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Porosity is a key parameter for reservoir evaluation. Inferring the porosity from seismic data is often
challenging and prone to uncertainties due to number of factors. The main aim of this paper is to show the
applicability of seismic inversion on old vintage seismic data to map spatial porosity at reservoir level.
3D-seismic and wireline log data are used to map the reservoir properties of the Lower Goru productive
sands in the Gambat Latif block, Central Indus Basin, Pakistan. The Lower Goru formation was inter-
preted with the help of seismic and well data. Interpreted horizons are thus further used in model-based
seismic inversion techniques to map the spatial distribution of porosity. Well-log data are used in the
construction of low acoustic impedance models. Calibration of reservoir porosity with inverted acoustic
impedance is achieved through well-log data. The results from model-based inversion reasonably estimate
the porosity distribution within the C-sand interval of the Lower Goru Member. After post-stack
inversion, the porosity values at wells Tajjal-01, Tajjal-02 and Tajjal-03 are 10%, 8% and 12%, respec-
tively. Porosity values calculated from post-stack inversion at the corresponding well locations are in good
agreement with the borehole-derived porosity.
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1. Introduction

Reservoir characterization comprises the estima-
tion of key reservoir properties such as porosity,
permeability, upper and lower reservoir bound-
aries, their lateral and vertical extent, hetero-
geneity, and type and volume of subsurface Cuids
(Avseth et al. 2005; Bacon et al. 2007). Seismic and
well-log data are typically used to estimate reser-
voir properties at different scale(s) of investigation

(Chen and Sidney 1997; Lindseth 1979; King 1990;
Hearts et al. 2002; Chopra and Marfurt 2007).
Interpolations and other geostatistical techniques
also help to eDciently link seismic, well-log, core
data to Beld observations, improving our under-
standing of the local geology (Caers et al. 2001;
Mukerji et al. 2001; Walls et al. 2004; Bosch et al.
2010; Azevedo et al. 2017).
Seismic inversion techniques are used to retrieve

acoustic impedance from seismic reCection proBles
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and 3D volumes, spatial distribution of deposi-
tional facies, local petrophysical properties and
distinct reservoir parameters (Angeleri and Carpi
1982; Yao and Gan 2000; Walls et al. 2004; Bosch
et al. 2009; Grana and Dvorkin 2011). Seismic,
well-log and inversion data are later combined to
derive the different physical parameters (i.e.,
porosity and lithological information) of key
reservoir intervals (Landa et al. 2000; Yao and Gan
2000; Leite and Vidal 2011; Simm and Bacon
2014).
The beneBts of seismic inversion include an

improved seismic resolution (Delaplanche et al.
1982), and better seismic interpretation owing to
the fact that layer-oriented impedance displays
more complete constraints for reservoir models
(Ashcroft 2011). For post-stack data, the main
inversion techniques are sparse-spike, model-based
and coloured inversion, which are based on differ-
ent algorithms (Silva et al. 2004; Veeken and Silva
2004; Veeken and Rauch-Davies 2006; Veeken
2007; Ashcroft 2011; Wang 2017).
Post-stack seismic inversion methods utilize

post-stack seismic data. Appropriate processing
parameters are required for amplitude and phase
preservation with higher signal-to-noise ratios
(Simm and Bacon 2014). Filtered lower frequencies
in the processed data should be compensated by
incorporating low frequency models for inversion
(Sams and Carter 2017). Likewise, the absence of
higher frequencies due to absorption should also be
considered (Vecken and Da Silva 2004). Due to the
band-limited nature of post-stack seismic data, the
absence of higher and lower frequencies may result
in ambiguities when resolving thin beds and esti-
mating local elastic properties (Zhang et al. 2012;
Rosa 2018). Nevertheless, despite the inherent
limitations of post-stack inversion techniques, their
applicability and popularity are growing for a
range of geophysical and geological studies (Li
2014; Verma et al. 2018; Gogoi and Chatterjee
2019; Singha et al. 2019; Teixeira and Maul 2020).
Seismic inversion techniques are often applied in

