an elliptic) that can be assessed
as a stratigraphic hydrocarbon trap after complementary studies. In addition, pattern of
generated EEI logs from -90 to +90 declares that the top and the bottom of reservoir (consist of
carbonate and anhydrate layers) have different behavior in EEI values in comparison with the
reservoir (loose sandstone). This quality is valuable for cases that have low correlation between
EEI logs and objective reservoir properties which is more common in carbonate reservoir.
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Application of joint estimation of porosity and saturation by
stochastic rock-physics modeling in hydrate resource appraisal

Mohammad Ali Salehi', Behnam Hosseini Shoar', Ehsan Salehi', Mostafa Abbassi', Nasser Keshavarz
Farajkhah? Motjaba Seddigh Arabani’

!Interpretation & Reservoir Characterization Dept., Dana Geophysics Company,
2Exploml‘ion and Production Institute, Research Institute of Petroleum Industry
Exploration Directorate, National Iranian Oil Co. *Dept. of Geophysics,

Abstract

Seismic response of the earth in exploration seismology depends on elastic properties and its
distribution in subsurface media and evaluation of these properties can provide comprehensive
information from hydrocarbon reservoirs. One of the important issues in reservoir characterization is
transforming seismic properties into porosity, type of fluids and their saturation. Rock physics is one of
the schemes that handle this task. In gas hydrate resources, regarding to the dependency of elastic
properties to hydrate and free gas concentration, these properties can be used for estimation of porosity
and saturation. In this paper, the joint estimation of porosity and saturation by stochastic rock physics
modeling (Bayesian theory) has been proposed and the result on one 2D seismic profile in the Oman Sea
has been shown. Advantage of this approach relative to the other methods is capability to discriminate
porosity and saturation effects on elastic properties. Thus, these two parameters have been estimated



independently.

Keywords: gas hydrate, Joint estimation, rock physics modeling, Bayesian theory.
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Facies Discrimination of Channel-Fill Sediment within Sarvak
Reservoir Using Simultaneous Inversion
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Abstract

Facies discrimination of channel-fill sediments within Sarvak carbonate reservoir in an oil field
located in the SW of Iran has been investigated using cross-plots of simultaneous pre-stack
inversion attributes. This approach is based on cross-plotting P- and S-impedance attributes,

obtained from simultaneous inversion on pre-stack seismic data and calculated LMR attributes.
Analysis on cross-plots provides carbonate facies and HC saturation facies of channel-fill
sediments. The discrimination between porous and tight carbonate facies, and shale carbonate
facies and the discrimination between HC saturation facies and HC un-saturation facies have
been investigated using cross-plots of Lambda-Rho versus Mu-Rho respect to porosity; and
cross-plots of P-impedance versus Lambda-Rho respect to water saturation. As a result of this



\F

study, two different facies of channel-fill sediments in several stratigraphic levels of the Sarvak
reservoir were identified.

Keywords: facies discrimination, channel sediment, Sarvak reservoir, simultaneous inversion.
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Tying Well Logs to Seismic Data using Dynamic Time
Warping

Shnoo Mahmoodi'
"Ms student in petroleum exploration, Sahand University of Technology
Navid Shad Manaman’
? Assistant Professor of Geophysics, Sahand University of Technology
Ehsan boudesh®
Ms in petroleum exploration
Abstract:
Reliable well-seismic tying is a crucial step in seismic interpretation to correlate subsurface geology to
observed seismic data, the estimation of a suitable wavelet, and the correctly identifying horizons to pick.
generally, matching well data with the seismic data qualitative is done,that can be considered a seismic
interpreter.the aim of this study, the introduction DTW method and its application to optimize and speed
up the matching process seismic data with well logs. DTW method by addition cross correlation,
stretching and squeezing of the seismic signal for better matching and similarity measure uses. compared
to qualitative methods, DTW method shows the better and faster performance.

Key words: Well to Seismic tying, Dynamic Time Warping, Wavelet Estimation, similarity measure,
Dynamic Programming.
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Comparing model based inversion on intercept and post-stack seismic
section

Effat Behboudi 1, Nasser Keshavarz Frajkhah 2, Asghar Naderi 3, Yousef Hasanpour Motlagh4

" M.Sc., Department of Petroleum Engineering, Amirkabir University of Technology
2 Geophysics Department, Research Institute of Petroleum Industry
? Geophysics Department, Research Institute of Petroleum Industry

* Geophysics Department, Exploration Directorate, National Iranian Oil Company

Abstract

Pre-stack analysis and study of AVO attributes are most reliable tools for the study of gas
hydrate and free gas resources. Due to lack of data wells in most regions of gas hydrates in deep
oceans use of inverse methods and the study of AVO attributes to evaluate the free gas is
necessary. The cost of drilling is reduced by finding the exact location of gas hydrate and free
gas. In the post-stack section seismic amplitudes of the different offsets are combined while in
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this study intercept section is used to remove far offset effect and then results of acoustic
impedance Inversion of the two sections are compared. In the acoustic impedance of the
intercept section, the free gas zone and dual-bottom simulating reflector are observed with high
vertical resolution.

Key words: Amplitude variations with offset, intercept attribute, acoustic impedance, seismic
inversion, free gas, gas hydrate
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Seismic Impedance Inversion in Complex Structures

Ali Gholami,
Institute of Geophysics, University of Tehran, agholami@ut.ac.ir

Abstract

Acoustic Impedance (Al) inversion allows mapping the seismic reflection data to lithology and
hence it plays an important role in reservoir characterization and interpretation of post-stack
seismic data. The Al is obtainable from the inversion of the Earth reflectivity series. Efficient
deconvolution methods have been developed for recovering the reflectivity series fromband-
limited post-stack data. However, the existing Al inversion methods often are unstable.
Specifically, they fail to generate an acceptable impedance model when dealing with complex
structures because of processing the data in a single channel scheme. Calculation of the Al from
the reflectivity, when considering the spatial correlation of the impedance parameters, demands
solution of a constrained nonlinear inverse problem.

In this paper, I propose an efficient algorithm for solving the non-linear impedance problem in
multichannel form with the total-variation (TV) constraint in order to recover impedance maps
with blocky structures. This allows stabilizing the impedance models even in very complex
structures. Numerical tests using two- and three-dimensional field data confirmed that the
proposed algorithm generates more accurate with higher resolution impedance models
compared with the conventional methods which are currently used in the industry.

keywords: impedance inversion, multichannel processing, reservoir characterization, seismic
interpretation.

Introduction

Acoustic impedance (Al) inversion is a well-known method in the field of exploration
seismology. It is of significant interest due to its applicability in seismic interpretation and
reservoir characterization. It is also a desirable tool to extract some of the rock-physical
properties from the recorded seismic data. It joints the geologic features of the underground
layers to the contents of the recorded seismogram.

The Al is usually obtained from the band limited seismogram through two sequential steps of
deconvolution and inversion. Most of the work done on the Al inversion is about the
deconvolution problem in order to bring its result close to the original reflectivity function as
much as possible. Then the generated reflectivity is substituted into one of the standard
recursion formula for the discrete and continuous seismic models in order to obtain the acoustic
impedance (Berteussen and Ursin, 1983). However, the results of these recursion schemes are
sensitive to noise in the data or inaccuracies in the generated reflectivity function (Berteussen
and Ursin, 1983). Furthermore, the recursion formula are applied trace-by-trace
and thus do not allow regularizing the impedance map in the spatial directions.

