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ABSTRACT	 The main objective of this study is to discriminate high-potential hydrocarbon zones 
utilising a two-step screening procedure on three-dimensional pre-stack seismic data 
accompanied by information from four wells. In the first step, we prepared an integrated 
attribute consisting of P-wave impedance (ZP), VP/VS, Young’s modulus (E), Poisson’s 
ratio (ν), and Mu-Rho (MR) geomechanical parameters. By performing simultaneous 
inversion, acoustic impedances, and density were obtained. Then, the geomechanical 
parameters were extracted using several equations. To identify and assess zones with 
high hydrocarbon potential, the integrated attribute was accomplished laterally and 
vertically at the various zones of a reservoir layer. We found that when a lower value of 
the integrated attribute appears at a higher thickness of the reservoir layer, it indicates 
the zones with higher hydrocarbon potential. In the second step, to single out the shale, 
brine, and hydrocarbon-bearing intervals, the high hydrocarbon potential locations 
identified in the first step were used and five scatter plots were prepared. The scatter 
plots consist of E versus ν, ZP versus VP/VS, ZP versus ν, MR versus Lambda-Rho (LR), and 
MR/LR versus LR. Among them, the MR/LR versus LR and ZP versus ν best-distinguished 
shale, brine, oil, and gas-bearing intervals.
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	 procedure.
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1. Introduction

A question that may come into the reader’s mind is: why is the screening word used in this 
study and why is the screening procedure important? The answer is that screening and evaluating 
an application is how the procedure can verify the results. Therefore, the screening procedure 
was performed to identify and assess zones with a suitable potential for hydrocarbon, as well as 
to distinguish between fluid contents along with the reservoir layer.

Reliable information on the geomechanical parameters of a hydrocarbon reservoir can play 
a key role during drilling operations. Geomechanics is an important issue in wellbore stability 
analysis, pore pressure evaluation, and reservoir investigation. The application of seismic data 
in hydrocarbon reservoirs can be divided into two main categories (Faraji et al., 2017). The first 
category is related to reservoir modelling in identifying the distribution of subsurface properties 
such as structural and facies analysis (Kadkhodaie-Ilkhchi et al., 2010). Secondly, some seismic 
attributes show a meaningful relationship that forms the basis of the extraction of different 
geological parameters (Na’imi et al., 2014). The scope of this research falls into the second 
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category. Many attempts have already been put forward in this regard to derive lithology and fluid 
properties from seismic data (Omudo and Ebeniro, 2005; Ujuanbi et al., 2008; Pelletier, 2009).

Accurate estimates of the elastic and geomechanical characteristics of reservoir rocks are 
required for many types of design and implementation used in various applications such as 
drilling, geothermal energy, and geotechnical engineering (Nakaten et al., 2014). Failure to 
do so causes wellbore instability and problems such as collapse, kick, wash-out, or tightening, 
increasing drilling costs, stopping production, and, eventually, might indeed cause well loss 
(Das and Chatterjee, 2017). The accuracy of geomechanical parameters is particularly useful in 
obtaining subsurface information on formation properties and interpretating seismic data and 
reservoir characteristics (Li et al., 2018; Guo and Wang, 2019; Mandal and Ghosh, 2020).

Thus, there have been very many attempts in this regard. One of the useful rock attributes, in 
this case, is acoustic impedance. This attribute is commonly used as an important predictor for 
evaluating rock characteristics and facilitating stratigraphic interpretation in geophysical studies 
(Li et al., 2018). Morozov and Ma (2009) used well log calibration to improve the generation of 
acoustic impedance from seismic data. Bjorlykke et al. (2015) estimated pore pressure in the 
Gulf of Mexico using acoustic impedance based on seismic data.

In various studies, elastic moduli were used as geomechanical parameters. Perez (2010, 2011) 
examined reservoir geomechanical parameters using elastic moduli, such as Young’s modulus 
(E), Poisson’s ratio (ν), or Lamé parameters [Lambda (λ) and Mu (μ)]. Schön (2015) utilised ν 
to calculate fracture start pressure, and fracture closure pressure, and estimate the extent of 
hydraulic fractures as well. From seismic data, the dynamic E and ν show lateral fluctuations 
in elastic moduli and brittleness related to wellbore stability and fractured zones (Das and 
Chatterjee, 2018; Yasin et al., 2020).

Using other attributes, Khatibi et al. (2018) assessed the Single-Parameter Parabolic failure 
criterion using uniaxial compressive strength (UCS) from triaxial tests and a geomechanical 
model in one of the Persian Gulf fields, in Iran. Han et al. (2019) established an advanced study of 
wellbore stability in naturally fractured rocks by providing three key steps for the measurement 
of elastic parameters. Radwan et al. (2019, 2020, 2021) investigated pore pressure and fracture 
gradients using a variety of data and methods. They also carried out reservoir geomechanical 
modelling to analyse in situ stress and its relationship with reservoir properties such as depletion, 
production, and wellbore stability (Radwan and Sen, 2021; Radwan et al., 2021). Bagheri et al. 
(2021) provided a geomechanical model and wellbore stability analysis in a carbonate reservoir 
using acoustic impedance and reflection coefficient. They first used geomechanical modelling to 
evaluate the wellbore’s stability and the safe mud window and, then, validated the geomechanical 
model using the acoustic impedance and reflection coefficient parameters. Kassem et al. (2021) 
calculated the geomechanical parameters to investigate the effect of depletion and fluid injection 
in a sandstone reservoir. Hoseinpour and Riahi (2021) used a compressional wave velocity log to 
determine geomechanical characteristics and a sonic log to measure VP and VS.

The quantity of geomechanical parameters can be obtained from the experiments on the cores. 
However, this approach is very expensive and time-consuming. It is also likely that cores are not 
accessible in all wells or at all depths within the well (Kong et al., 2019). Using well logs is a faster 
and less expensive method to calculate rock elastic parameters dynamically (Bagheri et al., 2021). 
As a result, the geomechanical parameters are typically calculated indirectly. Therefore, applicable 
terms can be obtained from seismic waves and elasticity moduli equations (Fjær et al., 2008).