the different basins worldwide to Bnd the acoustic
impedance and reservoir parameters (Alavi 2004;
Leite and Vidal 2011). In several Asian basins
seismic inversion techniques have been successfully
applied to characterize hydrocarbon bearing strata
(Karbalaali et al. 2013; Sinha and Mohanty 2015;
Kumar et al. 2016; Das et al. 2017; Iravani et al.
2017; Jafari et al. 2017).
Owing to its hydrocarbon potential, the Indus

basin has been extensively studied since the 1930’s

(de Terra et al. 1936; Williams 1959; Quadri 1986;
Zaigham and Mallick 2000). The presence of the
Lower Goru Formation, a proven reservoir, has
been demonstrated in the region. However,
important variations in the thickness and reservoir
properties of the Lower Goru Formation are also
reported within the Indus Basin (Khattak et al.
1999).
The aim of this paper is to map the spatial

porosity of a reservoir interval using a limited
dataset. Old vintage 3D-seismic data are used to
accomplish this task. Certain uncertainties associ-
ated with porosity estimation include the inherent
limitation of seismic techniques, i.e., seismic reso-
lution, applied seismic data processing algorithms,
limitations of seismic inversion techniques them-
selves, and the seismic character of the local geol-
ogy. The only control points are the sparse well
data used to validate the inversion process. The
results thus obtained are subjective to discussion
and criticism, but the inversion process we present
leads to the best results when compared to all the
available techniques.
Seismic data was used to map key seismic-

stratigraphic horizons, and to delineate structural
and stratigraphic features of relevance in the study
area, the Gambat-Latif block of the Central Indus
Basin (Bgure 1). Seismic and well-log information
from three distinct wells, Tajjal-01, Tajjal-02 and
Tajjal-03 (Bgure 2) were used to complete our
inversion method. Well-log data comprised gamma
ray, resistivity, caliper, density, and sonic logs.
Well-log data were used to tie seismic to well
information, and to document the spatial vari-
ability of the main reservoir interval (Lower Goru
Sand). A geo-statistical relationship was also
established, at the three well locations, between
acoustic impedance and porosity. Model-based
post-stack impedance and geo-statistical relation-
ships are thus used in this work as ‘external’
attributes to estimate reservoir porosity.

2. Geological setting

Geologically, the Gambat-Latif block is part of the
Central Indus Basin of Pakistan, as shown in the
tectonic map in Bgure 1. It is located in the
Khairpur district of Sindh, Pakistan. The spatial
coverage of the 3D seismic data interpreted in this
paper, and the relative location of wells Tajjal-01,
Tajjal-02 and Tajjal-03, are shown in Bgure 2. The
study area comprises a series of horst and graben
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structures at Paleocene level, extending into
Cretaceous strata. The main reservoirs intervals of
the Central and Lower Indus Basin are part of

the Lower Goru Formation of Cretaceous age
(Bgure 3). The Lower Goru Formation is further
subdivided into ‘A’, ‘B’, ‘C’ and ‘D’ intervals.

Figure 1. Generalized tectonic map of the study area (modiBed from Kazmi and Rana 1982). The study area, the Gambat–Latif
block with marked well locations (Tajjal-01, Tajjal-02 and Tajjal-03), is part of the Central Indus Basin, Pakistan.

Figure 2. Spatial coverage of seismic and well-log data used in this study. The coordinate system used is the Universal
Transverse Mercator 42N.
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These sandy intervals are proven reservoirs
(Ahmed et al. 2004), and are limited to the east and
west by regional NW-trending extensional faults
(Kazmi and Abbasi 2008).
A regional stratigraphic chart for the Central

and Lower Indus Basins is displayed in Bgure 3.
The Cretaceous stratigraphic succession comprises
the Sembar, Goru, Parh, MoghalKot, Fort Munro
and Pab Formations (Afzal et al. 2009; Abbasi
et al. 2016). The Sembar Formation is a proven
source rock throughout the Indus Basin (Robison
et al. 1999; Wandrey et al. 2004; Aziz et al. 2018).
In addition, the Intra Lower Goru shales of Cre-
taceous age have shown secondary, but important,
source potential (Wandrey et al. 2004).
Depositional environments, diagenetic changes,

shale intercalations and shale distribution styles
are key factors generating reservoir heterogeneity
within the Lower Goru Formation (Berger et al.
2009; Ali et al. 2016). Hence, reservoir properties in
the Lower Goru Formation have been estimated
in the published literature using a multitude of
techniques, from detailed structural/stratigraphic

interpretation (Akhter et al. 2015), to rock physics
modelling (Azeem et al. 2017; Toqeer and Ali
2017), AVA analyses (Ali et al. 2016; Anwer et al.
2017) and seismic inversions (Ali et al. 2018).

