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Abstract

Proper utilization of 3D seismic data in the upstream oil industry is one of the crucial steps in field
developments. Many attributes are used to obtain models of facies distribution in a reservoir. Using
prestack inversion methods on 3D seismic data and extracting prestack attributes such as elastic
properties play very important roles in precise estimation of reservoir properties. The results of
prestack seismic inversion in the oil reservoirs are investigated in this study. Simultaneous prestack
inversion provides more details of acoustic impedance section rather than the poststack inversion.
Moreover, the compressional acoustic impedance extracted from simultaneous inversion is more
accurate than the one obtained from poststack inversion. In addition to the compressive acoustic
impedance, shear impedance and density, the elastic parameters can be extracted from
simultaneously prestack inversion. The purpose of this research is to transform the prestack
inversion products into the geomechanical parameters including Young’s modulus and Poisson’s
ratio. Young’s modulus and Poisson's ratio have been used in geophysical algorithms to detect the
well drilling trajectory and estimate the stress direction. These parameters can also be used in fluid
detection studies.
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1 Introduction

The only way that can definitely be men-
tioned to identify the lithology and to
prove the presence of fluid in the reser-
voirs is to drill exploratory wells. But
drilling the well will incur capital losses
if it does not lead to cost-effective oil and
gas extraction. Therefore, in order to re-
duce the risk of drywell, as well as to ex-
plore new hydrocarbon resources and in-
crease productivity in the region, it is
necessary to use advanced, quick and
cost-effective methods. The studying of
the reservoir behavior based on its physi-
cal properties can represent a pattern of
rock balance (Soleimani, 2017). Human
interventions such as drilling, production
or injection disorder the balance of the
rock structure. The results of these
changes can be studied as rock mechanics
(Zoback, 2010). Seismic geomechanical
studies investigate the strain of rocks
against the stresses on them and the fac-
tors affecting this interaction. In fact, ge-
omechanics is the common intersection
of rock mechanics, structural geology,
and geophysics. One of the most im-
portant steps in characterizing the reser-
voir is to identify the relationship be-
tween the geomechanical and elastic
properties of rocks (Rickman et al,
2008). Poisson’s ratio (v) and Young’s
modulus (E) obtained from inversion
process can be used to determine areas
with low clay content and high rigidity
throughout the survey area. The main
goal of seismic inversion is to calculate
the P- and S-wave \elocity, then the P-
and S-impedance in order to characterize
the reservoir in more detail in terms of
the lithology, porosity and the type of the
reservoir fluid (Xiang and Lubis, 2017).
@degaard and Avseth (2003) suggested a
method in which the cross plot of P- im-
pedance versus Vp / Vs ratio can be used
to determine the hydrocarbon content and
mineral composition of the reservoir. Pe-
rez (2010) stated that the use of elastic
physical parameters of rocks as well as

Lamé parameters can geomechanically
characterize a reservoir. Most of the ge-
otechnical studies estimate the geome-
chanical behavior of fracturing survey
based on Young’s modulus and Poisson’s
ratio. Since it is difficult to measure den-
sity from surface seismic data, Sharma
and Chopra (2012) used pE and v, which
leads to volumetric 3D estimates of geo-
mechanical behavior. The suggested ap-
proach integrates several parameters such
as petrophysical data, well log analysis

results and simultaneous seismic inver-
sion outputs. This enables a more accu-
rate description of the reservoir. Owing to
the simultaneously extraction of acoustic
impedance, density and Vp/ Vs ratio for
reservoir characterization with a proper
accuracy (Ahmed, 2014), the above-
mentioned studies used the simultaneous
prestack inversion method. Kidambi and
Kumar (2016) performed in-situ geome-
chanical analysis to create a one-
dimensional  mechanical earth model
(MEM) for a vertical well drilled in car-
bonate gas reservoirs. In one-dimensional
modeling, data representing static proper-
ties (such as petrophysical logs) is used to
classify the earth model based on the ge-
omechanical and static properties. This
research contains well logs and 3D angle
stacks of seismic data from studied area.
The seismic data encloses 301 cross-lines
and 561 inlines at different ranges of an-
gle stacks, near (1°-10°), mid (10°-20°)
and far (20°-29°). The normal bin size is
12.5x12.5 and the sampling interval is 2
ms. Check shots and well logs data were
available in two wells.

