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Abstract
Geoscientific evidence shows that various parameters such as compaction, buoyancy effect, hydrocarbon maturation, gas 
effect and tectonic activities control the pore pressure of sub-surface geology. Spatially controlled geoscientific data in the 
tectonically active areas is significantly useful for robust estimation of pre-drill pore pressure. The reservoir which is tectoni-
cally complex and pore pressure is changing frequently that circumference motivated us to conduct this study. The changes 
in pore pressure have been captured from the fine-scale to the broad scale in the Jaisalmer sub-basin. Pore pressure variation 
has been distinctly observed in pre- and post-Jurassic age based on the current study. Post-stack seismic inversion study was 
conducted to capturing the variation of pore pressure. Analysis of low-frequency spectrum and integrated interval velocity 
model provided a detailed feature of pore pressure in each compartment of the study area. Pore pressure estimated from well 
log data was correlated with seismic inversion based result. Based on the current study one well has been proposed where 
pore pressure was estimated and two distinguished trends are identified in the study zone. The approaches of the current study 
were analysed thoroughly and it will be highly useful in complex reservoir condition where pore pressure varies frequently.

Keywords Pore pressure · Seismic inversion · Clastic and carbonate reservoir

1 Introduction

The current study has been concentrated in the Jaisalmer 
sub-basin area of Rajasthan basin (Fig. 1). The Jaisalmer 
sub-basin is a matured basin for hydrocarbon exploration. 
It has been assumed that hydrocarbon has migrated from 
the Indus basin (Bourah 2010) to the Rajasthan basin in the 
Cretaceous age. Six major geological formations are present 
in this area namely, Goru, Pariwar, Bedesir-Baisakhi, Jais-
almer, Lathi and Shumarwali.

The reservoir character of this area is the culmination of 
clastic and carbonate sequences (DGH). Both clastic and 
carbonate sequence acts as a reservoir rock in the Jaisalmer 

sub-basin. The Jaisalmer limestone is a carbonate sequence 
and the impactful reservoir for this basin (GSI report on 
a petrographic study by Bhushan, 1966). A comparatively 
thin section of the shale unit of Bedesir-Baisakhi forma-
tion acts as a cap rock of this limestone reservoir. It has 
been observed that there are lack of significant hydrocarbon 
explorations in this sub-basin area due to the complex reser-
voir structure and presence of discrete facies. This set-up is 
related to major tectonic activities in this area (Biswas 1987, 
2012) (Fig. 2). Generally, pore pressure in normal condi-
tions is in the hydrostatic state of water stored in the pore 
system. Any kind of deviation from this hydrostatic pore 
pressure gradient will be tricky for drilling of an explora-
tory well. This deviation is known as abnormal pressure, 
which can be more or less of the hydrostatic pore pressure 
gradient. This phenomenon generates due to various reasons 
such as compaction, density differentiation of rock particles, 
fluid transportation or digenesis process (Oil field review). 
Abnormal overpressure is involved in the hydrocarbon-
bearing reservoir where one zone sealed from other zones 
based on the structural and depositional configuration of 
the reservoir (Singha and Chatterjee 2014; Merey 2020; 
Hussain and Ahmed 2017). It is observed that pore water 
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trapped in rock pore space and the seal created before pore 
water is eliminated from the pore space of reservoir rock 
and as a consequence overpressure is developed (Das and 
Chatterjee 2018). Other possibilities to create subnormal or 
low-pressure zone are where the water table is quite deep 
(approximately below more than 300 m) or in the deple-
tion stage of the hydrocarbon-bearing reservoir. It may be 
noted that not maintaining the reservoir pressure or leakage 
in reservoir rock is also the cause of low pressure due to the 
high production of hydrocarbon fluid (Singha et al. 2014).

The current study is related to geomechanical and petro-
elastic property analysis of the reservoir (Adouani et al. 
2019). This study has been focused on the area where the 
chance of discovery for the newly proposed drill well is 
high. The basic idea of estimation of pore pressure has been 
framed based on famous effective stress law of Terzaghi’s 
and Biot’s (Terzaghi et al. 1996; Biot 1954). This effective 
stress law states that the pore pressure of a formation can be 
estimated based on overburden and effective stress. Most of 
the pore pressure estimation is conducted based on well log 
data where overburden stresses are estimated based on bulk 
density logs. The effective stresses are calculated from resis-
tivity, P-sonic or compressional velocity and bulk density 
log data (Zhang 2011). Use of drilling parameters is a signif-
icant step for stress estimation. A theoretical model (Zhang 
2011) was introduced between pore pressure and porosity 
based on the pressure generation mechanism for estimating 
pore pressure from well log data. Pore pressure was esti-
mated using 2D seismic and relevant well log data (Noori 
et al. 2014) with the help of Eaton’s (Eaton 1969, 1972) 
and Bower’s relation (Bowers 1995, 2001, 2002). Distinct 
pore pressure variations were observed in an unstable zone 

with the presence of folding and faulting structure (Qays and 
Wan 2015). Real-time pore pressure measurement is another 
milestone under this segment (Zhang and Yin 2017). Resis-
tivity, P-sonic travel time or corrected d-exponent methods 
are the major procedure for the real-time measurement.