In this paper we propose non-linear inversion algorithms to reconstruct three-dimensional (3-

D) AI volumes from 3-D seismic reflection data. We first use the robust and automatic multi-
channel blind deconvolution algorithm proposed by Gholami and Sacchi (2013) to extract the
reflectivity section from the data. We then solve the non-linear impedance problem to invert the
generated reflectivity model for a regularized Al model. We employ the TV regularization to
favour Al models with blocky structures.
The proposed inversion scheme have several advantages: 1) it solves the original non-linear
impedance problem without approximations. ii) it considers the Al model as a 3-D function and
uses multichannel analysis by respecting the spatial and temporal correlation of the parameters.
iil) it generates Al models with blocky structures. We use 2-D and 3-D field data to confirm the
efficiency and accuracy of the method.



Yy

Theory
The layered earth model leads to the following nonlinear formulas which, in the case of normal
incidence, relate the reflection coefficient to the acoustic impedance parameters:

rj] = i+ 1 —2[j]
zZ[j+1]+z[j] 0

where z[ j] =r[ j]v| j] refers to the seismic impedance and r[ j] and v[ j] are, respectively, the
density and velocity of jth layer. A recorded seismic trace, after some processing steps is

modelled as

where w is the source signature at two-way time iDt, where Dt denotes the time sample interval.
Since w is independent to the impedance model, having the zero-offset trace d, Al is usually
obtained in two sequential steps: deconvolution, which is solving equation (2) for r and
inversion, which is solving equation (1) for recovering z from the estimated r. In this paper, we
employ the multichannel blind

deconvolution of Gholami and Sacchi (2013) to estimate the reflectivity series from post-
stacked data which are assumed multiple free, zero-offset, and migrated. Then we develop a
multichannel regularization method for solving equation (1) by considering uncertainties in the
estimated .

Explicit inversion formula
From equation (1) we have the following explicit recursion formula for computing the
impedance parameters

I 1+r[k]

qj+1] = :[l]l—ll—r[k]'

k=1

3)
Assuming the Al z[1] in the first layer is known these recursions give the impedance model
from an estimate of r. The main disadvantage of these inversion formula is that they are valid
only for noise free reflectivity series (Berteussen and Ursin, 1983). In practice, r is just an
estimation of the true reflectivity series and thus the uncertainties in it must be considered when
inverted for a reasonable Al. We provide a way for regularizing the solution of equation (1).

TV-based regularized inversion
Equation (1) in matrix form reads as:
Dz = diag(r)D ™ z,

4
where D is the first order difference operator and D+ is a matrix with 1 on its main and first
diagonals and 0 elsewhere. It is possible to obtain a solution to (4) by the following iterative
algorithm

solve DF! =k,
set rkt1 = diag(r)DtzF1,

(&)
where zk is the impedance model at step k. The algorithm is started with r0 = r and iterated until
the relative change in the iterates is determined to be sufficiently small. Since D is a difference
matrix it removes the mean value of the model and thus the solution to Dz=rk can get negative
values. Therefore, we propose the following optimization problem for estimating the impedance
model at each iteration:

i o S

Z .—argmi;gHsz subject to  ||Dz—r*|[5 <€,
ZESL

(6)
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where P is an admissible set of impedance models. We call algorithm (5) with (6) TV-RDM
which stands for TV-based regularized solution of the discrete earth model. Algorithm TV-
RDMcan be generalized for treating multidimensional data sets.

Numerical examples

An inline from the OpecdTect’s F3 demo data-set, shown in Figure la, has been used for 2-D
field data example. A part of the data between two horizons, indicated by black lines in Figure
la, was inverted

by TV-RDMand the estimated Al is shown in Figure 1b. The corresponding Al provided by
OpecdTect is also shown is Figure 1¢ for comparison. It is clearly seen form Figures 1b and 1c¢
that TV-RDM generated more accurate Al model. Note to the gas chimney indicated by ellipses.
Figure 1b shows a low impedance along the chimney but Figure 1¢ shows an increase in the
impedance value along the chimney at deeper regions. Furthermore, Figure 1c is rather smooth
but the model in Figures 1b provides more detailed information.

A field seismic data volume has also been used to show the performance of 3-D version of
the proposed method. The volume consists of 10000 traces (100 inlines and 100 crosslines) each
having 360 time samples (Figure 2a). The volume is cut to show a time horizon where a channel
exists. The data was deconvolved blindly using the 3-D deconvolution method of Gholami and
Sacchi (2013) and then inverted via TV-RDM. The total time for inverting the data cube was 50
seconds and the resulting Al model is shown in Figure 2b. As seen, the channel is clearly
resolved with high resolution in the Al model while its continuity and edges can not be seen in
the original data. Furthermore, the generated Al model is quite blocky with sharp transitions
between adjacent impedance layers.

Conclusions

An algorithm was developed for non-linear seismic reflectivity inversion based on TV
regularization. We used the discrete (layered) earth model for reflectivity function and solved
the corresponding non-linearinverse problem. The performance of the proposed method was
tested using two- and three-dimensional field data. The results confirmed that the proposed
methods successfully generate blocky Al models.
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Figure 1 (a) An inline of the OpecdTect’s F3 demo data-set. A part of the data between two
horizons, indicated by black lines, was inverted by TV-RDMand the estimated Al is shown in
(b). (c) the estimated Al by OpendTect. Note to the gas chimney around CMP number 700,
indicated by green ellipses. The blue shows low impedance and purple shows high impedance.

(b)

Time sample
Time sample

Croasling 0o Inline Crossline oo 20 Inline

Figure 2. A field seismic data cube (a) and the corresponding Al cube (b) generated via TV-
RDM. The blue shows low value and purple shows high value.
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ABSTRACT

Velocity analysis is probably the most critical stage of processing flow since it is an initial
interpretation of the data. However, it is still one of the most time consuming parts of seismic
processing. Conventional velocity scan method is performed by measuring energy along
hyperbolic paths for a range of velocities. For a two dimensional data it runs in complexity
O(N’) which will be computationally expensive for data of dimension N when N is large. Here

we provide the butterfly algorithm as an alternative method which will lead to speed up of

several orders of magnitude, O(N°logN).

Keywords: Velocity analysis, butterfly algorithm, fast algorithms.

INTRODUCTION
Estimation a sufficiently accurate velocity model is one of the main challenges in seismic

imaging. Any prestack depth imaging technique depends on some kind of Green's function
evaluated in the velocity model so knowledge of this model is essential. However, it is one of
the relatively time consuming stages and often carried out several times during processing
resulting in an iterative improvement of velocity estimation.

Time variant velocity stack operators were introduced for multiple suppression and velocity
processing (Thorson and Claerbout, 1985). This operator, for each hyperbolic event in CMP
gather, for an infinite aperture array, provides a point in the velocity space. Since, data in the
CMP or CDP gathers can be modeled as a superposition of hyperbolas, these kind of operators

can be used to map the data from offset-time domain to velocity-time or slowness-time domains

(Yilmaz, 2001)(Sacchi and Ulrych, 1995). It is worth mentioning that velocity scan can also be
implemented using time invariant parabolic radon transform for which solving several small
problems, one at each frequency, leads to the velocity panel fast enough. Nevertheless, as it is
clear, this time invariance is achieved by means of approximation so it might not properly
satisfy the travel times especially at far offsets (Sacchi, 2002).