2 Methodology

There are several methods for inversion
of seismic data and achieving the earth
model. Each method uses a specified al-
gorithm for extraction of rock and fluid
properties. Regardless of the details of
each method, they can generally be di-
vided into two types of prestack and post-
stack methods. These methods use the
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reflectivity of the boundary between lay-
ers to obtain effective elastic properties in
each layer. In this study, simultaneous
prestack inversion is used. This inversion
algorithm  produces initial models for
density and P- and S-impedance, by as-
signing a set of traces in the same angular
range and wawvelets to each range (Su-
manta et al., 2018). For each angle range,
an appropriate wavelet must be calculat-
ed. Three wavelets were extracted for
near, mid and far angles. Then, using
well log, the optimal values for m, K¢, k
and m; are calculated (These parameters
are regression coefficients of well cross
plots and will be introduced later). In the
case of simultaneous prestack inversion,
it is initially assumed that the ratio of the
S-wave \elocity over the P-wave velocity
in clastic rock layer should be constant.
Based on this assumption, the following
relation can be written (Hampson et al.,
2005):

IN(Zs) = In(Zp) + In(Vs/Vp) @)

where Zp is P-impedance and Zs is S-
impedance. Assuming a linear relation-
ship between Zp and Zs:

IN(Zs) = k In(Zp) + Ke + ALs @)

where k is the slope of the fitted line re-
lated to the logarithm of shear impedance
versus the logarithm of acoustic imped-
ance cross plot. K¢ is the intercept of the
mentioned cross plot and ALs is the ef-
fect when the rock fluid is not water
(Moghanloo et al., 2018).

The other assumption is that the Gard-
ner equation for studying density derived
from laboratory measurements is given
by the following relationship (Gardner et
al., 1974):

p=aVpP 3
where p is the bulk density and o and P
are constants obtained empirically. It can
be shown that p is mathematically equiv-
alent to the following equations:

l
In(p) = o In(Zp) + (.5 ©

In(p) = m in(Z,) + m, +4Lp (5)

In Eq. (5), m is the slope of the fitted
line related to the natural logarithm of
density versus the natural logarithm of
acoustic impedance cross plot and mc is
the intercept of the mentioned cross plot.
ALp is the effect when the rock fluid is
not water (Moghanloo et al., 2018).

Aki-Richards equation (Aki and Rich-
ards, 2002) modified by Fatti et al. (1994)
IS given by:

Rep(8) = C1Rp + C2Rs + C3Rp (6)

The three reflectivity terms are given
by:

Ro=3(72+%) =78z ()

=5(F+2) =30z @
R, =7p Alnp 9)

From the zero offset that has occurred
by combining the above equations, the
trace angle can be extended as:

T(6) = >C,W(6)DLp + >C,W (®)DLs =
§C3W(0)DLD (10)

where W(6#) is wawvelet at angle 9, Lp =
In(Zp) and Ls = In(Zs). Estimation of ini-
tial model requires determination of coef-
ficients and parameters (m¢, m, K, k),
which are determined using acoustic and
density logs. An initial estimate is made
for the following equation extracted from
Eg. (10) and is written as matrix (Hamp-
son et al., 2005):

[Lp, AL; ALp]T =

[log(Zpo) 0 0] (11)
Zpo is the initial model of impedance. By
solving this equation, the final values of
Zp, Zs and density are calculated accord-

ing to the following equations (Hampson
et al., 2005):

Zp =exp (Lp) (12)
Zs=exp(kLp+ k. +ALy) (13)
p =exp(MmLp+ mc+ ALp). (14)
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3 Well tie and wavelet extraction

Used to generate the synthetic seismo-
grams, the wavelet is a key element in
inversion process and well-to-seismic
correlation. In prestack seismic data, it is
known that the seismic data will loss high
frequency energy from near to far offset
(Hampson et al., 2005). Therefore, the
amplitude, frequency and representation
of none of the common depth point
(CDP) gathers will be the same. This
study extracts statistical wavelets and
compares them for determining which
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wavelets can lead to more accurate inver-
sion results (Fig. 1). Reflection coeffi-
cients are obtained from acoustic and
density logs. By convolution of reflection
coefficients and extracted wavelet from
seismic data, synthetic traces are ob-
tained. If the extracted wavelet is suita-
ble, the synthetic traces will have good
correlation with the seismic data. To
achieve this goal, the seismic data were
divided into three sets of angle gathers
and the wavelets were statistically ex-
tracted for each angle set.
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Fig 1. Extraction of statistical group wavelets for near, mid and far angle gathers.