In this study, we have considered both structural and sedi-
mentary component together through 3D post-stack seismic 
inversion analysis. Wide range of structural complexity with 
faults and high aperture fractures is observed in our study 
area. The current study has shown the pore pressure varia-
tion with geological age. Detailed analysis of seismic low-
frequency model and integration between seismic and well 
log analysis has produced a robust result in the field of pore 
pressure estimation in our study.

It has been found that all the three wells are not hydro-
carbon bearing. Although the signature of residual oil is 
identified in the well Study_R1 and Study_B1. The pres-
ence of residual oil probably developed due to leakage in the 
reservoir. The presence of a water table in the deeper strata 
has been identified which can replace the hydrocarbon of the 
reservoir through the leakage due to pressure differences. 
This is another interesting part to take this study. Useful 
information is accumulated from drilled well data, geologi-
cal study and seismic data for conducting this study. Rel-
evance and correctness of available information are analysed 
for pore pressure analysis based on the geological setting of 
the study area. The significant result of this study states the 
importance of post-stack seismic inversion. Other than post-
stack seismic inversion, three wells (Study_R1, Study_ST1 
and Study_B1) are considered to estimate the pore pressure 
in this study. All three wells are vertically drilled. Significant 
focus on low-frequency and ultra-low frequency model in 

Fig. 1  The study well locations are placed in the geographic map of the Jaisalmer sub-basin a part of Rajasthan basin
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seismic inversion study establish a good correlation of pres-
sure trend in between the study wells. The integrated results 
show the importance of the present adopting approach in 
high tectonically active areas. The study shows the changes 
in formation and fracture pressure in the Jaisalmer carbon-
ate reservoir. The pressure variation captures the variation 
of rock physical and petrophysical properties of the reser-
voir. Pore pressure variation in pre- and post-Jurassic age 
is significantly observed from this study with depositional 
history. This full phase work will represent the holistic view 
of the complex sub-surface geology of the reservoir with all 
reservoir components.

2  Methods and data used

2.1  Pore pressure estimation

In these three drilled study wells, all necessary data are 
available to conduct this study. Available data are men-
tioned in Table 1 as a summary form.

All three wells are vertically drilled. All three wells 
were drilled more than 2000 m and well log data were 
collected up to drilled depth (TD). Our study zone was 
selected from the Bedesir-Baisakhi formation to the top 
of the Lathi formation. The selection was made based on 
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Fig. 2  The study area has been marked over a tectonic and sedimentary map of the Jaisalmer sub-basin, a part of the Rajasthan basin (modified 
after Pandey et al. 2009a, b)



 Petroleum Science

1 3

changes in the geological age such as the Jurassic to the 
Cretaceous.

All processed field acquired well log data was petro-
physical corrected, and the bad hole or spurious data were 
removed prior to the pore estimation process. The relevant 
well log data of two wells (Study_R1 and Study_B1) cov-
ers the full zone of study, i.e. from the top of Bedesir-
Baisakhi to top of Lathi formation. However, useful well 
log data for Study_ST1 well is limited to the Bedesir-Bai-
sakhi formation only. All three wells were used for seismic 
inversion study.

Various approaches were adopted for pore pres-
sure measurement based on available well data. These 
approaches are based on velocity and or resistivity param-
eters of the reservoir formation due to under compaction. 
It was observed that distinct pressure changes are present 
between the shale section and the non-shale section in the 
study area. These are due to grain size differentiation in the 
formation which is related to fluid mechanics. Although 
this study was concentrated only on the Bedesir-Baisakhi 
clastic and the Jaisalmer limestone formation which comes 
under non-shale classification; however, cumulative effects 
of shale section can be experienced. Table 2 is showing 

the depths encountered by well Study_R1, Study_ST1 and 
Study_B1 for major markers in the study area.

Clastic rich deep Shumarwali formation was drilled by 
both the well—Study_R1 and Study_B1, whereas Study_
ST1 was drilled up to lower part of the Jaisalmer formation. 
Figure 3 shows a correlation between major formations of 
three wells in the study area through conventional well log 
data. Distinguished lithological variation has been observed 
with depth.

The oldest drilled well of the study area was Study_R1, 
the GR log of the well shows (Fig. 4) the prominent changes 
in lithology. A fine level of lithology classification was car-
ried out based on the cut-off of GR log which shows the 
sandstone and limestone dominance in the Bedesir-Bai-
sakhi and the Jaisalmer formation (Fig. 5). The Jaisalmer 
formation was mainly deposited by fossiliferous limestone 
with few portions of the intercalation shale and sandstone 
section. This lithological variation provides a strong back-
ground of pressure changes in reservoir formation which 
is also related to overburden stress. We have estimated the 
overburden stress for pore pressure estimation and fracture 
gradient calculation through a curve matching process. This 
estimation was restricted in the Jaisalmer formation only. 
Equation 1 was used for the estimation of overburden stress 
in the form of vertical stress. Initially, the differential vari-
ation of formation density with depth was estimated and in 
the next stage, the variations were integrated to capture the 
full variation of stress according to the following equation 
(Zang and Stephansson 2010; Najibi et al. 2017; Alam et al. 
2018).

where σv is considered as vertical stress, whereas ρ is density 
and g is considered as acceleration due to gravity.