This time integration, in the case of equal number of time, offset and velocity samples, N, runs
in a complexity O(N’) which soon will be a problem in large-size seismic data. As opposed to
this costly velocity scan, a fast butterfly algorithm can provide an accurate velocity panel in
only O(N’log N) operations in a 2D seismic data. In this algorithm N depends on the range of
parameters, frequency and offset in data space and slowness and intercept time in model space.
The idea is to reformulate the integral transform into an oscillatory integral operator and use the
butterfly algorithm developed for Fourier integral operator.
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METHODOLOGY
Considerd(¢,h) as a function of time and offset in data domain. Then ¢ = + p’h’ will be a

hyperbolic trajectory in data domain with slowness p and intercept time ). A time variant
hyperbolic radon transform can transform data from offset-time domain to slowness-intercept
time domain, (Rd)(z, p) (Thorson and Clearbout, 1985) though

(Rd)(z,p) = [d(e* + p*h* ) (1)

After taking Fourier transform and discretization, one obtains
(Rd)(z,p) = X" d(w,h) @
w,h
Where d (w,h)is the Fourier transform ofd(¢,/h). The equation (2) can be assumed as a

discretized form of Fourier integral operator for which its fast computation is introduced by
Candes et. al. (2009). For more mathematical details readers are referred there.

For simplicity, a linear transformation maps (7, p)tox = (x,,x,)and (@,h)tok = (k,,k,) so they

will be in[0,1]*. By deﬁningf(k)=a?(a>(k]),h(k2)), u(x) =(Rd)(z(x,), p(x,)) equation (2)
becomes

M(X) — zeZﬂiCD(x,k)f(k) (3)
Where ®(x,k) = o(k, )\/f(xl)2 +p(x,)h(k,)’ . A low rank approximation of the kernel
e>™*® can be obtained if properly restricted to subdomains in x and k. So by constructing a

quad tree structure on x and k variables, the butterfly algorithm can be used to approximate the
partial sum in equation (3) (J. Hu et al, 2013). The tree on x variable, T,, has its root box at level
0 and is built by recursive dyatic partitioning until level L=/log N. The tree on k side, T}, is built
similarly but in opposite direction.

Tx ] Tk

r SR

7
A
I

AE ’
< 5 =~ ,JBc

Figure 1. The two quad trees structure in butterfly scheme (L. Demanet et. al., 2011)

The butterfly algorithm can be done in five major steps (J. Hu et. al., 2013):

1. Initialization: at this step, the sources located at points k are redistributed to
equivalent sources located at new points on a 2D Chebyshev grid, k” . Using these
equivalent sources, a new u(x) is computed for each box at x and k sides, we call
them 5 ** s. These equivalent sources are going to be updated.

27D (x, 5 B mid(x
5/13 —e 27i® (xq (A) K, )ZL; (k)62 D( O(A)’k)g(k) (4)

t

2. Recursion: at the next levels of the quad tree until the middle level, for each box A
and B, the5"” s are updated. This is done using the available sources from the
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previous level.

AB 27 (xo(A)kE) B 4 Ben 27 (xy(A)kE) & ApBe

/17 = e EIN N L (k)T DD 5 (5)
4

t

3. Switch: at the middle level, equivalent sources at Chebyshev points at side k switch
to Chebyshev points at side x, xtA .

S4B — e27ri<1)(x,A ,kf)5AB (6)
S

t

4. Recursion: this step is similar to step 2.
AB _ 27i0(x;! ko (Be)) Ap o AN —27id(x/" ky(Be)) < ApBe (7)
5% =>e BN LT (x e R
c

.
5. Termination: At the last level of the quad tree, for each box A and B, the equivalent

sources, 5**s, located at Chebyshev grid at side x are transformed to original
points x.

. A P
u(x) = eZmd)(x,ko(B))ZLt (x)e 2m<1>(x,A,k0(B))5tAB ®)

Where ky(B) and x,(A4) are centers of boxed B and A4 respectively.
L} (k)is a 2D Lagrange interpolation defined on Chebyshev grid

k —k® k, —k?
LB k) = 1 sl 2 52
o= )

sl#t1 s2#t2

NUMERICAL RESULT

To analyze the efficiency of the algorithm, we build a velocity model using butterfly algorithm
and to check the result we compare it with the conventional velocity scan. The synthetic CMP
gather has 1024 time samples and 1024 offset samples.

CMP gather

Q 1000 2000 3000 4000 5000
offset(m)

Figure 2. CMP gather, N=1024, N;=1024, dt=.004 sec and dx=5m
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Using butterfly algorithm Using velocity scan

time(sec)

25

35 4 45
slowness(sec/im) x10*

3 35 45
slowness{secfm) x10*

Figure 3. Velocity model using butterfly algorithm, in 3.1 seconds and conventional velocity scan, in
108.6 seconds. Ni=1024 and N,=1024, number of Chebyshev grid points in each direction is 11.

As it can be seen figure (3), the results obtained for both methods are the same. The number of
chebyshev points in each direction is 11. The computation time for conventional velocity scan is
108.6 seconds and for butterfly algorithm is 3.1 seconds which is almost 34 times faster.

CONCLUSION
Obtaining an accurate velocity estimation is a necessary stage in seismic processing

flow. But velocity scan is one of the most time consuming steps in the flow. In this
paper, we proposed an efficient algorithm based on the butterfly algorithm to build the

velocity panel. The computation complexity of the algorithm is proportional to N°logN

for an NXN data set in comparison with the conventional velocity scan method whose
complexity is O(N°). Numerical example using a large size data of dimension N=1024

confirmed that the butterfly algorithm had the same result as conventional velocity scan
method. But, as opposed to the conventional method which ran in 108.6 seconds, the

butterfly algorithm took only 3.1 seconds which has been almost 34 times faster.
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Abstract

Depth migration of seismic data is very important in seismic processing and exploration of
hydrocarbon resources. Among existence methods for depth migration, reverse time migration
has ability to handle geologically complex environment successfully. Main challenge of the
reverse time migration is its expensive computational requirement. In this research, reduced
order modeling is used to reduce the computation cost. In this paper, some part of SEG/EAGE
velocity model is used for the reverse time migration. The results show that the reduced order

modeling can reduce the computational cost while preserve the quality.

Key words: reverse time migration, reduced order modeling, pre-stack depth migration
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Simulation of wave propagation in reverse fault by using spectral
element method

Mohammad Javad Moezzi 1, Hashem Mazaheriz, Reza Naghdabadi®

! M.Sc. student, Sharif University of Technology, Mechanical Engineering Department
2Ph.D student, Sharif University of Technology, Mechanical Engineering Department
? Professor, Sharif University of Technology, Mechanical Engineering Department

Abstract

In this paper, simulation of the wave propagation in semi-infinite environment of earth is
performed by using spectral element method. In this method, numerical solution has high
accuracy due to using high order polynomial. Also, considering the large dimension of the semi-
infinite model, the mass matrix is diagonal by using this method; which results in considerable
increase in computational cost with respect to finite element method. In this paper, to simulate
the semi-infinite model, first order absorbing boundary is used. Using this absorbing boundary
leads to exhaust of large part of wave energy from the model boundaries of the medium which
results in better semi-infinite simulation.