3. Methodology

For this study only 3D seismic and well-log data
are available. 3D seismic data was acquired during
2005 by BGP International via a Vibroseis source
for data acquisition. The processed 3D data set has
a bin spacing of 25925 m, with sampling at 2 ms
and a dominant frequency of 35 Hz at reservoir
level. The processed 3D seismic data are time-
migrated and zero-phased. The acquisition and
processing parameters are outlined in the table 1.
Well-log data from three wells are used in this

work. These wells were drilled to variable total
depths in the years 2007–2008. The total drilled
depth of Tajjal-01 is 4506 m, Tajjal-02 is 3836 m
and Tajjal-03 well is 3800 m, respectively. Only
Tajjal-01 well is producing gas at present, while
Tajjal-02 and Tajjal-03 are reported suspended and
abandoned. Prior to well-log data analysis the
quality of data was checked based on the analysis
of their calliper logs. The necessary corrections
were made prior the successive calculations. The
methodology can be divided into three parts. A
comprehensive summary of main steps involved in
this study is given as follows.

3.1 Seismic interpretation

Seismic interpretation is the starting point in
reservoir characterization (Simm and Bacon 2014).
It is paramount to tie well to seismic information to
correctly interpret any relevant stratigraphic hori-
zons. A well tie not only correlates the geology with
seismic data but also assists zero-phase checking,
horizon identiBcation and wavelet extraction,
amongst other parameters (White 2003; Bacon et al.
2007; Simm and Bacon 2014; Liner 2016). For these
reasons, synthetic seismograms were produced in
this work by convolving reCectivity from the digi-
tised acoustic and density logs from well Tajjal-01
with the extracted seismic wavelet. The resulting
synthetic seismogram is correlated with seismic
inline 1459 at the exact location of the Tajjal-01 well
(Bgure 4). In addition, horizon picking, and fault
interpretation helped to characterize the spatial
distribution of horizons and structural features in
the study area (Bgure 5). In this work, the 3D seismic

Figure 3. SimpliBed stratigraphic chart for the Lower Indus
Basin. The studied reservoir interval (C-sand) is part of the
Lower Goru Formation, which is Early Cretaceous in age.
Stratigraphic chart is modiBed from Abbasi et al. (2016).
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interpretation was performed and used as a geolog-
ical model for seismic inversion.

3.2 Petrophysical analysis and interpretation

Petrophysical analyses for the C-sand interval of
the Lower Goru Member were carried out in this
work to determine the relevant reservoir parame-
ters. Different reservoir parameters such as volume
of shale (Vsh), eAective porosity (ue), water satu-
ration (Sw), etc., were estimated by using empirical
relationships from well-log data. EAective porosity
ue is calculated using the following mathematical
equation (Tiab and Donaldson 2015)

ue ¼ utot 1� Vshð Þ; ð1Þ

whereutot denotes the total porosity calculated form
sonic, density and neutron porosity logs,
respectively. Vsh is calculated using the gamma
ray log. Similarly, Sw is calculated using Archie’s
equation as given below (Tiab and Donaldson 2015)

Sw ¼
ffiffiffiffiffiffiffiffiffiffi

FRw

Rt

n

r

: ð2Þ

In equation (2), Rw and Rt denote the resistivity
of water and true resistivity of the formation
calculated from resistivity logs. F is referred to as
formation factor as calculated from the following
equation (Tiab and Donaldson 2015)

F ¼ a

um
; ð3Þ

where a is a constant and m is cementation factor,
respectively. The values of a and m are taken to be
respectively equal to 1 and 2 for sandstones. Once
Sw is calculated, hydrocarbon saturation (Sh) can
be calculated as (Tiab and Donaldson 2015)

Sh ¼ 1� Sw: ð4Þ

Table 2 outlines the distinct reservoir para-
meters calculated with the help of petrophysical
analyses.