Pore pressure can be measured from direct methods 
such as MDT. Apart from the direct method, it can be 
measured based on well log data which are related to 

(1)�v = ∫
z

0

�(z) ⋅ g ⋅ dz

Table 1  Available dataset in the study area for conducting pore pressure study

Well name/other data Nature of data Availability

Well Study_R1 1. Open Hole well log data—GR, RHOB, LLD, NPHI, DT, CALI 1. Available
2. Pressure data 2. Available

Well Study_ST1 1. Open Hole well log data—GR, RHOB, LLD, NPHI, DT, CALI 1. Available
2. Pressure data 2. Available

Well Study_B1 1. Open Hole well log data—GR, RHOB, LLD, NPHI, DT, CALI 1. Available
2. Pressure data 2. Not available

Report Well details in form of well Study_B1 completion report Available
Map and reports Geological information—structural, stratigraphical and lithological etc. Available
Post-stack seismic Seismic along with the velocity Available

Table 2  Major markers encountered by well Study_R1, Study_ST1 
and Study_B1 in the study area

Well name Formation name Depth in MD, m

Well Study_R1 Bedesir-Baisakhi 745
Well Study_R1 Jaisalmer 1225
Well Study_R1 Lathi 1694
Well Study_ST1 Bedesir-Baisakhi 1137
Well Study_ST1 Jaisalmer 1533
Study_ST1 Lathi 2057
Study_B1 Bedesir-Baisakhi 736
Study_B1 Jaisalmer 1210
Study_B1 Lathi 1690
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porosity (LLD, DT, etc.) for shale formation. In the Jais-
almer formation, intercalation of shale formation with the 
Jaisalmer limestone is found. The power law was used for 
vertical stress calculation based on curve matching proce-
dure. This law captures the relative changes between two 

variables (Reed-Hill et al. 1995; Keller et al. 2014). Equa-
tions 2 and 3 are used for this purpose where extrapolation 
of density log estimated available density log of different 
depth to mudline for curve matching is given by (Zhang 
2011)

where Φnp is considered as porosity in normal pressure con-
dition in the shale section and φs porosity of shale in surface 
condition; K is constant and σv is vertical stress

where σov is considered as overburden stress and Pp is known 
as pore pressure.

Equations 2 and 3 can be converted to following expres-
sion based on power law

where WD = water depth and AG = air gap; ρx, A and α are 
fitting parameter for curve matching.

Velocity and porosity are related to effective stress. It can 
be said that the velocity of the formation increases due to a 
decrease of formation rock porosity which is related to the 
loading of sediments of the formation, whereas the same 
will increase in normal compaction scenario at the bound-
ary of different grain density of the formation (Dasgupta 
et al. 2016). It has been observed that velocity increases 
with depth in normal pressure conditions and this trend line 
is known as normal compaction trend line (NCTL) which 
is also known as hydrostatic pressure (Hottman and John-
son 1965). DT (P-sonic) log is used for velocity estimation 
purposes at well level, whereas seismic velocity is used 
for spatial control purposes towards NCTL measurement 
(Pennebaker 1968). NCTL is a standard compaction trend 
line and any deviation from this line is known as changes 
of pressure. Since velocity is an important parameter for 
pore pressure measurement through compaction analysis 
hence effective stress can be estimated from total stress and 
pore pressure using a variation of velocity (Terzaghi and 
Peck 1948). Using Eq. 5 effective stress is calculated using 
(Zhang 2011)

where σ′ is considered as effective stress, whereas σv is the 
total stress (considered vertical component) and Pp is pore 
pressure.

Eaton’s method was used here to estimate the pore pres-
sure. P-Sonic velocity was directly measured from field and 
deviation w.r.t NCTL was captured to estimate the pore pres-
sure variation (Eaton 1975). Using following expression, 
overburden stress (vertical component) was estimated in 

(2)�np = �s exp
(
−K�v

)

(3)�np = �s exp
(
−K

(
�ov − Pp

))

(4)P = �x + A ∗ (TVD-WD-AG)�

(5)�� = �v−Pp

Fig. 3  Distinguishable geological features have been identified 
through the well correlation of study wells (Study_R1, Study_ST1 
and Study_B1) in between the Jaisalmer and the Lathi formation
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connection with a variation of velocity (Eaton 1972, 1975; 
Das and Chatterjee 2018).

where Pnorm is normal hydrostatic pressure and Vnorm is 
showing the corresponding velocity of the particular depth; 
V is the measured velocity at a particular depth.