Key words: spectral element, wave propagation, first order absorbing boundary, reverse fault
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Increased quality of seismic imaging by Common Offset CRS
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Abstract

The aim of seismic reflection data processing is to create the best image of the subsurface
structure. The common reflection surface stack is one of the new methods in seismic imaging
that stack seismic event in a surface way. In this research common reflection surface in common
offset (Common Offset CRS, CO-CRS) introduced. In this method the prestack reflection data
in a 2D model converted to a unique common offset section. The CO-CRS approach in analogy
CRS technique appearance more details concerning to the amount of offset and increase the
SNR. For analogy operation CRS stack and CO-CRS each of this method exert in different
offset over real data. Studying the result of different offset show that in maximum offset quality
of superficial layers in stack section decrease.in state of selection very small offset information
of lower depth waste.

Keywords: common surface stack in common offset, common diffraction surface, signal to
noise ratio.
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Attenuation of ground roll noise with CO CRS stacking
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Abstract

The ground roll noise that is a type of surface waves, usually have stronger amplitude than
reflections and cover them often in the near offset traces. So it must be attenuated in the
reflection seismic processing. In this paper, the ground roll and random noise will be attenuated
by CO CRS stacking. The implementation of method on synthetic data demonstrated that
besides simultaneous attenuation of the ground roll and random noise, the CO CRS stacking did
not distort and attenuate the reflection signals. Also results show the SNR has no significant
effect on this method.

Keywords: CO CRS, linear coherent noise, random noise, signal-to-noise ratio, attenuation
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Seismic Wavelet and Reflectivity Estimation by Phase Retrieval
Sepideh Vafaei ', Ali Gholami
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Abstract

A reflection seismogram, after some specified processing steps, can be regarded as a
convolution of the source wavelet with the reflectivity series and added noise. For obtaining the
reflectivity series describing the earth, an appropriate wavelet has to be estimated. A wavelet is
defined by its amplitude and phase spectra. Determining an appropriate phase in the time
domain has always been a problem. In this paper, wavelet estimation through phase retrieval is
proposed in two sequential steps. In the first, the reflectivity model is obtained only by the
amplitude spectrum of the observed data. In the second, the seismic source wavelet is estimated
using the obtained reflectivity. Obtaining the reflectivity model through the phase retrieval
algorithm is an ill-posed inverse problem and has to be solved through regularization. The
proposed phase retrieval algorithm has no limitation for the phase of the estimated wavelet. The
mentioned procedure is examined on a trace of real post-stack marine data and the estimated
wavelet is being compared with the result of benchmark software and eventually its desired
performance is being shown on the obtained results.

Key words: Reflectivity, Wavelet, Amplitude spectrum, Phase retrieval, Inverse problem, Ill-
posed, Regularization
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Seismic Wave-field Inversion via Born Approximation and BOS

Toktam Zand', Ali Gholami®

!Student of Geophysics, Institute of Geophysics University of Tehran
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Abstract

The Born approximation of wave equation provides the possibility of determining earth velocity
from pre-stack seismic data. But ill-conditioning of the linearized problem is a major challenge.
In this paper, in order to solve the problem and find an appropriate velocity model the total
variation (TV) regularization is used to force the velocity model to have sparse gradient. Such a
constraint allows selecting a model that has sharp boundaries between adjacent layers. We
employ the BOS algorithm to solve the problem. Numerical examples show high performance
of the proposed method for velocity model building.

Keywords: Born approximation, pre-stack data, velocity model, inverse problem, TV, BOS.
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Improving quality and resolution of seismic images using spectral
recomposition

Mojtaba Gharibi' , Navid shad manaman’

"Msc student, Sahand university of technology, m_gharibi6 7@yahoo.com
? Assistant Professor, sahand University of technology, shmanaman@ut.ac.ir

ABSTRACT

Seismic data frequency filtering is one of the important step in seismic studies. The aim of
filtering is to clarify some features of subsurface area which can’t be seen in the available
seismic data. Geophysicist usually design filters based on their experience, they manually pick
some frequencies from amplitude spectrum of data without any mathematical reason. Here we
use a least square scenes in spectral recomposition context to extract most important peak
frequencies in order to design filter. Result show that the proposed method work better than
Ormsby filtering, a commonly used filtering method by geophysicist.

Keywords: Ormsby filtering, least square, spectral recomposition

INTRODUCTION

Spectral recomposition was first introduced by Tomasso et.al (2010). They model and split the
seismic spectrum into some Ricker component manually and based on experience, then they
used the extracted component in forward modeling separately. Finally they recompose the result
of individual model and showed that this method can improve the final model.

Cai et.al (2013) used spectral recomposition in stratigraphic interpretation. They automatically
modeled the seismic spectrum using Ricker spectrum and they could better identify the fault and
channel using this method comparing with manually designed filter.
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Using spectral recomposition we model the seismic spectrum instead of decomposing it. In this
study, we introduce the separable nonlinear least square (SNLS) algorithm to estimate
fundamental peak frequencies. The SNLS estimation method can be used to derive the
amplitude spectrum of main component by iteratively fitting a number of Ricker spectra to
amplitude spectrum of the recorded seismogram. We employ levenberg-marquardt algorithm to
efficiency find the best peak frequency.

Method

In order to derive the significant component, firstly, Fourier spectrum of seismic trace is
computed. The computed seismic spectrum can be modeled as a linear combination of a few
numbers of Ricker spectra, usually less than 4 Ricker wavelets, with different dominant
amplitude and frequencies (Castagna, 2003; Liu and Marfurt, 2007; Cai et.al., 2013):

D{f) ~ X aiRi (f. fai), (1
And in the matrix form written as:
D(f} = H.R(f, fd}: (2)

Where D(f) is seismic spectrum, a; and f}; are dominant amplitude and frequency of the i Ricker
spectrum. al1RUI(ffy) is the i"™ Ricker spectrum composed of linear and nonlinear parameters, a;
and f; respectively which are solved separately in SNLS. Involving more Ricker components
usually yields better main component estimation while a; is not negative. The following
equations represent Ricker wavelet formulae respectively in both time and frequency (Liu and
Marfurt, 2006) domain defined based on a dominant frequency, f.:

r(t, f) = (L —2n?fft?)exp(l — 2 f7e?),  (3)
R(F 1) = = (- Den(-5). @)

Implementation of SNLS method requires an initial guess about the dominant frequencies of
Ricker wavelets (the nonlinear parameters). Iteratively, using SNLS method lead to modify
initial guess and improve the spectrum fitting between Ricker spectra and seismic trace
spectrum. The variable projection (Globe and Pereyra, 1973) is the proposed method for solving
separable nonlinear least square problems. We aim to find minimum value of the error function

as following:
r(a, fg) = |D(f) — X1 a; R(f, fa:)ll, )

in which the error function, r(a,f;) depends on both a=[a),a,...,a,] and f5=[fi.fizs- . ofan |
parameters. Supposing an initial value for nonlinear parameters, f; the optimal linear parameters,
a, can be solved using equation:

a =R(f.fq) T D(f), (6)

Where R(f, fq)T is the generalized Moore-Penrose inverse of R(f, fs). By replacing the optimal
value of a the above equation takes the form:

T(fd} = |ID(f} - E?:lR(f.l fd} T ﬂ(f}Ri.(fJ J‘cdt'}”, (7)

In which the error function, r(fy) depends only on nonlinear parameters, fg. This function is
called variable projection function. Then, the optimum value of f; can be derived using
Levenberg-Marquardt algorithm, a numeric minimization algorithm. Selecting a proper initial
guess for nonlinear parameters can help variable projection to solve SNLS problem in an
efficient and fast way (Globe and Pereyra, 1973) with a few number of iteration and smaller
value of residual norm.