3.3 Seismic inversion

Seismic inversion is the process of transforming
seismic interface properties into layer properties.
Hence, seismic inversion greatly helps the inter-
pretation and quantiBcation of reservoir properties
and their spatial distribution (Yilmaz 2001; Ash-
croft 2011). The generalised workCow for seismic
inversion applied in this study is based on Ali et al.
(2018). Caveats associated with our approach are
brieCy discussed in Lindseth (1979), and Olden-
burg et al. (1983, 1986).
For this study we applied a model-based inver-

sion (Russell and Dommico 1988), which is a type
of deterministic inversion. Model-based inversion is

Table 1. Key recording and processing parameters of the 3D seismic dataset used in this study.

Key 3D seismic data acquisition parameters

Source Recording parameters

Vibroseis 4 Sampling interval 2 ms

No. of sweeps 4 Record length 6 s

Sweep frequency sweep length 8–80 Hz Geometry

Sweep type 16 s Receiver line interval 300 m

Sweep taper Linear Source line onterval 350 m

Receiver parameters

Number of geophones 2912

Geophone array Rectangular

Processing parameters

Vibroseis minimum phase conversion Q phase and amplitude compensation 3D prestack migration velocity analysis

Amplitude adjustment 3D surface consistent spiking deconvolution 3D full isotropic prestack time migration

Static correction Spectral Cattening (6–80 Hz) Foot print noise attenuation

3D FK coning Blter in cross

spread domain

Velocity analysis 3D FXY Random noise attenuation

Amplitude vs. oAset corrections 3D surface consistent residual static

computation and application

Filter equivalent spectral balancing

to preserve amplitude

3D surface consistent

amplitude corrections

OAset regularization DMO Time variant Blter
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a broadband inversion technique that uses an ini-
tial acoustic impedance model based on well-log
data together with seismic-driven velocity infor-
mation and interpreted seismic horizons. This
initial acoustic impedance model is changed, com-
pared to the original seismic data, and sequentially
updated until the misBt between the synthetic
seismogram (obtained from convolving the wavelet
with acoustic impedance), and seismic data is
minimised (Veeken 2007; Ashcroft 2011; Simm and
Bacon 2014). Several constraints are applied to
restrict the inversion solution in a geological sense.

The generalised workCow employed for model-
based seismic inversion is adapted from Simm and
Bacon (2014).

3.4 Inversion methodology

The model-based post stack seismic inversion
applied in this study used seismic and well-log
data. A standard seismic data processing sequence,
aimed at true amplitude preservation, was app-
lied. The output was time-migrated, zero-phase
seismic data with a 35 Hz dominant frequency.

Figure 4. Synthetic seismogram at the location of the Tajjl-01 well, superimposed on seismic inline 1459.

Figure 5. Time-structure map of the C-sand interval of the Lower Goru Formation interpreted from 3D seismic data. The well
locations are marked on the map. Fault polygons are drawn along with contours to highlight the main structural trends in the
Gambat–Latif block. The colour bar shows time values in seconds.
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Log-to-seismic calibration was completed by using
check-shot and sonic logs.
The essential steps of this method involved the

completion of well-to-seismic ties, seismic inter-
pretation, the preparation of an initial acoustic
impedance model, and wavelet extraction from
seismic data for use in subsequent signal inversion.
Well data were used to construct the initial model
through the inclusion of a low-frequency trend.
Well ties were used for wavelet scaling (e.g., Simm
and Bacon 2014) and to complete the necessary
adjustments to well ties for a range of stratigraphic
intervals. The top and base of horizons were sup-
plied to the inversion process to avoid any tuning
eAects and to properly map the spatial variability
of stratigraphic features; otherwise the sparse well-
log coverage in the study area would result in the
‘tuning’ of relevant stratigraphic features into
single seismic reCections.
Since the gathering of accurate wavelet shapes