Replacing Eq. 5 in Eq. 6 with effective stress term (Eaton 
1972, 1975; Zhang 2011)

where n is known as Eaton exponent and its value is consid-
ered as 3. After the estimation of pore pressure values, the 
NCTL has been modified based on measured pore pressure 
information to get the robust pore pressure estimation of the 
formation for the study wells. This outcome was calibrated 
from mud weight, formation pressure and fracture pressure 

(6)��
v
=

(
�v − Pnorm

)
∗
(
V∕Vnorm

)n

(7)Pp = �v −
(
�v − Pnorm

)
∗
(
V∕Vnorm

)n

data with the help of LOT/FIT data (leak of test/formation 
integrity test) for the wells Study_R1 and Study_ST1. LOT 
data are available in nearby offset well of Study_R1. To esti-
mate the formation pressure, RFT (repeat formation tester) 
was carried out through RDT (reservoir description tool) in 
the well Study_B1. These data were used to calibrate out-
come of this study in the well.

2.2  Fracture pressure estimation

Hubbert and Willis (1957) have invented a perception on 
minimum injection pressure. This perception was used by 
Eaton (1969) towards estimation of fracture gradient with 
the help of Poisson’s ratio (Zhang and Yin 2017).

(8)FG = �∕(1− �) ∗
(
OBG −Pp

)
+ Pp

Fig. 4  Significant changes in the finer level of the geological formations have been captured with depth through GR (gamma-ray) log data varia-
tions in Study_R1 well
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FG is the fracture gradient; ν is Poisson’s ratio; OBG is over-
burden stress and Pp is pore pressure.

Poisson’s ration was estimated based on following expres-
sion (Hussain and Ahmed 2017).

Equation (9) shows that for capturing the lithological vari-
ations such as sandstone, shale and limestone is crucial for 
estimation of Poisson’s ratio hence same also consider for 
estimation of fracture gradient from Eaton’s method in uni-
axial stress scenario (Zhang and Zhang 2017).

The following expression was also incorporated in this 
study for estimating of fracture pressure (Hussain and 
Ahmed 2017) based on Poisson’s ration, overburden pres-
sure and pore pressure.

P-sonic was available in all three wells; however, S-sonic 
or S-velocity data were available in Study_B1 well only. 
S-velocity data for the well Study_R1 and Study_ST1 well 
were estimated based on empirical relationship (Hussain 
and Ahmed 2017; Mathew and Kelly 1967). We have used 
three empirical relations to get the best fit option such as 
Greenberg and Castagna (1992), Freund (1992) and Krief 
(1990). The relations are mentioned below (Hussain and 
Ahmed 2017).

(9)� = 1∕2 ∗
(
V2
p
− 2V2

s

)
∕
(
V2
p
−V2

s

)

(10)FP = 3 � ∗ 3 �∕2(1− �) ∗
(
OBP −Pp

)
+ Pp

Greenberg and Castagna relation:

Freund relation:

Krief relation:

However, based on lithology of the study area and grains 
size of rock sample Greenberg and Castagna (1992) was 
most relevant for estimating S-wave velocity (Fig. 6). Few 
points of P-sonic data were badly affected in the bottom part 
of Bedesir-Baisakhi formation in Study_ST1 well. These 
badly affected points were removed and based on Gardner’s 
relation (Gardner et al. 1974) these points are replaced with 
estimated P-sonic values where both the constants of Gard-
ner’s relation (a and b) are considered as 0.31 and 0.25, 
respectively.

LOT data were collected from the offset well of Study_
R1 which was used to calibrate with measured fracture 
pressure from Eaton’s method. Leak of test data shows 
good correlation between measured and acquired estima-
tion of fracture pressure.

(11a)Vs (km/s) = 0.8042Vp − 0.8559

(11b)Vs (km/s) = 0.763Vp − 0.603

(11c)V2
s
(km/s) =

(
V2
p
− 4.894

)
∕2.033

Fig. 5  Identification of lithofacies in the study well based on GR (gamma-ray) log cut-off; the figure shows the presence of sandstone, limestone 
and shale in between study zone from the Bedesir-Baisakhi to the Jaisalmer formation
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2.3  Seismic inversion study

Variations of pore pressure in the study area of the Jurassic 
and the Cretaceous age were estimated from drilled well 
data. Estimation of pore pressure from drilled well data was 
restricted to a certain position. To get the overall picture 
of pressure variation in the study area, a good correlation 
between drilled well data and spatially controlled data is 
required.

In this study, we have used post-stack seismic inversion 
result as spatial controlled data. Seismic inversion is a pro-
cess which converts interface property to a layer property of 
sub-surface geology. In the study area, seismic data quality 
is considered as moderate to the fair. Seismic data develop 
an unbiased lithological correlation in between drilled well 
areas. In this study, post-stack seismic inversion result was 
used widely for identifying the proposed location based on 
pressure estimation of a different lithological unit. A feasi-
bility study was conducted before conducting a post-stack 
seismic inversion analysis. The following data (Table 3) was 
used for the post-seismic inversion study.

Table 3 shows the possibilities of seismic inversion study 
for both pre-stack and post-stack. However, due to poor data 
quality in offset seismic only post-seismic inversion study 
was carried out. Estimated S-sonic based on empirical 
relation may produce biases in the result particularly away 
from the drilled wells. The judgement of data quality was 
performed based on feasibility study of the various angle 
stack seismic data. Amplitude-frequency spectrum analysis 
has represented limited response in the reservoir section for 
angle stack seismic data. Amplitude spectrum analysis has 
produced frequency distribution of the full stack seismic 
data which is varying from 8 to 67 Hz. The distribution 
pattern shows a considerable variation of frequency in the 
study zone.