Examples
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To validate the efficiency of our method we first generate a wavelet composed of three Ricker
wavelet with peak frequencies of 10, 20 and 50 Hz. Using SNLS we found peak frequencies
10.01, 20.02, 50.015 Hz.
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Figure 1 A wavelet composed of three 10, 20 and 50 Hz Ricker wavelet (a), it’s amplitude spectrum and
summation of estimated Ricker component (b), spectrum of estimated Ricker components (c).

Here, we generate synthetic trace by convolving a synthetic random reflectivity with a zero-
phase wavelet composed of three Ricker wavelet with dominant frequencies of 20, 30 and 50 Hz
(Figure 2). The variable projection solution of SNLS is applied on amplitude spectrum of the
synthetic trace to estimate the peak frequency of the Ricker component. The initial values of f;
are selected to be 8, 14 and 35 Hz. The dominant frequencies of the estimated Ricker wavelets
using SNLS is about 20.3, 30.7 and 50.9 Hz which is very close to f4 of embedded wavelet.
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Figure 2 Reflectivity series(a), synthetic trace(b), estimated Ricker component(c) and finally normalized
amplitude spectrum of synthetic trace, original wavelet and summation of estimated components(d).
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Thin bed and wedge model

Thin bed and Wedge model is a common synthetic model in order to show tuning effect and
efficiency of filtering. Accordingly, we generate a model (figure 3) that involves two tuned
layer and one thin bed to illustrate the efficiency of our proposed method. In this case we use a
zero phase wavelet that compose of two different Ricker wavelets with dominant frequencies of
20 and 50 Hz. By doing the spectral recomposition process we obtained tuned layers correctly.
We then compare our result with band pass Ormsby filter, a most common filtering technique
with corner frequencies of 15, 30,50 and 60 Hz. As we now the Ormsby filter has more side
lobe than Ricker filter (only two side lobe) that cause ringing effect in time domain of filtered
data. Although interpreters can design good filters based on their experience, but these filters
may don’t contain significant component. Using spectral recomposition method based on a
mathematical expression we can design the best possible filters.

As can be seen in figure 5 and figure 6 our proposed method can better identify the tuned layers
and has less artifact caused due to side lobes than Ormsby filtering. Note that the side lobes may
has bad effect on seismic data interpretation.
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Figure 3 Synthetic wedge and thin model (left) and ten left side traces (right)
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Figure 4 3" trace of above model filtered using Ricker filter obtain from spectral recomposition (left),
original trace (middle) and filtered trace using Ormsby (right)
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Figure 5 Ten trace of above model after ormsby filtering (lefi), and after Ricker filtering (right)

Conclusions

The variable projection method is applied to efficiently running the SNLS to estimate the
significant component. The variable projection method is more robust than other methods
because it only need initial guess for nonlinear parameter and it has less objective function that
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help in the rate of convergence. Our results show that using the SNLS algorithm leads to
significant improvement in main component estimation and consequently seismic filtering
comparing with manually filtering. As we showed this method has less ringing effect and better
improve the images than Ormsby filtering.

In a real data experience one can use spectral recomposition to extract the significant
component. Each Ricker component can clear a certain structure e.g., a high frequency
component can show thin stratigraphic layers and a low frequency component can indicate thick
stratigraphic layers. Combing the stratal slices obtained after filtering using RGB blending will
give us an appropriate result that contain almost all depositional facies with different features.

In this article we have presented a new filtering method named spectral recomposition that can
improve seismic images. Using this method we obtain better temporal resolution and we can
identify thin beds.
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2D to 3D image reconstruction:
An alternative method in digital rock physics

Sadegh Karimpouli ', Pejman Tahmasebi *

Mining engineering group, University of Zanjan, Zanjan, Iran.
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Abstract

Digital rock physics is a new method to numerically compute rock properties such as
permeability, formation factor and elastic moduli using high resolution 3D images of rock
sample. These images are prepared using high technology micro CT-scans which are not
available widely. However, improvement of 3D reconstruction algorithms made it possible to be
used effectively as an alternative method in digital rock physics. This procedure can be
described as follow: 1. dividing the image to some sub-images, 2. 3D reconstructing of sub-
samples, 3. porosity and mineral phases segmentation and, 4. computing of elastic moduli. The
obtained results show that average of sub-samples moduli follows a consistent trend with the
value of standard sample and stiff sand model. This represents accuracy and efficiency of the
proposed method.

Keywords: Digital rock physics- 3D reconstruction- Elastic moduli of rock
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ABSTRACT

Determination of different structural and stratigraphic features prior to any costly
implementation is a great aid in the oil and gas explorations and developments that could be
efficiently achieved by 3D seismic attribute analysis. In this study post stack seismic inversion
is used in conjunction with different seismic volume attributes such as Instantaneous Phase,
Sweetness, Curvature, Semblance, Spectral decomposition, etc., to detect channel features in
addition to evaluate their infill lithology variation in one of the Iranian offshore hydrocarbon
fields. After extracting seismic volume attributes, seismic facies analysis is performed to
recognize meaningful variability within the 3D seismic data in order to highlight geologic
features, generally hidden within the redundant seismic noise, and render the results as a seismic
facies map. For this reason, Principal Component Analysis (PCA) is used to perform dimension
reduction of a multivariate dataset by compressing the bulk of the variances in the seismic data
into as few vector components as possible. Generated results revealed a major, very discreet
channel feature cutting east-west across the middle part of the field in the Ilam formation.
Another channel feature is also detected to the south of the field in the Sarvak formation based
on inversion results. Consequently, infill lithology variations of detected channels were
evaluated by seismic inversion results varying from dense (high acoustic impedance values) to
porous (Low acoustic impedance values) in different intervals. The results of this study in
conjunction with geological studies could be used to choose new well locations with more
confidence.

Keywords: Channel, Seismic volume attributes, Principal Component Analysis (PCA),
Seismic Facies analysis, Seismic inversion, Infill lithology variation.

INTRODUCTION

The study area is located in the Persian Gulf, where the Ilam Formation with a channeling
system running through it, forms the main reservoir unit and is under evaluation for new
appraisal wells.

Detection of channels and their infill lithology has always posed a challenge for exploration
geologists and geophysicists due to harder identification of them in both 2D and 3D seismic
data compared to structural traps. Hitherto different seismic attributes have been widely applied
to map stratigraphic features (e.g., Chopra and Marfurt, 2007, Suarez et al., 2008, Hart, 2008,
and Chopra et al., 2011, etc.).

In this study in addition to post stack seismic inversion, multiple seismic volume attributes are
derived from original seismic data and used to define the available channel features.
Consequently, due to availability of a large number of input volume attributes, PCA is used to
minimize noise and redundant data, extracting the best input set for seismic facies classification.
Seismic facies map is generated by unsupervised seismic facies analysis technique using a
neural network applied to a strata grid covering the Ilam formation. The use of automatic

seismic facies classification techniques and their role in the interpretation process were
reviewed by Coleou et al. (2003) and Linari et al. (2003).
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Finally, regarding to this fact that seismic data has difficulty in lithology discrimination, post
stack seismic inversion results are used to distinguish between porous vs. dense channels.