In some investigations, a combination of wave velocity diagrams with the density (ρ) log makes 
it possible to estimate elasticity constants, and mechanical properties within the wellbore used 
(Soleimani et al., 2018; Khoshnevis-zadeh et al., 2019). Several of these attempts were using VSP 
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(vertical seismic profile) data. According to Rutqvist et al. (2009), VSP can be used to predict ν 
and E. It can also be used to determine the velocity of the waves in different layers and compare 
them to the sound logs (Hackert and Parra, 2002; Yang et al., 2020). The saturation changes 
and types of fluid in the rock pores can be determined by the quality factor (Q) (Khaitan et al., 
2017; Lu et al., 2018; Shahbazi et al., 2020). Larki et al. (2021) investigated Q frequency content 
using VSP data for gas reservoirs. They studied the relation between quality factors and porosity 
and introduced it as an indicator of high porosity ranges. It was deduced that the frequency 
range changes according to the amount of gas. So, they concluded that if VSP data are available 
for a well, it is possible to estimate the amount of gas abundance by considering its frequency 
range regardless of the type of rock and just with the help of frequency analysis of Q. Larki et al. 
(2021) employed the K-Mean clustering approach to cluster geomechanical characteristics and 
determine geomechanical units. This method can determine the possible zones for hydraulic 
fracturing by analysing and comparing the velocity deviation log (VDL) and UCS. They used VSP 
and petrophysical logs to generate a geomechanics-integrated model of the formation rock. 
Then, using this geomechanical model, key concepts like the safe mud window and the hydraulic 
fracture potential were verified by the VDL information.

However, there are large uncertainties and limitations in the current common methods for 
the determination of geomechanical parameters (Matsushima et al., 2016; Khaitan et al., 2017; 
Wu et al., 2017). According to the above explanations, there are three basic issues regarding the 
previous studies. First, most of these studies use a single attribute analysis. But in general, the 
researchers found that no single attribute provides enough information to correlate seismic data 
with reservoir properties (Bathellier et al., 2012). Second, the VSP surveying method and the 
core analysis are expensive and they are limited to certain locations or wells. By using seismic 
data, these parameters can be calculated in a wide range of areas, thus minimising the cost 
and risk of the drilling operation. Third, most of the mentioned investigation methods are time-
consuming, so we are looking for a procedure able to give us an accurate assessment of the 
reservoir’s hydrocarbon potential quickly. In the current paper, we consider a two-step screening 
procedure to assess the reservoir layer in identifying zones with a suitable hydrocarbon potential 
as well as distinguish between shale and zones containing various fluid contents. In the first 
step, an integrated attribute consisting of five geomechanical parameters is performed to screen 
and assess laterally the different locations of a reservoir layer and identify suitable hydrocarbon 
potential; then, the suitable locations will be screened and evaluated vertically. The scatter plots 
were performed to determine whether or not every two geomechanical parameters have a 
relationship or correlation. Therefore, to distinguish between shale and fluid contents of the 
suitable locations identified in the first step, five scatter plots were used. The plots include E 
versus ν, P-wave impedance (ZP) versus VP/VS, ZP versus ν, Mu-Rho versus Lambda-Rho (LMR), 
and Mu-Rho/Lambda-Rho versus Lambda-Rho will be performed and screened in the second 
step. This study’s importance is finding a method to achieve the mentioned issues. Hence, by 
examining the results of previous researchers, the most effective parameters were used in the 
design of the ‘integrated attribute’ and the scatter plots. This procedure can be highly useful in 
the petroleum industry.

2. Study area and geology

The study area is one of the hydrocarbon fields in the NW of the South Pars. The reservoir 
consists of resedimented sands belonging to the Arabian Shield (Hejaz igneous shield), which 
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has been mixed with low-metamorphic sandstones and deposited in a relatively energetic 
environment near the shore during the Oligo-Miocene forward-backward sequence (Koop and 
Stoneley, 1982; Alsharhan and Nairn, 1997). The thickness of the reservoir layer in this area 
reaches a maximum of 100 m. It is made up of non-dense sandstone of Ahvaz, shale, and 
dolomite. Therefore, the upper part contains flowing sand and in the lower part, these sands 
are connected by carbonate cement. The total porosity and the effective porosity are almost 
equal in most parts of the reservoir and this may be due to the low volume of shale. In addition, 
porosity changes are not high at the reservoir horizon and it has acceptable useful porosity as a 
hydrocarbon reservoir (James and Wynd, 1965).

3. Methodology

3.1. Geomechanical parameters

The application of geomechanics in different disciplines of the petroleum industry, such 
as hydraulic fracturing, subsurface gas storage, fault reactivation, variation in permeability 
trends, and oil production, is well known (Faraji et al., 2017). Geomechanical properties play an 
important role in field development phases from drilling to production stages. Accordingly, even 
approximate knowledge about these rock properties is crucial (Zoback, 2007).

A mechanical Earth model (MEM) is a quantitative description of rock mechanical properties 
in the subsurface. MEMs could be one-dimensional (built from well-logs) or three-dimensional 
(built from 3D seismic inversion). Most MEMs are one-dimensional. The concept of using 3D 
seismic data to extend the MEM to 3D space was introduced a few years ago. The five major 
components of a MEM are (Sengupta et al., 2011):

1.	 structural model consisting of surfaces and faults from seismic data;
2.	 lithology (including the fractions of the mineral components and porosity);
3.	 elastic properties (such as ν, shear modulus, E, Bulk modulus, etc.);
4.	 rock strength (such as compressive and tensile strength);
5.	 in-situ stresses (such as overburden stress and pore pressure).
In this study, we mostly investigate elastic properties in 3D space.

3.2. Overview of available data

Available information is well logs and 3D pre-stack seismic data. There are four active wells 
in the area. Well logs consist of sonic, ρ, and check-shots. There were two reasons for choosing 
these wells. First, they have a suitable distribution in the study area. Second, more well logs were 
available from the mentioned wells.