(and scales) is very important for reliable and
realistic inversion results (Edgar and van der Baan
2009; Ziolkowski et al. 1998), extracted wavelets
were carefully selected and averaged to their phase
and amplitude. As the spatial variability and depth
of the interval of interest are relatively small, it
was reasonable to use an averaged wavelet in this
work.
Low-frequency models were built by using well-

log data and interpreted horizons from seismic
proBles or volumes. Low-frequency merging was
performed to better characterize realistic strati-
graphic features, their lateral extension and
boundaries in the background geological model, a
step necessary to achieve realistic impedance
inversions (Sams and Saussus 2013; Li and Zhao
2014). It is worth stressing that band-limited seis-
mic data do not contain the original low frequency
spectrum of the acquired signal, as it is Bltered out
(‘cut-oA’) during processing (Ray and Chopra
2015; Azevedo and Soares 2017). Without this
lower frequency content, the quantitative predic-
tion of reservoir properties is somewhat inaccurate
and non-unique (Pendrel 2015; Sams and Carter
2017).
Low-frequency models can also be prepared by

converting seismic velocities into acoustic impe-
dance and density data (Dutta and Khazanehdari
2006). However, the low frequency models con-
structed using seismic velocities are susceptible to
important interpretation biases because of the
noisy nature of seismic velocity (Bacon et al. 2007).
Also, they require the definition of a calibrationT
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factor between wells that cross the interpreted
seismic volumes or proBles (Sams and Saussus
2013).
Due to the unavailability of pre-stack data, it

was impossible to prepare a realistic velocity model
in this work. Hence, a broadband impedance model
was prepared using well-log data and interpreted
horizons on the 3D seismic volume, thus helping
to interpolate any relevant information between
wells.
Seismic inversion resulted in the generation of

acoustic impedance proBle, which was further used
as an input to estimate the desired reservoir
attributes, i.e., porosity. For the model-based
inversion method, a starting model constructed
by interpolating well data along the interpreted
seismic horizons, is changed and iteratively
checked against the seismic data. The estimated
impedance was convolved with the extracted
seismic wavelet. The comparison of modelled and
seismic trace yielded the error. The inversion
procedure is stopped in case of small calculated
errors, otherwise the initial model could be
updated until the calculated error was small
enough.

3.5 Geostatistical analyses

Geostatistical techniques relate different parame-
ters of interest to reservoir characterization.
Reservoir parameters derived from different data
sets, and of different scales, are compared to reach
a meaningful geological interpretation (Kelkar
and Perez 2002). The spatial distribution of
reservoir parameters is usually computed and
quantiBed by geostatistical techniques (Pyrcz and
Deutsch 2014). A linear relationship between well-
and seismic-driven attributes, namely acoustic
impedance and porosity, was established in this
work to quantify the spatial distribution of
porosity in the entire seismic cube (Doyen 1988;
Grana and Dvorkin 2011). Afterwards, estimated
porosity was calibrated at the corresponding well
locations.

4. Results

4.1 Petrophysics

In this study, complete suites of wire-line data are
used to delineate reservoir zones within the C-sand

interval of Lower Goru member (Bgure 6). Differ-
ent petrophysical properties for each zone are listed
in table 2. The volume of shale varies within the
multiple sandy intervals of the Lower Goru For-
mation. These zones exhibit variable porosity val-
ues due to the presence of shale intercalations.
Zone 3 is only delineated in the Tajjal-01 and
Tajjal-02 well. Since shale intervals within the
sands can be of the laminated, structural, dispersed
types, or any combination of these aforementioned
types, their distribution greatly aAects the porosity
of the C-sand interval (Ali et al. 2016).
The cross-plot of eAective porosity, volume of

shale and acoustic impedance in Bgure 7 shows
important details about the lithology of the C-sand
interval in all three interpreted wells. Overall, sand
layers are composed of porous (sand), tight (sand)
and mixed facies (sand-shale intercalations)
(Bgure 7). High eAective porosity and low impe-
dance are representative of hydrocarbon-bearing
porous sandstone. Sands record low eAective
porosity with relatively high acoustic impedance,
whereas low eAective porosity and an intermediate
range in acoustic impedance represent intercala-
tions of sand and shale (Bgure 7).
We have also applied the Lambda–Mu–Rho

(LMR) cross-plot technique to eDciently discrimi-
nate between different facies (Goodway et al. 1997;
Das and Chatterjee 2018). In particular, Lamb-
da–Rho corresponds to the bulk impedance (in-
compressibility) and Mu–Rho corresponds to the
shear impedance (rigidity), and both are highly
sensitive to the eAect of Cuid. In hydrocarbon
sands, Lambda-Rho shows low incompressibility
values (Goodway et al. 1997; Das and Chatterjee
2018). Figure 8 represents the result from the
application of the LMR cross-plot technique on
Tajjal-01, Tajjal-02 and Tajjal-03. Gas sand, tight
sand, shaly gas sand and shale facies are identiBed
based on the cut-oA values of Lambda–Rho and
Mu-Rho (Goodway et al. 1997; Bgure 8).