METHODOLOGY
Generation of seismic volume attributes

Seismic attributes can be used for both quantitative and qualitative purposes. Quantitative uses
include prediction of physical properties such as porosity or lithology while Qualitative uses
include detection of stratigraphic or structural features (Hart, 2008). In this study different
seismic volume attributes were generated which five of them including Semblance, Sweetness,
Instantaneous Phase, Most Negative Curvature and S-Transform Spectral Decomposition
together with acoustic impedance are used to generate classified seismic facies map in the Ilam
formation. Definitions of selected attributes are briefly explained in the following lines:
Semblance (a type of ‘‘coherency’’ attribute) is a statistical measure of waveform similarity
given by the ratio of the energy of the average data trace to the average energy of each data
trace. The deviation from the unity value indicates the degree of difference between traces, and
can indicate geological boundaries, such as faults, fractures, channel edges, and reefs. The
results from this attribute vary between 0 (no similarity in traces) and 1(exactly similar traces).
Instantaneous Phase attribute provides an amplitude independent display which is especially
useful for revealing continuatively of reflectors which vary greatly in their amplitude.
Sweetness attribute is useful for location of oil and gas in a reservoir because of the strong
amplitude values they produce. Also channel sands usually produce stronger reflections than
shales that surround them, so sweetness is useful for identifying these channels (Hart, 2008).
Curvature attribute quantifies the degree to which the curve deviates from a straight line.
Volume curvature is used to detect channels, faults, fractures, erosion, etc. Spectral
decomposition is a method for processing seismic data into frequency slices, as opposed to time
or depth slices. When a spectral decomposition algorithm (such as S-Transform) is applied to
seismic reflection data, it breaks down the seismic signal into its frequency components. This
enables the interpreter to visualize the data at specific frequencies, and to identify stratigraphic
and structural features that would otherwise be overlooked in full bandwidth displays. In this
study, generated Spectral decomposition horizon slices were examined and it was found that
25Hz frequency volume best resolved the Ilam channel feature.

Post Stack Seismic Inversion

Since the acoustic impedance attribute enhances impedance contrast boundaries, it may help to
delimit different facies within a fluvial complex. In general, due to the lithological differences
between channels and the differences between channel fills and/or flood plains, the amplitudes
of seismic reflections are obviously distinct, particularly if the difference in acoustic impedance
is large.

In this study Constrained sparse spike algorithm is used for post stack acoustic impedance
inversion. For this reason after generation of synthetic seismograms for three available wells,
optimum multiwells wavelet is extracted and together with a set of interpreted seismic horizons
is used in the seismic inversion process.

Seismic Facies Analysis

Seismic Facies classification is an attribute analysis and interpretation method that uses neural
network techniques to extract seismic facies. A seismic facies is a unit of seismic reflection
events that can be mapped, in which each unit can be distinguished based on wave shape,
continuity, amplitude, frequency, and interval velocity. The neural network technique correlates
and compares selected attributes and separates them into distinct classes with a unique
characteristic. The method generates a facies map that helps to correlate seismic attribute
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patterns with subsurface structures and stratigraphy. This approach can help to enhance seismic
events that seismic interpreters might overlook when using standard interpretation techniques.
Principal Component Analysis (PCA) is a way of reducing redundancy in related data sets by
using different weights and ways of combining the variables in the data sets. PCA was applied
on volume attributes in Ilam formation. Several combinations of attributes were evaluated to see
which ones have the most application to predict channel distribution. Several modifications to
the number of classes are also applied to achieve a satisfying result. Finally, seismic facies
classification was applied to the generated strata-grid based on multiple volume attributes.

RESULTS

Figure 1 (Left) demonstrates different horizon slices through the extracted seismic volume
attributes in the Ilam formation. According to this figure, a main channel could be easily
detected extending from the west to the east of the structure.
While Figure 1(Right) Shows generated seismic facies classification map in the [lam formation.
The colour scale of this figure is the classes containing events with unique characteristics. This
display clearly shows the east-west trending channel feature.

Curvature Spectral decomposition (25Hz) Acoustic mpedance

Figure 1. Horizon slices through extracted seismic attribute cubes (Left) and generated seismic facies map
with 4 Classes in the Ilam formation (Right)

Infill lithology variation of the Ilam channel is illustrated in two horizon slices through acoustic
impedance cube at the Top and Intra-Ilam layers (Figure 2-Left). The colour scale is in acoustic
impedance unit, with the lower acoustic impedance colored yellow gradually changing to dark
blue representing the high acoustic impedances. Low values of acoustic impedance are
indicating the porous regions since acoustic impedance and porosity have reverse relation to
each other. According to this figure it could be concluded that Ilam channel is mainly filled
with dense lithology which its rigidness increases from top to the middle part of the formation.
In Figure 2 (Right) another laterally extending channel is detected at the south of the structure
that is highlighted with an oval. According to seismic inversion results, this channel exists from
the top Sarvak to approximately 35ms below it and its infill lithology is changed from porous
at the top Sarvak (Low Al values) to dense, at the base of it (High Al values).
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Top (Left) and Intra (right) Ilam Top (Left) and 20ms (right) below top Sarvak
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Figure 2. Horizon slices through acoustic impedance cube in the Ilam formation (Left), and in the
Sarvak formation (Right) showing channel infill lithology variation

CONCLUSION

Extracted seismic volume attributes including Semblance, Sweetness, Instantaneous Phase,
Curvature and S-Transform spectral decomposition together with Acoustic impedance volume
from post stack seismic inversion revealed an east-west extending main channel in the Ilam
formation which is clearly distinguished on the generated Seismic facies map. In addition to
Ilam channel, another laterally extending channel is detected in the southern part of the studied
field, at the top of the Sarvak formation to approximately 35ms below it based on generated
acoustic impedance data. Finally, based on seismic inversion results a rough estimate for
channel Infill lithology variations is rendered changing from porous to dense.
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Abstract

Nowadays use of low-cost methods with favorable results in hydrocarbon exploration such
important issues being considered in different parts of the world. In recent years, the research
results of seismic passive, narrow-band signals are low-frequency (1-6 Hz) on top shows the
number of hydrocarbon reservoirs. Based on these results, it can microtremor as a direct indicator of
seismic reservoir versus applied current technology. This article has been carried out in the area marun
and Five three-component broadband seismometer have been recorded seismic waves in the network.
Stations MAR1, MAR2, MAR3, MAR4 and MARS5 the waves were recorded and in the following to
investigate one of passive seismic attribute called polarization at two stations will be discussed addressed

Keywords: hydrocarbon reservoirs, passive seismic, microtremor, marun, broadband,
polarization
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Gas hydrate concentration type definition in sub-sea sediments
applying pre-stack attribute cross-plots

Effat Behboudi 1, Nasser Keshavarz Frajkhah 2, Asghar Naderi 3, Yousef Hasanpour Motlagh4

" M.Sc., Department of Petroleum Engineering, Amirkabir University of Technology
2 Geophysics Department, Research Institute of Petroleum Industry
? Geophysics Department, Research Institute of Petroleum Industry

* Geophysics Department, Exploration Directorate, National Iranian Oil Company

Abstract

Pre-stack analysis and study of AVO attributes are most reliable tools for the study of gas
hydrate and free gas resources. Due to lack of wells data in most regions of gas hydrates in deep
oceans, the study of AVO attributes to evaluate the free gas is necessary. The cost of drilling is
reduced by finding the exact location of gas hydrate and free gas. Crossploting gradient attribute
verses intercept attribute is an important method to analyze of AVO results. It used to identify
AVO classes and Vp/Vs. In this study classes III and IV AVO on BSR were dominant. Also
increasing Vp/Vs on BSR indicates the gas hydrate accumulation as non-cementing effect.