The necessary petrophysical properties (φ and Sw) were 
estimated in connection with pore pressure estimation 

towards identifying the prospective location. The estima-
tion of petrophysical parameters is equally essential for the 
analysis of seismic inversion result.

Another major rock property for hydrocarbon identifica-
tion is petrophysical property. All three wells (Study_R1, 
Study_ST1 and Study_B1) were used for estimating the 
petrophysical properties.

Post-stack seismic inversion (PSSI) was performed to 
transform the stacked seismic data into quantitative rock 
physics parameters with developed integrated earth model. 
Seismic inversion study changes the amplitude-based seis-
mic data to acoustic impedance which helps in depicting 
the heterogeneity of the reservoir (Fig. 7). Acoustic imped-
ance is a rock property and it gives more extensive structural 
and stratigraphy information. PSSI is mainly of four types 
namely, Constrained Sparse-Spike Inversion, Model-based 
inversion, Bandlimited impedance inversion, Coloured 

Fig. 6  Graphical representation of estimated S-velocity from P-velocity based on empirical relationship; "Blue" line shows S-velocity estimation 
based on Greenberg-Castagna empirical relation; "Orange" line shows S-velocity estimation-based Freund empirical relation; S-velocity estima-
tion based on Krief empirical relation generates through "Grey" line; a the relation of the well Study_R1; b the relation of the well Study_ST1

Table 3  Available dataset in the study area for conducting seismic 
inversion study

Well name/other data Type of data Availability

Well Study_R1 Compressional Sonic (P-sonic) Yes
Shear Sonic (S-sonic) No
Density (RHOB) Yes

Well Study_ST1 Compressional Sonic (P-sonic) Yes
Shear Sonic (S-sonic) No
Density (RHOB) Yes

Well Study_B1 Compressional Sonic (P-sonic) Yes
Shear Sonic (S-sonic) Yes
Density (RHOB) Yes

Pre-stack Seismic Angle stack data Yes
0°–15°
15°–30°
30°–45°

Post-stack Seismic Full stack seismic data Yes
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inversion (Maurya and Sarkar 2016). The seismic inverted 
volume has produced a high-resolution image of sub-surface 
geology and it does not suffer from the interference problem. 
The seismic inversion study was carried out based on the 
zero-phase wavelet to make the solution unique and to match 
the frequency and phase in between well and seismic data. 
Initially, the wavelet was estimated based on well to seismic 

tie in the study zone of a single study well (Study_R1). The 
final wavelet was estimated based on multi-well wavelet 
analysis of Study_R1, Study_ST1 and Study_B1 (Fig. 8). 
The estimated wavelet of each tie was compared for final 
wavelet selection. The well to seismic tie primarily concen-
trated in and around of the Jaisalmer formation as a major 
target of the study zone.

Fig. 7  The figure shows the overall sub-surface geological set-up of the tectonic and sedimentary part in the study region through post-stack 
seismic and conventional well log data; a interpreted post-stack seismic section has been represented through the study well; b well correlation 
has been represented in between study wells (Study_R1, Study_ST1 and Study_B1) with the help of conventional log data; to capture the struc-
tural variability below Bedesir-Baisakhi formation it has been flattened at well top level for each well
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PSSI is based on reflectivity equation and on one-dimen-
sional convolution, i.e. t = x * s. P-impedance model can 
be calculated from the reflectivity equation but as a band-
limited wavelet eliminates the low-frequency component so 

to regain the low frequency an initial P-impedance model is 
generated from well log data. Supposing reflectivity to be 
0.1 and using equation Mpj = ln (Zpj), the reflectivity can be 
written as S = 1/2DMp or in matrix shape:

Fig. 8  The figure shows the well to seismic tie operation for generating time-depth relation and extraction; this is the example of the well Study_
R1, where Amplitude and Phase spectrum have been represented and 0.798 correlation coefficient has been achieved for the well Study_R1

Fig. 9  Workflow for conducting post-stack seismic inversion
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1-D convolution model, t = x * s can also be written in 
matrix shape as:

Combining of the equations for post-stack inversion is rep-
resented as:

where T is stacked seismic trace, X is wavelet matrix in (13), 
D is the derivative matrix in (12) and Mp is the natural loga-
rithm of P-impedance.

Initially, we have used the initial impedance model and 
with the information of seismic trace and extracted seismic 
wavelet, Mp is estimated using standard matrix inversion 
(Moosavi and Mokhtari 2016).

We have used the following workflow (Fig. 9) to conduct-
ing model-based post-stack seismic inversion.

3  Result and discussion

The study was taken up to establish the chances of success 
for hydrocarbon exploration in the study area. Structural 
complexity has been observed in the study area. Frequent 
changes of structural set-up in the sub-surface geology 
make it difficult in successful exploration. Analogue study 
of nearby areas shows the maturity of the petroleum sys-
tem. We have seen the encouraging result for hydrocarbon 
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exploration in rock property and petrophysical property for a 
tight reservoir in the study area. In this case, geomechanical 
properties such as pore pressure and fracture pressure can 
play a vital role in capturing the reason behind unsuccess.