4 Generate low frequency model

Building the low frequency model is one
of the important steps that must be
considered in the seismic inversion
processing because the volumes obtained
from inversion without the low frequency
model will give only the approximate
properties of the rock. Furthermore,
using initial model helps to make high
coefficient  of  correlation.  Acoustic

impedances obtained in the inversion step
and low frequency model are used in the
evaluation  of  reservoir  properties
(Sumanta et al., 2018). The required data
to build the initial model are the P- and
S-velocity and density obtained from the
petrophysical well logs. Seismic horizons
are also used to define different reservoir
and non-reservoir levels (Fig. 2).
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Fig 2. Initial model building. (a) P-impedance (b) S-impedance (c) density.
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It is assumed that the linear relation-
ship between the variables (Zp, Zs, densi-
ty) occurs in the absence of hydrocar-
bons. Deviations away from a linear fit
indicate presence of hydrocarbon (Fig. 3).

Table 1. Optimal regression coefficients for well
cross plots.

Regression
coef. K Ke m M
Value 12 -2.572 0.326 -2.07

5 Inversion analysis

Simultaneous  inversion processing was
applied to the whole seismic volume. The
output parameters of inversion in the
wells were compressional acoustic im-
pedance, shear acoustic impedance and
density. In this step, the output of simul-
taneous inversion will be the sections of
these three inverted volumes shown in
Figs. 4, 5 and 6. Fig. 4 is a cross-section
of P-impedance (Zp) in which the color
scale shows the amount of change in the
parameter. The higher Zp value indicates
the higher incompressibility. The pres-
ence of anhydrite cap rock was observed
at the top of the reservoir, which has the
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highest value of P-impedance. As seen in
Fig. 4, in the Ghar sandstone reservoir,
the amount of P-impedance is less than
the upper and lower layers. A layer with a
high impedance difference can also be
seen in the upper Asmari Formation,
which could be related to the dolomitic
layer containing gas. Notable reduction in
P-impedance is due to the differences in
lithology, high porosity and especially
the presence of hydrocarbons. In the S-
impedance section (Fig. 5), the presence
of high impedance areas in the reservoir
relative to the general trend of the reser-
voir indicates the presence of layers with
different lithological features (clay thin
layers) than the main reservoir rock
(sandstone). Fig. 6 shows the inverted
density section. In the Ghar reservoir
(black rectangle) and the gas bearing lay-
er (black ellipse), this parameter is signif-
icantly reduced as compared to the adja-
cent layers.

Fig. 7 demonstrates the well logs of
one of the wells. As shown, density and
S- and P-wave velocities decrease in in-
terested area. To validate the prestack
inversion outputs, well logs were used.
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Fig 3. Determining me m, k and K. values using (a) cross plot of S-impedance logarithmversus P-impedance
logarithm obtained from well log data, and (b) cross plot of density logarithm versus P-impedance logarithm.
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Fig 4. P-impedance section obtained from inversion in the Ghar reservoir. Zp parameter is significantly

reduced compared to the overlaying and underlying layers. Moreover, in the upper Asmari Formation
section, there is a layer with high impedance, which can be related to the dolomitic layers of this zone.
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Fig 5. S-impedance section obtained from inversion. In the scope of Ghar reservoir and gas bearing layers in
the Asmari Formation, this parameter is reduced significantly than the surrounding layers.
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Fig 6. Inverted density section. In the Ghar reservoir (black rectangle) and the gas bearing layer (black
ellipse), this parameter is significantly reduced as compared to the adjacent layers.
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Fig 7. S-wave velocity, P-wave velocity and density logs and applied check shot on A-17 well in the area.

6 Elastic parameters analysis

Young’s modulus, E, is defined as the
ratio of the axial stress to the axial strain
in uniaxial compression. Poisson’s ratio,
v, is defined as the negative of the ratio of
the lateral strain to the axial strain in uni-
axial compression (Perez, 2014). After
inverting the entire scope of the seismic
data and obtaining the output parameters,
the elastic parameters are calculated.
Density and shear wave velocities can be
calculated by dividing the impedance sec-
tions over the density. Using the input
parameters (velocity and density), the
desired elastic parameters can be calcu-
lated. Fig. 8 shows the elastic parameters.
In the reservoirs zone, elastic parameters
were used for fluid identification. In sec-
tion (a) of the Young's modulus, values
in the range of 35 GPa in the cap rock
have been reduced to the range of 5 GPa
in the reservoir. In Fig. 9, the Poisson's
ratio has increased from 0.23 in the area
to 0.43 in the cap rock. Furthermore, in
both sections, a gas bearing dolomitic
layer can be identified in the upper As-
mari Formation. Due to the presence of
inter-bedding shale layers (with lower