Keywords: Amplitude variations with offset, intercept attribute, gradient attribute, AVO
classes, free gas, gas hydrate
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Seismic Quality Factor Estimation and Sparse Reflectivity Series
Retrieval Using Orthogonal Matching Pursuit Algorithm

Akbar Heidari1, Ali Gholami®

'Phd Candidate of Exploration Seismology, Institute of Geophysics, university of Tehran
? Associate Professor of Exploration Seismology, Institute of Geophysics, university of Tehran

Abstract

Quality factor estimation and sparse reflectivity series retrieval with high precision are of
great importance in the interpretation of seismic sections. Exact estimation of quality
factor section and removal of earth filter from seismic sections enhance their resolution
causing improvement of interpretation and hydrocarbon localization and consequently
decreasing the risks of inaccurate explorations. The novel algorithm proposed in this
article estimates the quality factor and impedance sections simultaneously. Investigation of
results obtained by applying this algorithm on the real and synthetic seismic sections in
the presence of thin layer confirms its perfect performance beside low time of calculations
in comparison to conventional spectral ratio method.

Keywords: Attenuation, Seismic Quality Factor, Hydrocarbon Anomaly, Reflectivity Series,
Orthogonal Matching Pursuit.

' _Orthogonal Matching Pursuit (OMP)
Inverse Q-filtering—>
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Improving performance of PML method in numerical modeling of
seismic wave propagation

Mojtaba Khosravi1, Navid Amini >

'MSe. Student, Institute of Geophysics, University of Tehran
! dsistant professor, Institute of Geophysics, University of Tehran

Abstract

Seismic forward modeling is an important tool in seismic imaging as well as seismic data interpretation.
In numerical modeling because of limitations in computer memory we have to truncate domain of
computation so absorbing boundary condition is necessary to reduce artificial reflections from truncated
model boundaries. Amongst lots of absorbing boundary conditions has been proposed the PML boundary
condition is one of the most promising ones. In this paper we present a new algorithm that combines PML
and ABC. This approach enhances the performance of absorbing boundaries and lowers computational
costs.

Keywords: numerical modeling, wave equation, ABC, PML
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Nonstretching NMO correction using a matching-pursuit algorithm

Parisa Akbari', Seyed Ahmad Mortazavi’, Mohamadreza Bakhtiyari’ and Haleh Ramesh*

" MSc student, Department of Petroleum Engineering, Amirkabir University of Technology
2 PhD student, Department of Petroleum Engineering, Amirkabir University of Technology
3ReSfonsible for processing of National Iranian Oil Company Exploration
MSc in Geophysics of National Iranian Oil Company Exploration

Abstract

NMO correction processing is a major prerequisite for the other methods that are applied on a
common midpoint data and the purpose of this work is to correct the offset caused by stretch.
The standard NMO correction causes wavelet stretching that lowers the frequency content of the
corrected reflection event at far offset. This stretching will affect all subsequent processing and
inversion. Unmuted stacked traces exhibit lower frequency content, and therefore have lower
resolution. . Zhang et al. used a matching-pursuit-based normal moveout correction (MPNMO)
to reduce NMO-stretch. MPNMO corrects the data wavelet-by-wavelet rather than sample-by-
sample, thereby avoiding stretch. We apply this technique to a set of synthetic and real prestack

time-migrated data and test results show that MPNMO can produce relatively nonstretched
events and generate higher temporal resolution gathers.

Keywords: NMO correction, NMO stretch, Nonstretch normal moveout, Matching-pursuit
algorithm
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Fourier-Radial Adaptive Thresholding and its application
in interpolation of 2D seismic data
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Abstract

Sometimes because of natural handicaps (area limitations such as being trees) or instrumental
handicaps (defected geophones), there 1s no possibility for obtaining regular spatial seismic data
in the land field. By knowing that the spatialpdata in different steps of seismic data processing is
assumed to have regular spaced grid; mterpolation of seismic data introduced as an important
link of processing steps. Interpolation by Fourier-radial adaptive thresholding without knowing
velocity model of the field, introduced as a useful methodp for promoting sparsity in Fourier-
domain. At the end the interpolated data in Fourier domain is a collection of sparsity based
spatial unalised events. By this method, promoted sparsity in Fourier domain is achieved by
weighting desired events by Fourier-radial domain and after that by applying iterative
thresholding algorithm such as projection onto convex sets on Fourier domain of the data. The
results of applying the proposed method is showed on 2D real data and synthetic data that
contaminatedp by undesired events such as random noise or spatial aliased events.

Keywords: interpolation of seismic data, iterative, spatial aliasing, fourier radial, sparsity
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Adaptive STFT and its application for automatic traveltime picking
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ABSTRACT

In this paper, at first, we present methods to produce high resolution short-time Fourier
transform by computing optimal instantaneous window-length. Second, we use the generated
time-frequency map for extraction instantaneous traveltime attribute for automatic picking of
traveltime of seismic events. Numerical examinations over a three-component synthetic signal
identify high performance of the proposed time-frequency analysis method. Also, to show
capability of the method for automatic traveltime picking, we applied it on a raw filed data.

Keywords: short-time Fourier transform (STFT), instantaneous window-length, instantaneous
traveltime, seismic event picking.

INTRODUCTION

Time-frequency (TF) analysis has flourished in various researches and applications in recent
years because most signals encountered in practice are not stationary. TF analysis can reveal
comprehensive information about non-stationary signals due to the capability of analyzing a
signal in the temporal and spectral domains simultaneously. Some popular conventional TF
representations (TFRs) include short-time Fourier transform (STFT), Wigner-Ville distribution
(WVD), wavelet transform (WT), and S-transform (Pei et al, 2012). In an ideal case, a TFR
should reveal only the spectral information about the signal occurring at any given time instant.
Accordingly, the main objective of a TFR is to provide a more concentrated TF energy
distribution without cross terms such that it can resemble as closely as possible to the ideal TFR.
So, we try to achieve concentrated TFR by finding adaptive instantanecous window-length.
Furthermore, event picking is an important step in seismic processing. It is used in static
corrections, velocity analysis, seismic tomography, amplitude versus offset analysis, and
geologic interpretation. The arrival of such new seismic energy is denoted by a discontinuity in
the values of one or more attributes that characterize the various layers of the subsurface
(Saragiotis et al, 2013). Here we mean a lineup on several traces of a seismic record that
indicates the arrival of new seismic energy. For this aim we utilize adaptive STFT analysis.