We have estimated both pore and fracture pressure from 
well data in the current work. This estimation shows a good 
relationship with seismic inversion based result. The study 
results show different level of correlation at well position. 
The well level correlation has been developed based on 
acoustic impedance vs pore pressure and fracture pressure. 
Well correlation between acoustic impedance and pressure 
(pore and fracture) shows a distinct separation between pre- 
and post-Jurassic age. Bedesir-Baisakhi formation comes 
under the Cretaceous age (pre-Jurassic), whereas the Jais-
almer formation considers in the Jurassic age (post-Jurassic). 
Here, the Jaisalmer limestone formation acts as a regional 
marker for separating two different depositional units such as 
clastic and carbonate. Other than depth porosity and veloc-
ity both are related to effective stress. It has been observed 
that sometimes porosity is not decreasing with depth due 

Fig. 10  The theoretical diagram shows the mechanism for the generation of overpressure for loading and unloading directional changes through 
variations of porosity and velocity with effective stress
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 (m
/s

)

Fig. 11  Variation of estimated effective stress with the P-wave veloc-
ity has been presented here to characterize the loading and unloading 
system in the well Study_R1
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to small increment of effective stress with depth in respect 
to normal compaction scenarios. A relation between com-
pressional velocity and effective stress has been observed 
which shows that increment of compressional velocity with 
effective stress.

Figure 10 shows the overpressure mechanism, which 
shows the variation of velocity and porosity with effective 
stress. Generally, it observes two types of procedures for 
the overpressure mechanism. The first one is related to the 
variation of porosity with a fast depositional activity which 
considers as under-compaction and overpressure mecha-
nism is related to the loading of sediments. The second 
type of overpressure mechanism is related to the variation 
of velocity instead of porosity, and it is mostly related to 
the repeated acts of pressure mechanism on the zone. This 
kind of activity usually observes during the unloading of 
sediments. Current interpretation suggests that the overpres-
sure mechanism of this area is related to the first one which 

related to the loading of sediments. We have found a sup-
ply of sediments with different grain size with geological 
age. Distinct changes of pore pressure at the interface of the 
Bedesir-Baisakhi and the Jaisalmer formation support the 
analogy of type one overpressure mechanism through the 
influx of sediments in the study zone. A composite plot of 
between compressional velocity and effective stress (Fig. 11) 
shows the type one overpressure mechanism at well level in 
the study area.

Eaton’s method was used to estimate the pore and fracture 
pressure (Dasgupta et al. 2016) for all three wells (Study_
R1, Study_ST1 and Study_B1). NCTL was evaluated for 
the establishment of generalized normal compaction trend. 
Conditioning of well data was an essential step for this study. 
Good quality data were accumulated from the well Study_R1 
and Study_B1; however, moderate data quality was observed 
in the well Study_ST1 data. The moderate quality of data 
of the well Study_ST1 has been observed after conditioning 

estimation from

Fig. 12  The figure shows the variations of different pressures (pore pressure, fracture pressure and overburden stress) with depth in the study 
zone; a variations of pressures (pore pressure, fracture pressure and overburden stress) with depth has been represented for the well Study_R1 
for whole study zone; LOT data have been draped over estimated fracture pressure data and the pore pressure from the well test result has been 
mentioned over the estimated pore pressure data; b variations of pressures (pore pressure, fracture pressure and overburden stress) with depth 
has been represented for the well Study_ST1 for Bedesir-Baisakhi zone as required data was limited; c variations of pressures (pore pressure, 
fracture pressure and overburden stress) with depth has been represented for the well Study_B1 for whole study zone; RDT data have been 
draped over estimated pore pressure data
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of well log data in the well. Figure 12 shows a significant 
result of this current study where variations of pore pressure, 
fracture pressure and overburden stress was captured with 
depth in the study zone. The result shows that the estimated 
pore pressure and fracture pressure are very close to direct 
measurement. Well test results of Study_R1 well show the 
similarity with estimated pore pressure. LOT data of offset 
well are similar to estimated fracture pressure of Study_R1 
well, and RDT results are almost identical to the estimated 
pore pressure of Study_B1. The pressure variation in a few 
parts of the study zone was not captured in Study_ST1 due 
to unavailability of data.

Optimized cut-off values were used over GR (gamma-ray) 
log data for lithology classification where major lithologies 
are identified as sandstone, limestone and shale. However, 
current analysis shows the significant presence of sandstone 
and limestone in clastic and carbonate sequence. Based on 

pore pressure and fracture pressure analysis depositional 
sequences were separated. Figure 13 shows the separation 
of the sequences of pre- and post-Jurassic age based on pore 
pressure variations of all three study wells. We have seen 
apart from Study_ST1 (due to limited data), other two wells 
have separated the sequences notably based on pore pres-
sure. However, for Study_ST1 well pre-Jurassic age was 
identified significantly and minor part was identified in post-
Jurassic sequences. Correlation between acoustic impedance 
and pressures(pore and fracture) for the full depositional 
unit (the Bedesir-Baisakhi and the Jaisalmer) of the study 
zone shows low correlation coefficient. The same correlation 
shows a higher value when a single depositional unit (the 
Bedesir-Baisakhi or the Jaisalmer) is considered.