porosity and permeability than sandstone
containing hydrocarbons) in some parts
of the reservoir, the Young’s modulus
increases by 13 GPa compared to sand-
stone. This trend is also observed for the
Poisson's ratio in clay layers and decreas-
es by 0.2 compared to sandstone, which
is due to a significant reduction in porosi-
ty and fluid substitution in these layers.

7 Pore pressure

The pore pressure is the pressure exerted
by the fluid in the rock and withstands
the owverburden stress (Eaton, 1975).
There are several methods of predicting
pore pressure based on logging and seis-
mic data. Eaton’s equation (15) uses the
wave travel time factor and formation
wave Velocity to measure pore pressure:

Pp=5=(S = Piya) Gz )° (15)
where Pp is pore pressure, S is overbur-
den stress, Pnyq IS hydrostatic pressure,
AT, is the normal trend attenuation and
ATioq is the attenuation measured by well
log. Using well log data and the elastic
parameters extracted from inversion, the
pore pressure of one of the wells was cal-
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culated. Based on the shallow depth of
the Ghar reservoir, the pore pressure does
well follow the hydrostatic pressure. The
normal  trend attenuation for the
dolomitic-shale part of the Ghar horizon

obtained values for the pore pressure are
7.6 to 7.7 MPa and its gradient is 0.45 to
0.46 psi. The pore pressure gradient is
almost equal to the hydrostatic pressure
gradient (0.44 psi).

is assumed to be 90 microseconds. The

View 1 Color Data: Geomech_Params_IMP_inverted_600-S00_E
Inserted Curve Data: P-wave (a)

Fig 8. Young's modulus section. This elastic parameter has been extracted from inversion. In the area of the
reservoir (rectangular) and the gas-bearing layer (ellipse), the amount of Young's modulus has decreased
significantly compared to the anhydrite-shale cap rock.
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Fig 9. Poisson's ratio section. This elastic parameter has been extracted from inversion. The Poisson's ratio
has increased significantly in the area.
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8 Mechanical Earth Model (MEM)

The MEM provides the mechanical prop-
erties of the reservoir and sedimentary
basin. In additon to the numerical
distribution of reservoir rock properties
(such as porosity and density) and
fracture system, this model also expresses
pore pressure, stress and mechanical
properties of the reservoir (Plumb et al.,
2000). Geomechanical model contains
the depth sections of elastic parameters,
rock strength and the earth stresses. In the
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one-dimensional  geomechanical model,
the changes in the parameters mentioned
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stratigraphic  columns are determined.
The main component  of  the
geomechanical model is information
about the in-situ stress situation of the

reservoir. Figs. 10 and 11 represent the

one-dimensional geomechanical
parameter model, calculated in the A-17
well under reservoir conditions.
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Conclusion

In this study, Young's modulus and Pois-
son’s ratio were estimated in an oil field
in the Persian Gulf based on the simulta-
neous prestack inversion approach. Some
other parameters such as density, com-
pressional and shear wave impedance
were estimated successfully. The results
of this study show that the Young's mod-
ulus decreases in the zone of Ghar reser-
voir. Implementation of inversion process
produced three models of compressive
impedance, shear impedance and density
as outputs. Using inversion outputs, the
elastic parameters (Young's modulus and
Poisson's ratio) in the field range were
calculated. The parameters of P-
impedance, S-impedance and density in
the area of the Ghar hydrocarbon reser-
voir as well as the gas bearing layer in the
upper Asmari Formation are significantly
reduced. The Young's modulus parameter
decreases in the area of Ghar hydrocar-
bon reservoir as well as the gas bearing
layer in the upper Asmari Formation.
However, the Poisson’s ratio increases in
the Ghar reservoir as well as the gas bear-
ing reservoir in the upper Asmari For-
mation. In addition, the mentioned modu-
li were utilized in geomechanical analysis
to evaluate the strength of the rock to
maintain fracture and its breaking capaci-
ty under stress conditions. Therefore,
some parts of the reservoir that have high
Young's modulus are prone to hydraulic
fracturing operations to increase produc-
tivity.
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