3.3. Experimental data

A 2D sample cross-line number 1679 seismic section from the studied 3D seismic data is 
shown in Fig. 1.

3.4. Theoretical concepts

Accurate delineation and assessment of the quality of hydrocarbon reservoirs are vital for 
the development of well planning to reduce risks in selecting new drilling locations (Adeoti et al., 
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2018). This would require the integration of seismic and well data to enhance vertical and lateral 
resolution (Suslick et al., 2009).

Determining the elastic parameters inversion process of seismic data involves two main steps:
1.	 estimation of reflectivity as a function of incidence angle at each reflection boundary in 

the subsurface;
2.	 inversion of the reflectivity to estimate the corresponding elastic parameters by some 

mathematical models (Adesanya et al., 2021).
In the inversion stage, the Zeoppritz equations were used based on Aki and Richards (1980) 

approximation for PP and PS data.

3.5. Simultaneous inversion

Simultaneous inversion of seismic data is capable of converting several angle stacks to elastic 
parameters, which are capable of distinguishing lithology and pore fluids within the reservoirs 
(Goodway, 2001). Pre-stack simultaneous inversion estimates ZP, S-wave impedance (ZS), and ρ, 
which in turn can be used to predict lithology and geomechanical properties (Goodway, 2001). 
In this case, first, we transform seismic data to angle gathers as shown in Fig. 2.

Then, we estimated the ZP and ZS from the inversion algorithm and, finally, we estimated 
the Lame parameters (λ and μ). One of the most important steps to conduct the inversion 
is the first arrival picking because the slightest error in this step causes a large difference in 
results (Soleimani et al. 2018). According to Akram and Eaton (2016), there is an urgent need 
for automatic picking methods as the scale of seismic data continues to grow. There are three 
main types of first-arrival picking methods. The first and the most common is Coppens’ method 
(Coppens, 1985). It uses energy ratios within two amplitude windows to process the data. The 
second is the direct correlation method (Molyneux and Schmitt, 1999). It uses the maximum 
cross-correlation value as a criterion, which fails in data sets with a low signal-to-noise ratio. 
The third is the back-propagation neural networks method (McCormack et al., 1993). It applies 

Fig. 1 - A 2D cross-line number 1679 seismic section from the 3D seismic data. The full 3D data cube used in this study 
contains 280 in-lines and 300 cross-lines. The cross-line number 1679 is shown as sample data from the studied 3D 
cube. The top and the base of the reservoir layer are marked in this figure.
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back-propagation neural networks in first-arrival refraction event picking and seismic data trace 
editing. Many researchers have developed these methods over the years. However, the use of 
automatic methods alone, especially when the signal-to-noise ratio is low, can be accompanied 
by errors. Therefore, in this research, we used a combination of manual and automatic methods 
to increase accuracy. This means that the results of the automatic method were modified 
manually. We used the single-trace boundary detection algorithm, which is more noise-resistant. 
It can be described as follows (Pan et al., 2019):

(1)

where:

Here, Si is the boundary characteristic value of the first arrival obtained for the ith sample 
point; Sp is the amplitude of the pth point of a seismic trace. A is the sum of the amplitudes 
of n points before the current point in the same trace and B is the sum of the amplitudes of 
n points after the current point in the same trace. Before performing the inversion process, 
the correlation between the seismic trace and the synthetic trace was estimated to ensure the 
proper accuracy of the steps performed. As shown in Fig. 3, the correlation coefficient with an 
accuracy rate of 0.99% was obtained; which indicates a high accuracy in performing the inversion 
process.

Fig. 2 - Created angle gathers from the in-line 250 pre-stack seismic data using well logs in different CDPs. The maximum 
angle of incident is 40° in this study. These angle gathers are performed using 20 angle bins from 0° to 40°. The velocity 
model extracted from existing well logs was used to perform these angle gathers.
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Fig. 3 - Correlation between real seismic and synthetic traces. The wavelet used in the inversion process is shown in 
the left column. To avoid the influence of inaccurate wavelet phase estimation on seismic inversion, several wavelets 
were extracted statistically based on wellbores information. Finally, an accurate statistical wavelet was chosen with 
less error in the inversion process. The correlation coefficient obtained between synthetic and seismic traces is about 
0.99% and the error is 0.105781. Ultimately, the location of seismic horizons matches well with the real seismic trace 
and synthetic trace.

The inversion process results, including ZP, ZS, and ρ, are shown in Figs. 4a, 4b, and 4c. Other 
reservoir properties including geomechanical parameters are derived from these results. The 
geomechanical parameters used in this research are described in the following sections.

4. Elastic modulus estimation

The estimation of elastic modulus plays a very important role in the precise estimation of 
reservoir properties. The estimated elastic moduli in this research are as follows.

4.1. Poisson’s ratio

This ratio helps to verify the brittleness of a reservoir horizon, distinguishing the clean 
sand of the reservoir from the shaly sand zone and identifying the reservoir fluids. ν can be 
estimated in two approaches. The first method is using the velocity of P and S waves. This 
method is more common and has more history in scientific research. The way it is estimated 
is as follows:

(2)

Eq. 2 is based on the velocity of the seismic waves. Seismic velocity is prone to a certain 
amount of uncertainty and error, so using Eq. 2 in estimating ν also is prone to error. Therefore, 
we estimate ν merely based on P and S acoustic impedances obtained from the inversion process. 
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Fig. 4 - Subplots of 
the extracted ZP (a), 
ZS (b), and ρ (c). The 
inversion process 
was performed 
for the whole 3D 
data set. Here is 
an example of the 
obtained results for 
in-line 250. The top 
and the bottom of 
the reservoir are 
indicated in panels 
a and b. The top 
and bottom of the 
reservoir horizon are 
marked based on 
existing wellbores’ 
check shots in the 
area of study.
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We estimated ν without using the seismic velocity as follows. Multiplying the numerator and 
denominator of Eq. 2 by the squared ρ, we transform the above equation in terms of acoustic 
impedance (I) as follows:

(3)

Thus, ν is estimated accurately by taking into account the acoustic impedances without using 
the seismic velocity.