The estimated pore pressure for the well Study_R1 was 
correlated with estimated acoustic impedance which has pro-
duced a correlation coefficient of 0.17 for full study zone, 

Fig. 14  Pore pressure variations have been expressed with acoustic impedance in the well Study_R1; a this is for whole study zone (Bedesir-
Baisakhi to Jaisalmer formation), b this figure shows for post-Jurassic age (Jaisalmer formation), c this plot shows for pre-Jurassic age (Bedesir-
Baisakhi formation)
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− 0.512 (negative regression) for post-Jurassic age (the Jais-
almer formation) and 0.49 for pre-Jurassic age (the Bedesir-
Baisakhi formation) (Fig. 14). The same analysis was per-
formed (Fig. 15) for fracture pressure of the well Study_R1 
where we got a correlation coefficient for full study zone, 
the Jaisalmer and the Bedesir-Baisakhi formation as 0.16, 
− 0.54 (negative regression) and 0.48, respectively.

The analysis shows a good agreement in mixed clastic and 
carbonate sequences.

Study_B1 well produced a correlation coefficient of 0.20, 
− 0.51 (negative regression) and 0.13 between pore pressure 
and acoustic impedance for full study zone, the Jaisalmer 
and the Bedesir-Baisakhi formation (Fig. 16). The study 
shows a low correlation for Bedesir-Baisakhi formation due 
to the presence of high aperture fractures in the study zone. 
The pressure profile was unable to maintain a certain trend 

in the study zone due to the presence of fractures. Figure 17 
shows the variation of estimated fracture pressure with the 
estimated acoustic impedance of the well Study_B1. Here, 
we have got a correlation coefficient of 0.49 for the full 
zone of study, whereas 0.71 was achieved in pre-Jurassic 
deposition and for post-Jurassic, it was − 0.48 (negative 
regression).

Study_ST1 well was drilled near faulting zone where 
complex heterogeneity in sub-surface formation is 
observed. The required well log dataset was not available 
for full zone of study in this well. To avoid the biases in 
the results, we conducted the pore and fracture pressure 
analysis in the Bedesir-Baisakhi formation only. However, 
few well log points are observed for required dataset in the 
top part of the Jaisalmer formation. But these points were 
badly affected and proper correlation was not observed. 

Fig. 15  Fracture pressure variations have been expressed with acoustic impedance in the well Study_R1; a this is for whole study zone (Bedesir-
Baisakhi to Jaisalmer formation), b this figure shows for post-Jurassic age (Jaisalmer formation), c this plot shows for pre-Jurassic age (Bedesir-
Baisakhi formation)
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The probable reason for changes in log character due 
to complex geological set-up and sudden changes from 
clastic to carbonate rock composition. During generating 
of correlation between pressure (pore and fracture) with 
acoustic impedance these points considered as outliers in 
the well Study_ST1. Pore and fracture pressure for pre-
Jurassic age have produced 0.38 and 0.28 correlation coef-
ficient with acoustic impedance in this well (Fig. 18).

The spatial estimation of pore pressure was carried out 
through post-stack seismic inversion analysis. This inver-
sion study was conducted to capture the structural and 
lithological changes away from the well. To get the knowl-
edge of pore pressure of pre-drill well this analysis was 
mandatory. Data quality and limitation has inspired us to 
focus on a few major components in the seismic inversion 
which supplied significant information in the latter stage 
of this study on changes of pore pressure in this area. The 

workflow mentioned above (chart diagram) is showing one 
significant aspect for seismic inversion study. In this work-
flow, we could observe the presence of LFM and ULFM 
(Datta Gupta et al. 2012).

Developing of a robust LFM and ULFM was a challeng-
ing job in this study area. The LFM and ULFM have cap-
tured the subtle changes of sub-surface geology. To prepare 
these models, we have used conditioned seismic interval 
velocity (Fig. 19) which was integrated with well veloc-
ity. This integrated velocity model was used for convert-
ing seismic impedance volume from the time domain to the 
depth domain. The P-impedance volume in depth domain 
was used to capture the pressure variation in the Bedesir-
Baisakhi and the Jaisalmer formation. Figure 20 shows the 
lithological and structural changes in between three study 
wells (Study_R1, Study_ST1 and Study_B1) through depth 
converted P-impedance volume. The acoustic impedance log 

Fig. 16  Pore pressure variations have been expressed with acoustic impedance in the well Study_B1, a this is for whole study zone (Bedesir-
Baisakhi to Jaisalmer formation), b this figure shows for post-Jurassic age (Jaisalmer formation), c this plot shows for pre-Jurassic age (Bedesir-
Baisakhi formation)
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Fig. 17  Fracture pressure variations have been expressed with acoustic impedance in the well Study_B1; a this is for whole study zone (Bedesir-
Baisakhi to Jaisalmer formation), b this figure shows for post-Jurassic age (Jaisalmer formation), c this plot shows for pre-Jurassic age (Bedesir-
Baisakhi formation)
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was extracted as a property log from depth converted acous-
tic impedance volume along the well path of three study 
wells (Chatterjee et al. 2013). This log was extracted due to 
comparative analysis with well based outcome. Figure 21 
shows a correlation between the study wells where we have 
observed unique lithological variation with depositional 
variety based on the inverted result and GR (gamma-ray) 
log.