METHODOLOGY
The short-time Fourier transform STFT"(z, f) of a function x(¢)e L’(R)is defined, using a

window w(¢), as

STFT (¢, f) = [ x(t)W (t'=t)e > dt". )
While x is a function of time ¢, its short-time Fourier transformSTFT"is a function of time ¢
and of frequency f. We note that the transformationx+— STFT"is linear and depends on the

chosen window w (Hlawatsch et al, 2008).w, (r)is (generally) a nonnegative, symmetric, and
normalized real window, which is often taken as the Gaussian window function defined as

1 exp _l(ijz (Y)
N2ra 2la) |
The length (or scale) of the window plays a fundamental role in this compromise. However, the
short-time Fourier transform suffers from the time-frequency resolution limitation and therefore

the length of the window used for its calculation significantly depends on the frequency content
of the windowed data. To solve this problem, we propose two approaches below.

w,(0) =
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Adaptive STFT based on concentration measures (optimization)

A concentration measure (CM) has the ability of quantitatively evaluating the TF energy
concentration. In order to achieve the highest energy concentration (in the sense of the CM), the
optimal values of the windows-length in a TFR can be obtained by minimizing the CM. so

a= arg :nin qD(SWa ) (3)

Where ¢ is the CM andS, =STFT“ (¢, /) . Various CMs function are placed in the Table 1(Jones et

al, 1994 & Gholami, 2013 & Sattari et al, 2013). However, the main disadvantages of the CM
approach are the very high computational complexity and sensitivity to noise.

. u(t, f) Tablel. Different CMs function (¢) for

S~le—2 ¢(u)=21og(|u|+5) |
f
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() =~L—2
>lu
f
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Adaptive STFT based on the chirp rate
Cohen (1995) has derived an approximate relationship between the optimal time-varying
window length and the chirp rate for purely frequency modulated signals; that is, if the signal is

of the form x(f) = exp(jg(¢)) » the optimal window length 7.* can be approximated by
1 1
7;2 ~ " = ' (4)
2|g0 (t)| 47T|f insz‘(t)|
Where /', (¢)(the first derivative of the instantaneous frequency (IF)) is the chirp rate. If the

window is a Gaussian function with time-varying standard deviation o(¢), the window length is
given by
2 2 1

M PV ®)
The concept is tuning the window length at each time instant such that the signal inside the
window is quasi-stationary. Accordingly, a relationship between the window length and the
chirp rate was addressed: a wide window is employed as the IF varies smoothly (chirp rate is
small); and a narrow window is employed as the IF varies sharply (chirp rate is large). This
chirp-rate-based method has the benefit of much lower computational complexity than the CM-
based methods (Zhong et al, 2010).

Simulation results

Figure 1 shows the simulation result and comparisons between the proposed methods. There is a
three-component synthetic signal in figure 1.E that has been analyzed. Figure 1.D shows
different instantaneous window-length curves due to mentioned approaches; the black one
associated to constant window length extracted by optimization approach. Because of this
constant amount is near to mean of chirp-rate-based instantaneous window-length
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approximately, we name it “average window length”.
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Figure 1. STFT representation related to window-length due to: optimization (A), optimization (average
window length) (B), chirp rate(C). Curves of instantaneous window-length related to: optimization (blue),
chirp rate (red), average window length (black) and signal in use (E).

AUTOMATED TRAVELTIME PICKING AS AN APPLICATION

The instantaneous traveltime is computed from the seismic data by first transforming the data
into a time-frequency domain to capture the nonstationary behavior of the data. Then, the time-
frequency representation of the data is mapped back onto the time domain. The instantaneous
traveltime 7 (¢) attribute is therefore defined as

oU(t.f)

() =Q,[r¢,H]=9,| Im ﬁ ) )

whereU(t, /) now denotes an appropriate time-frequency transform and(Q ,is an appropriate

operator or mapping from the frequency domain into a single number. In the above definition,
we intentionally let the time-frequency transform as well as the mapping(  undefined as

different transforms and/or operators may be more effective depending on the type of data under
examination. We also note that only the forward transform is used in equation 6 and not the
inverse. This allows for more flexibility on the choice of the transform used to capture the
nonstationary behavior of the seismic traces because the transform need not have an inverse.
The mapping operator can be a simple averaging operator. It would be prudent, however, to
average7(t, f') over the frequencies in the bandwidth of the signal (Saragiotis et al, 2013).

In principle, any time-frequency representation can be used for the calculation of the
instantaneous traveltime. An obvious choice is the adaptive short-time Fourier transform. Our
objective was to measure the capability of this attribute in mapping reflections.

Validation

We used the instantaneous traveltime attribute to pick events from a part of raw field data. The
data is 40-trace partial shot gather with sampling interval 4 ms (shown in Figure2). The source
used to acquire this data set was dynamite. Figure 2.A shows mentioned data and figure 2.B
shows result of event picking procedure that has mapped refractions and reflection in 2D
accurately. The arrivals computed using the instantaneous traveltime attribute are shown as
black spikes in the Figure2.C&D as nominated part of data.
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Figure 2. Partial shot gather (A), contour lines denoting calculated traveltime associated to events
(B), magnified parts a (C) and b (D) in section A as well as spikes related to events traveltime.

CONCLUSION

In order to finding optimal windows-length adapted with time-varying frequency content of
signals, the optimization and chirp rate methods were described. Simulation results confirm that
adaptive window-length is absolutely essential to achieve high resolution time-frequency
representation. Furthermore, using adaptive STFT help us computing adequate instantaneous
traveltime for automatic seismic event picking, as we realized in field data test.
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An Introduction to Common-Reflection-Surface stack method, Case
study in North-East of Iran
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Abstract

The common-midpoint and/or Pre-stack migration are common staking methods. They use the
data redundancy in multi-coverage data set to simulate a zero offset section with higher signal to
noise ratio. As these common methods just consider a common-midpoint gather, they do not use
all data in multi-coverage data set for the stacking.

The Common-Reflection-Surface stack method uses all data redundancy in multi-coverage data
set in a fully data driven manner. In this way the stack section with higher signal to noise ratio
will be obtained. The Common-Reflection-Surface stack method not only provides a well
simulated zero-offset stack section with higher signal to noise ratio but also determines a certain
parameters which are useful for a subsequent seismic processing as a byproduct.

In this paper the Common-Reflection-Surface stack method has been introduced briefly and
applied on a real data at the North-East of Iran. The result shows the capabilities of new
introduced method to provide higher signal to noise ratio stack sections.

Keywords: Stack, Operator, Common-Reflection-Surface, Offset, Signal to noise ratio,
Common-midPoint
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Improving the speed of 2-D frequency-space domain finite-difference
acoustic-wave modeling using compressed column storage method

Azadeh Aghajanpour !

'M.S.c Student of Petroleum Engineering, Amirkabir University of Technology

Abstract

Seismic numerical modeling is a technique for simulating wave propagation in the earth which
gives an assumed structure of the subsurface. In this paper, seismic acoustic wave propagation
by finite-difference in the frequency domain has been modeled; to do so, optimized 9-point FD
scheme has been utilized. Numerical simulation in the frequency-space domain has inherent
advantages, such as: it 1is possible to simulate wave propagation from multiple sources
simultaneously; there are no cumulative errors; only the interesting frequencies can be selected;
and it is more suitable for wave propagation in viscoelastic media. The only obstacle to using
the method is the requirement of huge computer storage. The compressed column storage
format for storing the coefficient matrix has been extended here. It can reduce the required
computer storage dramatically.

Keywords: Seismic Modeling, Frequency domain, 9-point FD scheme, computing time
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