4.2. Young’s modulus

E also has a high impact on determining the brittleness as well as the geology properties of 
the reservoir (identification of clean sands from shaly sand intervals) and singling out of the 
reservoir’s fluid contents. The conventional way to calculate E is as follows:

(4)

As can be seen, similar to the ν, to calculate E, we need the P- and S-wave velocity and also 
ρ. Following the findings of Sharma and Chopra (2012), the computation of E from seismic data 
requires the availability of ρ. The computation of ρ in turn requires long offset seismic data, 
which are usually not available.

On the other hand, since in reservoir characterisations, two important parameters are ρ 
and E, we are looking for a parameter that can include both of them at the same time, and 
also it should be estimated merely based on acoustic impedance. Sharma and Chopra (2012) 
suggested the product of ρ multiplied by E leads to such purpose. Eq. 4 is based on ρ and 
velocity. Multiplying the numerator and denominator of each item in the bracket by squared 
ρ, then multiplying the left and right of Eq. 4 by the ρ, a purely acoustic impedance-based 
equation will be obtained.

This equation is as follows:

(5)

4.3. Lambda-Rho

Lambda (λ), or the first Lame parameter, is a P-wave-derived parameter known as 
incompressibility. Since fluid contributes a reasonable amount to the total resistance exerted by 
a rock to compression, a change in fluid type and saturation amount is important in determining 
the incompressibility of a rock type. A systematic change in fluid type from brine to oil and then 
to gas will lead to a significant gradual reduction in the incompressibility of a rock (Ogbamikhumi 
and Igbinigie, 2020). Its multiplication to ρ (Lambda-Rho, LR) is more useful, which can be 
calculated as follows:

(6)



158

Bull. Geoph. Ocean., 64, 149-174	 Tarasa and Riahi

LR can also be derived from P-impedance and VP/VS:

(7)

4.4. Mu-Rho

Mu (μ), or the second Lame parameter, is a P-wave-derived parameter known as rigidity. It is 
expected to have a higher value in the sand than in the shale since the sand matrix exerts greater 
resistance to shearing than the shale matrix does. Its value is not affected by the nature and 
type of fluid content in the pore spaces. Hence, the value for the brine and hydrocarbon-filled 
sand is expected to remain relatively constant. Therefore, MR, which is its product with bulk ρ is 
a proper lithology indicator with high values indicative of sand (Goodway et al., 1997). It can be 
derived from ZS as follow:

(8)

Alternatively, using ZP and VP/VS:

(9)

In this study, we have attempted to minimise uncertainties and systematic errors in necessary 
parameter calculation. Therefore, we directly use the values of impedances instead of velocity. 
In this research, Eqs. 6 and 8 were used to estimate MR and LR.

5. Discussion

5.1. A two-step screening approach

An attempt was made to propose an efficient and reliable approach to distinguish and 
evaluate suitable locations of the hydrocarbon potential along with a reservoir horizon. To meet 
this objective, the geomechanical parameters along with the reservoir horizon were estimated. 
Then, by an appropriate combination of the estimated geomechanical parameters, an integrated 
attribute was achieved, and a two-step screening approach was proposed:

•	Step 1: in this step, an integrated attribute is provided consisting of the ZP, VP/VS, ν, E, and 
MR geomechanical parameters. Then, to identify hydrocarbon potential along with the 
reservoir horizon, a screening balance was established between the integrated attribute 
value and the thickness of the reservoir horizon;

•	Step 2: in this step, to distinguish between the brine, hydrocarbon, and shale zones, the 
high hydrocarbon potential locations are screened and identified in the first step and will 
be used as input to perform five scatter plots. The scatter plots, consist of E versus ν, ZP 
versus VP/VS, ZP versus ν, MR versus LR (LMR), and MR/LR versus LR were performed. The 
workflow illustrating the stages involved in the two-step screening procedure is presented 
in Fig. 5. According to the above explanations, for the appropriate screening using different 
geomechanical parameters, the information in Table 1 is used.
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Table 1 - The relationship between seven effective geomechanical parameters with geology and fluid is classified in 
this table. The resolution of different parameters is different from each other. For example, the parameter MR would 
not distinguish between pore fluids and can only separate shale and sand. In this research, by plotting different cross- 
plots, we compare their performance.

The relationship between seven effective geomechanical parameters with geology and fluid.

	 M/L	 LR	 MR	 ν	 E 	 VP/VS	 P-impedance	 Parameter/ 
	 unit less	 Gpa × (g/cc)	 Gpa × (g/cc)	 unit less	 N/m2	 unit less	 (m/s) × (g/cc)	 Lithology

	 Very high	 Very high	 Low	 Very high	 High	 High	 Very high	 Shale

	 Low	 Low	 Higher than	 Low	 Low	 Low	 Low	 Brine sand

			   shale

	 Very low	 Very low	 Same	 Very low	 Very low	 Very low	 Very low	 Oil sand 
			   as brine

	 Much lower	 Much lower	 Same	 Much lower	 Much lower	 Much lower	 Much lower	 Gas sand 
			   as brine

5.2. Step 1 - Calculating integrated attribute, the thickness of the reservoir layer, and 
selecting the best location in terms of hydrocarbon potential

In the first step, first, we calculate the ‘integrated attribute’ by combining five different 
geomechanical parameters along with the reservoir layer consisting of P-impedance, VP/VS, ν, E, 
and MR. Then, we calculate the thickness along with the reservoir layer and plot it as a horizontal 
slice. Finally, by creating a balance between the least amount of ‘integrated attribute’ and the 
maximum amount of thickness of the reservoir layer, we select the best location in terms of 
hydrocarbon potential.

Since in calculating the integrated attribute in the software, the product of multiplying 
several slices is used, we use the word ‘horizontal slice’ for this. But in calculating the thickness 
of the reservoir layer, the difference between the depth of the upper and lower horizons of the 
reservoir is used, and, therefore, we introduce it with the term ‘horizontal map’.