Cumulative pressures (pore and fracture) were plotted 
with acoustic impedance for both pre- and post-Jurassic 
age. The idea was to capture the pore and fracture pressure 
variation within a 27.176 km span (15.752 km between 
Study_ST1 and Study_R1; 11.424 km between Study_ST1 
and Study_B1) based on the post-stack seismic inverted 
study. This part of the study shows the significance of 
pore and fracture pressure estimation for away from well 

Fig. 19  Integrated velocity model with the help of seismic and well log velocity; the model has been focussed in the ULFM and LFM part; the 
velocity model was used for post-stack inversion process and related pressure estimation purposes

Fig. 20  The outcome of the post-stack inversion process passed through study wells (Study_R1, Study_ST1 and Study_B1) has been repre-
sented; the conventional well log data have been placed over the inverted section to capture the structural and sedimentary changes in the study 
zone
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location through the integration of inversion study. Both 
pressure data were resampled at seismic frequency before 
plotting. Since Study_ST1 well was drilled near faulted 
region hence limitation of cross-correlation was observed 
for both correlation of pore and fracture pressure with 
acoustic impedance. Figure 22 shows the correlation of 
pore and fracture pressure with acoustic impedance for 
pre- and post-Jurassic age; however, for post-Jurassic age 
well Study_ST1 was not considered due to limited data-
set. We have established a good correlation for both ages 
and separate trend lines (pre-Jurassic—positive regres-
sion trend and post-Jurassic—negative regression trend) 

are also observed from this correlation. One well has been 
proposed after the proper measurement of pore pressure 
of the study zone. The other properties of reservoir rock 
such as rock physical and petrophysical were considered 
favourable for hydrocarbon exploration based on nearby 
discoveries. The challenge was to capture the sudden 
changes of pore and fracture pressure in the study zone 
before proposing a new location for drilling. Estimation 
of pressures (pore and fracture) was carried out based 
on NCTL, seismic inversion study and integrated veloc-
ity. The required well log data, tops and other necessary 
parameters for calculating the pore and fracture pressure 

Fig. 21  The lithological variations have been represented with the help of GR (gamma-ray) well log of study wells (Study_R1, Study_ST1 and 
Study_B1) and extracted acoustic impedance log from post-stack inverted seismic volume
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of the proposed well were estimated based on robust inter-
polation algorithm and analogue data supported by nearby 
drilled wells. Figure 23 shows the pressure variation of 
the newly proposed well for both geological ages (pre- 
and post-Jurassic age). Based on this study one optimized 
location (Fig. 24) has been finalized for further drilling.

4  Conclusion

We have reached to following conclusions after completing 
this study.

1. Seismic inversion produces a layer property of sub-sur-
face geology. The pore pressure and fracture pressure 
estimation from the outcome of seismic inversion study 
which produce precise results for a heterogeneous and 
tectonically active reservoir.

2. To capture the small aperture fractures from the seismic 
signature, analysis of the low-frequency and ultra-low 
frequency spectrum is essential. Seismic inversion can 
capture the low-frequency components of all thresholds. 
The pore and fracture pressure changes along fault and 
fractures were analysed precisely from post-stack seis-
mic inverted data in this study.

3. Both pore and fracture pressure estimation is directly 
linked with velocity function. The robust interval veloc-
ity model, which was a part of the seismic inversion 
process and it has produced a finer level of pore pressure 
estimation. The pressure estimation from all three study 
wells—Study_R1, Study_ST1 and Study_B1 has shown 
good correlation with interval velocity based estimation. 
Changes in the correlation are reflected in the structur-
ally complex areas.

4. Distinctly pre- and post-Jurassic age has been separated 
by pore and fracture pressure variation. This variation 

Fig. 22  Variations of pore and fracture pressure with extracted acoustic impedance log have been captured for all study wells for pre- and post-
Jurassic age; a variations of pore pressure with extracted acoustic impedance log in all study wells for pre-Jurassic age, b variations of fracture 
pressure with extracted acoustic impedance log in all study wells for pre-Jurassic age, c variations of pore pressure with extracted acoustic 
impedance log in the wells Study_R1 and Study_B1 for post-Jurassic age, d variations of fracture pressure with extracted acoustic impedance 
log in the wells Study_R1 and Study_B1 for post-Jurassic age
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shows the different nature of hydrocarbon-bearing reser-
voir rock such as clastic and carbonate rock in different 
pressure regime.

5. The study has produced as a full-scale analytical work-
flow for pre and post drill pressure analysis based on 
well and seismic data. The study has shown a good cali-
bration between the estimated results and field acquired 
results such as LOT, well test and RDT result. Based 

on this study one drillable location has been proposed 
after measuring the pore and fracture pressure of the 
reservoir.

6. This study will be useful where sub-surface geology is 
complex and changes of depositional sequences are fre-
quent.
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