5.2.1. Integrated attribute

According to the explanation of the previous section, P-impedance, VP/VS, E, ν, and MR 
values have lower values for hydrocarbon sand compared to brine sand and shale, respectively. 
Therefore, by combining all the above parameters and obtaining a single output, and plotting 
this output in a ‘horizontal slice’ for the entire reservoir, three important goals can be pursued. 
First, by having a ‘horizontal slice’ for this single output, it is possible to make a fast separation 
between different parts of the reservoir. Second, by combining the parameters, the effect 
of errors in each of the parameters can be minimised and somewhat eliminated. Thirdly, by 
multiplying these parameters together and enlarging the output numbers, we can increase the 
resolution between the high and low values of the output map and this simplifies the detection 
of the smallest values. We then introduce the final parameter designed to create the output slice 
as an ‘integrated attribute’ and calculate it as follows:

Integrated attribute = P-impedance × VP/VS × E × ν × MR.	 (10)
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Fig. 5 - The workflow illustrates the stages involved in the two-step screening procedure. Based on this workflow, 
first, the simultaneous inversion is performed. The results are ZP and ZS and ρ. Using these results, the geomechanical 
parameters such as Lame parameters, elastic modulus, and brittleness were calculated. The multi-component slice 
is part of the data that passes through the reservoir layer. The parameter used in this slice is named ‘integrated 
attribute’, which is the combination of five geomechanical parameters. Then, by using the performed two-step 
screening procedure, an evaluation of geology and fluid content in the reservoir could be assessed. Furthermore, the 
shale zone was distinguished from the hydrocarbon content in the sandstone along with the reservoir layer.

We calculate the value of the ‘integrated attribute’ using Eq. 10 for the horizontal slice that 
passes through the middle of the reservoir layer. Fig. 6 shows the output horizontal slice. According 
to this figure, the lowest ‘integrated attribute’ belongs to wells B, A, C, and D, respectively.
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5.2.2. Thickness

In the previous sections, the main reservoir layer was plotted in the whole area, using existing 
well data and the upper and lower horizons of the reservoir layer. Areas that are thicker in the 
reservoir area can have a better potential for hydrocarbon extraction. Therefore, we consider the 
thickness of the reservoir layer as an important parameter in identifying the best locations of the 
hydrocarbon reservoir and plot a horizontal map of the thickness of the reservoir layer. This map 
is shown in Fig. 7: according to this figure, the thickest reservoir layer is related to wells A, C, D, 
and B, respectively.

5.2.3. Selected location

In this research, we select a location that has a greater reservoir layer thickness and also a 
lower integrated attribute value as the ‘selected location’ and uses it in the second step. It should 
be noted that to select this location, a balance must be established between the integrated 
attribute and the thickness of the reservoir layer. Because a location that has the least amount 
of the integrated attribute does not necessarily have the maximum thickness and vice versa.

Regarding these assumptions, the position of the selected location is chosen and shown in 
Figs. 6 and 7.

5.3. Step 2: Elastic properties and scatter plot analysis

In the second step, we evaluate the selected location (Figs. 6 and 7) obtained from the first 
step vertically. By plotting several scatter plots for the selected location, we examine it in-depth 
and separate its hydrocarbon and shale ranges.

Scatter plotting is a graphical representation of the plot of two or more rock properties. It 
aids in the easy and meaningful evaluation of these rock properties (Castagna and Swan, 1997). 
Scatter plots are one of the best tools for distinguishing between sandstone and shale as well as 
reservoir fluid detection. The advantage of the scatter plot is now a commonly used technique 
in rock physics analysis as it allows for a fast and more meaningful evaluation of attributes 
(Castagna and Swan, 1997). Generally, the majority of the common lithology units and fluid 
types tend to form separate clusters in cross-plot and this helps in making a direct interpretation 
(Omudo and Ebeniro, 2005). Goodway et al. (1997) suggested four rock attributes derived from 
seismic inversion for lithology and pore fluid discrimination: VP/VS and ν, Lambda-modulus, and 
ρ, shear rigidity and ρ, and ZP. They demonstrated that Lame’s parameters (LR and MR) could be 
good pore fluid and lithology indicators, respectively.

We use the most appropriate combination of geomechanical parameters in drawing cross-
plots. It should be noted that scatter plots are usually drawn using data from wells, but we use 
the seismic data from the screened locations in the previous step. The important point here is 
proper clustering between dots. With proper clustering, good results can be obtained in the field 
of geology assessment and fluid type detection. The cross-plots used in this research are divided 
into several categories that comprehensively assess the condition of the reservoir. The cross-
plots used are given in the following sections.

In most of the similar studies that have been done before on scatter plots, proper separation 
of the dots related to the geomechanical parameters is insufficient owing to a lot of overlap 
between different clusters. Shuaib and Berguig (2022) tried to separate shale and sand using a 
P-impedance scatter plot, but the obtained clusters had relatively considerable overlap, and in 
addition, the separation was not very accurate. Larki et al. (2022) attempted to perform more 
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accurate clustering on scatter plots by applying robust boundaries for the minimum, maximum, 
and average of different geomechanical parameters like E, ν, and the bulk modulus; also in this 
approach, the dots in the scatter plots were not completely separated from each other and, due 
to the application of robust boundaries, there was the possibility of some errors. These issues 

Fig. 7 - Thickness ‘horizontal map’. The higher thickness is shown with the dark purple colour. A comparison with Fig. 
5 indicates that the higher thickness of the reservoir horizon is compatible with the lower value integrated attribute 
value marked in Figs. 6 and 7 as the selected location with better hydrocarbon potential. Therefore, the dark purple 
colour range, which has the highest thickness, is chosen as a selected location of the reservoir horizon. In choosing 
the selected location, it should be noted that both the value of the ‘integrated attribute’ and the amount of thickness 
should be considered at the same time. Selecting the location based on just one item will not necessarily lead to a 
reliable result.

Fig. 6 - ‘Horizontal slice’ of the ‘integrated attribute’. The integrated attribute is the product of five geomechanical 
parameters. The identified location with high potential hydrocarbon is marked as a selected location. This location is 
placed in the green area, which indicates a lower value of the integrated attribute.
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could result from a large number of dots. According to the design of a two-step procedure 
in this research, the dots of the scatter plots are limited to a specific location. Therefore, the 
common problems regarding clustering are solved and the dots are separated from each other 
accurately.

5.3.1. Young’s modulus versus Poisson’s ratio

Based on the previous discussions, brittle and rich reservoir represents areas with low ν and 
low E. With this assumption, we plot E versus the ν for the selected location (Figs. 6 and 7). By 
clustering this cross-plot according to Fig. 8, the dots are divided into three categories. The dots 
with low values for the E and the ν, clustered in red, are assumed to be hydrocarbon sands. Dots 
with average E values and average ν, clustered in blue, are areas with brine sand, and dots that 
have high E values and a high ν are clustered in green considered shale zone.

On the other hand, the colour bar at the right of Fig. 8 indicates time. As can be seen, the red 
dots (less time namely less depth) are in the hydrocarbon range, orange and green dots (medium 
time or depth) are in the brine sand range, and dark blue and purple dots (more time or depth) 
are in the shale range. Therefore, in this way, hydrocarbon and shale areas can be separated in 
terms of time (depth). It was thus observed that the sequence of layers is consistent with the 
geology of the area. This result is itself proof of clustering accuracy. Generally, in all cross-plots 
of this research, the clustering of dots has been done according to Table 2. Also, geomechanical 
specifications according to Fig. 8 are shown in Table 3.

5.3.2. P-impedance versus Vp/Vs

Following Datta Gupta et al. (2012) investigations, the hydrocarbon-bearing sands, exhibit 
lower VP/VS and relatively low P-impedance. Accordingly, the results obtained by plotting the 
cross-plot of the P-impedance versus VP/VS are shown in Fig. 9. As can be seen, similar to the 
previous cross-plot, the dots are clearly separated into three categories: red (hydrocarbon 

Table 2 - The dots are clustered into 3 colours. The red cluster represents hydrocarbon sand, the blue cluster represents 
brine sand and the green cluster represents shale. In some cases, the separation between gas and oil is also possible. 
In this case, gas hydrocarbon is displayed in yellow and oil hydrocarbon is displayed in a red cluster.

Lithology and fluid clusters

	 Lithology	 The background colour of the cluster

	 Hydrocarbon sand	 Red

	 Brine sand	 Blue

	 Shale	 Green

Table 3 - Geomechanical specifications according to Fig. 8.

Geomechanical specifications according to Fig. 8

	
Geology/Fluid content

	 ERho	 ν	
Colour of dots

 
		  Gpa × (kg/m3)	 Unit less

	 Shale	 20000-100000	 0.25-0.39	 Green - blue - purple

	 Brine sand	 10000-40000	 0.24-0.36	 Yellow - green

	 Hydrocarbon sand	 10000-24000	 0.13-0.28	 Red - orange
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Fig. 8 - E versus ν cross-plot for the selected location (Figs. 6 and 7). The dots are divided into 3 clusters. The red cluster 
includes mostly red dots, which have less depth and is attributed to hydrocarbon sand. The blue cluster includes 
orange and green dots, which have a moderate depth and is attributed to brine sand. The green cluster mostly 
includes dark blue and purple dots, so it has more depth and we assume it is shale. Most of the dots are located in 
the green cluster. One of the dots is not located in any of the clusters. Placing more dots inside the clusters indicates 
better performance of the scatter plot.

sand), blue (brine sand), and green (shale). Geomechanical specifications according to Fig. 9 
are shown in Table 4.

5.3.3. P-impedance versus Poisson’s ratio

The Poisson’s ratio (ν) distinguishes shale with a high value from brine sand with a lower 
value, and a much lower value will be observed for hydrocarbon-bearing sand. As we know, 

Fig. 9 - P-impedance versus VP/VS ratio cross-plot for the selected location (Figs. 6 and 7). The dots are divided into 3 
clusters. The red cluster includes red dots belonging to less depth and we assume it is hydrocarbon sand. The blue 
cluster includes orange and green dots belonging to moderate depth and it is attributed to brine sand. The green cluster 
mostly includes dark blue and purple dots belonging to more depth. We assume it is shale. Here all of the dots are 
placed inside the clusters. This may somewhat indicate a better performance of this scatter plot than the previous one.



165

A two-step screening procedure	 Bull. Geoph. Ocean., 64, 149-174

ZP is the product of P-wave velocity and ρ. Since P-wave velocity and ρ show similar behaviour 
in terms of decreasing values in the presence of hydrocarbon, the ZP will therefore be further 
reduced in the presence of hydrocarbon and it is a very good indicator for hydrocarbon sand 
separation. Hence, a reduction is expected for a change from brine to oil, or from oil to gas. 
This scatter plot is a fluid indicator because P waves are sensitive to fluid variation, whereas S 
waves are not (Krebs et al., 2009). Thus, the P-impedance versus ν cross-plot indicates a very 
high value of ν and a relatively higher value of P-impedance defining shale lithology. Brine sand 
is defined by a very low value of ν and a relatively lower value of P-impedance. The hydrocarbon 
is characterised by a relatively much lower value of P-impedance and a lower value than the 
brine-filled portion of the reservoir. The results of drawing this cross-plot are given in Fig. 10. 
In this case, the separation is much better than in other cross-plots, so we have added a new 
yellow clustering to this chart, possibly separating gas from oil. So, the gas carrier locations (red 
dots), which have less depth according to the colour bar are clustered with yellow colour and 
the oil locations (yellow and green dots), which have more depth than the gas carrier locations 
are clustered with red colour. The high resolution of this cross-plot makes it one of the best 
tools to get the desired results. Geomechanical specifications according to Fig. 10 are shown in 
Table 5.

Table 4 - Geomechanical specifications according to Fig. 9.

Geomechanical specifications according to Fig. 9

	
Geology/Fluid content

	 ZP	 VP/VS	 Colour of dots
 

		  (m/s) × (g/cc)	 Unit less

	 Shale	 9500-11000	 1.6-2.12	 Green - blue- purple

	 Brine sand	 7000-9500	 1.46-1.84	 Yellow - green

	 Hydrocarbon sand	 4000-7000	 1.28-1.7	 Red - orange

Fig. 10 - P-impedance versus ν cross-plot for the selected location (Figs. 6 and 7). A yellow cluster has been added 
to this scatter plot compared to previous cross-plots. Therefore, it can be concluded that it has a somewhat better 
resolution than the previous two scatter plots. This new cluster contains dark red dots (The least depth) and is 
attributed to gas-bearing sand.
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5.3.4. MR versus LR (LMR)

As previously discussed, λ is a function of both compression and shear properties of a material, 
whereas μ is purely a function of shear properties. As m is dependent on shear properties it is 
largely fluid-independent. This brings advantages when cross-plotting in LMR space as one axis 
remains fluid independently, unlike in conventional domains such as VP/VS versus P-impedance, 
where both axes are impacted by pore fluids (Close et al., 2015). MR gives a good separation 
between sand and shale and, hence, can serve as a good lithology discriminator in the seismic 
study field. High MR and low LR values define brine sand, whereas high MR and very low LR 
values correspond to hydrocarbon-bearing sands. The LMR cross-plot was plotted and clustered 
according to the above description and can be seen in Fig. 11. This scatter plot is one of the most 
useful cross-plots, therefore, we design different combinations of LMR cross-plots and perform 
more detailed studies.

For this purpose, we plot three-component cross-plots. In conventional cross-plots, the 
colour bar indicates time or depth. But in this type of three-component cross-plot, we use ERho 
(E´ρ) and ZP for the colour of the dots. The results are shown in Figs. 12 and 13, respectively. In 
Fig. 12, where the colour of the dots indicates the amount of ERho, the red to yellow dots are in 
the hydrocarbon range, the yellow to green dots are in the brine sand range, and the light blue 

Fig. 11 - LMR cross-plot for the selected location (Figs. 6 and 7). The red cluster (hydrocarbon sand) and blue cluster 
(brine sand) have almost the same value as MR. The green cluster (shale) has less value. It can therefore be concluded 
that the amount of MR is independent of the type of fluid inside the pores and can be used to separate shale and sand.

Table 5 - Geomechanical specifications according to Fig. 10.

Geomechanical specifications according to Fig. 10

	
Geology/Fluid content

	 ZP	 ν	
Colour of dots

 
		  (m/s) × (g/cc)	 Unit less

	 Shale	 10000-12800	 0.21-0.32	 Blue - purple

	 Brine sand	 7200-10000	 0.18-0.28	 Green - blue

	 Oil sand	 5800-7200	 0.16-0.25	 Orange - green

	 Gas sand	 4000-5200	 0.11-0.23	 Red
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to purple dots are in the shale range. It can thus be concluded that hydrocarbon ranges have 
the lowest ERho values following previous findings, and thus these areas can be identified well.

Similarly, in Fig. 13, the colour of the dots indicates the ZP. Also, in this case, the lowest ZP 
values are in the hydrocarbon range. Colour separation in this figure is better than in Fig. 12, 
and in this regard, the ZP can be a better tool for separating hydrocarbon-bearing locations. 
Geomechanical specifications according to Figs. 11, 12, and 13 are shown in Table 6.

Fig. 12 - LMR colour bar and ERho cross-plot for the selected location (Figs. 6 and 7). This is a three-component scatter 
plot. The difference with the previous scatter plot is that the colour of the dots indicates the value of ERho instead of 
time or depth. Therefore, considering that the value of ERho for shale is greater than brine sand and hydrocarbon sand 
respectively, this third component can be used as a criterion for scatter plot validation. As can be seen, by changing the 
colour of the clusters from red to green (hydrocarbon to shale), the colour of the dots changes from red to dark blue 
and purple, which indicates an increase in the amount of ERho and shows the accuracy of the clustering.

Table 6 - Geomechanical specifications according to Figs. 11, 12, and 13.

Geomechanical specifications according to Figs. 11, 12, and 13

	
Geology/Fluid content

	 MR	 LR	
Colour of dots

 
		  GP × (g/cc)	 Gpa × (g/cc)

	 Shale	 20-40	 36-52	 It depends on the

	 Brine sand	 14-50	 14-50	 colour-bar parameter

	 Hydrocarbon sand	 14-50	 7-15

5.3.5. MR/LR versus LR

As shown in Figs. 11 to 13, in those cross-plots, LR makes a good distinction between shale 
and sand, as well as between hydrocarbon and brine. But the MR values are close and, therefore, 
have a low resolution (MR is not a fluid indicator). So, we designed a new parameter that has 
more resolution for fluid detection. This new parameter is the result of dividing MR by LR.

According to Table 1, the presence of shale will be associated with the maximum amount 
of MR and the minimum LR, so the product of dividing MR by LR for shale will have a minimum 
value and this ratio will increase for brine, oil-sand, and gas-sand, respectively. With this idea, the 
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Fig. 13 - LMR colour bar: P-impedance cross-plot for the selected location (Figs. 6 and 7). This is a three-component 
scatter plot. Here, the P-impedance is considered the third component. It is known that the P-impedance for shale 
is higher than brine sand and hydrocarbon sand, respectively. This difference was used to validate the scatter plot. 
According to this figure, the colour of the ellipses varies from red (less P-impedance values) to dark blue and purple 
(more P-impedance values) as the cluster colour shifts from red to green (hydrocarbon to shale). Therefore, by 
increasing the ZP values, the hydrocarbon area moves to shale, which is the theoretical reality and this issue can help 
to validate the scatter plot.

Fig. 14 - MR/LR versus LR cross-plot for the selected location (Figs. 6 and 7). This is probably the best scatter plot of the 
other scatter plots presented in this research. Because in addition to creating a good separation between shale and 
sand, it also provides the possibility of distinguishing between gas and oil. All of the dots are located inside the clusters 
and the distance between the clusters is such that it has a high resolution. The colour of the dots in the clusters 
changes from red to purple, respectively, indicating an increase in depth from gas hydrocarbon to shale.

cross-plot for MR/LR versus LR was plotted and is shown in Fig. 14. As can be seen, the separation 
with this parameter is so good that the gas hydrocarbon (yellow cluster) is also singled out. In 
terms of depth, clustering is also compatible with geology. Hence, the red dots (lowest depth) 
are in the gas hydrocarbon range, the yellow, orange, and green dots (more depth) are in the 
oil and brine range, and the dark blue and purple dots (maximum depth) are in the shale range. 
Due to the importance of this scatter diagram, we plotted it in a wider range, which included 10 
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in-lines and 10 cross-lines to the centre of the ‘selected location’. The results are shown in Fig. 
15. In this case, more than 90% of the dot symbols fall into distinct clusters. Therefore, it can be 
concluded that among all cross-plots drawn in this research, this cross-plot drawn with MR/LR 
parameter has the best results. Geomechanical specifications according to Figs. 14 and 15 are 
shown in Tables 7 and 8.

Table 7 - Geomechanical specifications according to Fig. 14.

Geomechanical specifications according to Fig. 14

	
Geology/Fluid content

	 MR/LR	 LR	
Colour of dots

 
		  Unit less	 GPa × (g/cc)

	 Shale	 0.3-1.4	 34-40	 Dark blue - purple

	 Brine sand	 0.2-1.8	 26-30	 Yellow - green

	 Oil sand	 0.2-2.1	 12-22	 Orange - green

	 Gas sand	 0.2-2.8	 4.5-5.5	 Red - orange

Table 8 - Geomechanical specifications according to Fig. 15.

Geomechanical specifications according to Fig. 15

	
Geology/Fluid content

	 MR/less	 LR	
Colour of dots

 
		  Unit less	 GPa × (g/cc)

	 Shale	 0.4-1.8	 17.5-24.5	 Blue - purple

	 Brine sand	 0.4-3	 11-17	 Green - dark blue

	 Oil sand	 0.4-4	 4.5-12	 Orange - yellow - green

	 Gas sand	 3.8-9	 2-4.5	 Red - orange

Fig. 15 - MR/VS LR cross-plot. This scatter plot is provided for a range of 10 in-lines and 10 cross-lines to the centre of 
the ‘selected location’ indicated in Figs. 6 and 7. In this figure, by varying the colour of the dot symbols from red to 
purple, the time (depth) increases. The red-to-orange colour shows the gas sand cluster. The orange-to-green colour 
indicates the oil sand cluster. The light blue to dark blue colour indicates the brine sand cluster. The purple colour 
shows the shale cluster. Obviously, due to the expansion of data volume in this figure, some symbols do not fit inside 
the clusters. Note that more than 90% of the dot symbols fall into distinct clusters.
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Fig. 16 - Inverted P-impedance versus Well A P-impedance cross-plot. The obtained dots have a correlation coefficient 
of 0.92016. The slope of the regression line is equal to 0.708501, which means that the angle of the regression line is 
approximately 35°. If the value of the inverted P-impedance and Well A-P impedance were the same, the regression 
line was plotted at a 45°-angle. Thus, there is only less than a 10° difference from the ideal state.

5.4. Validation

The obtained results were examined by plotting the P-impedance from simultaneous inversion 
versus existing wells’ P-impedance log in a scatter plot. The choice of ZP as a validation criterion 
is because this parameter is the basis for extracting other results and therefore it is a suitable 
option for validation. The result is shown in Fig. 16. According to this figure and regression line, 
the extracted ZP has a correlation of 0.92016 with the data obtained from the existing well logs, 
which indicates the high accuracy of the outputs.

6. Conclusions

This present study was carried out to predict the higher hydrocarbon potential zones of 
a reservoir layer using 3D seismic data and integrated attributes in a two-step procedure. In 
addition, the shale zone of the reservoir is designated from hydrocarbon-bearing zones using 
scatter plots. An important point in this study is designing a detailed map to quickly evaluate the 
best locations of the reservoir in terms of hydrocarbon potential. This is particularly interesting 
because in most of the previous studies, the investigation of the reservoir requires the use of 
several well logs and multiple seismic sections, and evaluating them separately is complicated 
and time-consuming. We overcame this issue by using a multi-component ‘horizontal slice’ of 
the ‘integrated attribute’. In a short period of time, we can therefore have an accurate evaluation 
of the hydrocarbon reservoir. On the other hand, we evaluated the location determined through 
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the horizontal slice vertically, using 5 scatter plots. All five cross-plots showed good results in 
separating shale from hydrocarbon, but some of them had more accurate results. We also solved 
the dots separation problem in scatter plots by using a two-step procedure. It is worth mentioning 
that the accuracy of this procedure is directly dependent on the accuracy of the inversion steps. 
In this regard, several wavelets and various velocity models were produced and subjected to 
inversion testing. The correlation of inversion in different modes varied from 0.79 to 0.92. Finally, 
the most accurate setting was chosen to carry out the inversion and to continue the study steps. 
Considering the results of the MR/LR versus LR, and ZP versus ν scatter plots, we found that this 
method is capable of properly distinguishing between brine, oil, and gas-bearing intervals. The 
validity of the method is verified by comparing our results and the existing information from 
the four wells. Our method is used to investigate the reservoir layer both laterally and vertically 
for evaluating the zones with higher hydrocarbon potential before the drilling operation and 
field development plan. There is a trade-off between the reservoir layer’s maximum thickness 
and the “integrated attribute’s” minimum value. We selected a balance between these values 
qualitatively, using horizontal slices.

7. Future developments for this study

We suggest analysing the trade-off between the maximum thickness of the reservoir layer and 
the minimum value of the ‘integrated attribute’ mathematically for faster implementations in 
future studies. Also analysing the results using a genetic algorithm attached to neural networks, 
can make this procedure faster and more accurate. It is also suggested to conduct more studies 
on the parameter proposed in this study MR/LR, versus other geomechanical parameters in 
scatter plots to check its efficiency.
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