4.2 Model-based seismic inversion

The generalised workCow for our model-based
inversion is adapted from Simm and Bacon (2014).
Wavelet extraction is a fundamental step in seis-
mic inversion; hence, wavelets at their corre-
sponding well locations were extracted from the
C-sand interval of the Lower Goru Formation. The
shape and characteristic amplitude (and phase) of
wavelets do not change within the area of interest
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(Bgure 9). Therefore, it was thought reasonable to
use an average wavelet (based on our extracted
wavelets) in the post-stack seismic inversion.
The average wavelet is shown in the right

column of Bgure 9 together with amplitude and
phase spectrum. The shape of the average wavelet
resembles that of the extracted wavelet. Figure 10
shows an arbitrary seismic line passing through the
three interpreted wells. The synthetic seismograms

at the well locations, prepared by convolving the
average wavelet with the corresponding acoustic
impedance, are superimposed to the seismic proBle
in Bgure 10.
Figure 11 shows the low frequency model used

for the model-based inversion implemented in this
study. This low frequency model assures the
inversion is consistent with the background geo-
logical information by including sub-seismic

Figure 6. Well-log display and petrophysical analysis of the C-sand interval of the Lower Goru Formation encountered in the
Tajjal-01, Tajjal-02 and Tajjal-03 wells. Different reservoir intervals within the Lower Goru Formation are marked by the red
rectangles. In each well-log panel, the Brst track represents lithological data, the second track represents the resistivity data, and
the third track represents the porosity data. The remainder of the tracks present derived petrophysical properties such as the
volume of shale, porosity, and water saturation. The high values of the deep laterolog (LLD) curve suggest that water saturation
is low and hydrocarbon saturation is high despite the moderate values of eAective porosity estimated in this work.

Figure 7. Cross-plot of acoustic impedance vs. eAective porosity (in fraction) for the C-sand interval based on all available
well-log data. Different types of reservoir sands and sand shale facies are recognized based on the gamma ray information.
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frequencies in the Bnal computation. This stabilizes
the inversion workCow by introducing temporal
limits and spatial variations to the interpreted
seismic horizons (Dutta and Khazanehdari 2006;
Pendrel 2015; Azevedo and Soares 2017). Due to
the non-uniqueness of seismic inversion, higher-
than and lower-than-real seismic frequencies will
appear in the inverted data. Therefore, it is nec-
essary to use a band-pass Blter before one compares
the inverted outputs (Veeken 2007; Li and Zhao
2014).

A comparison of acoustic impedance derived
from well- and model-based inversions is shown in
Bgure 12. The acoustic impedance match is good
within the C-sand interval; hence, the inverted
acoustic impedance can be used to quantify reser-
voir properties in the study area.
Figure 13 shows the inverted acoustic impedance

for a cross-section joining the three exploration
wells considered in this work. The upper part of the
Lower Goru Formation shows very high impe-
dance. The B- and D-sand intervals show higher
acoustic impedance when compared to the C-sand
interval (Bgure 13). The spatial variation of
acoustic impedance within the C-sand interval is
also characteristically smooth (Bgure 13).
In a density section extracted along the arbitrary

line (Bgure 14), the light green and light blue
colours are representative of density values of
2.5–2.6 g/cm3, typical of porous sand layers. A
sand layer with high density (*2.8 g/cm3) is
observed in the upper part of the Lower Goru
Formation. It is observed that density is low in the
B- and C-sand intervals at Tajjal-01, while it
gradually increases laterally to show relatively
higher values in the vicinity of wells Tajjal-02 and
Tajjal-03. These two wells consequently show a
relative decrease in porosity. Density is low in the
vicinity of Tajjal-01 and increases eastwards, likely

Figure 8. Cross-plot of Lambda–rho vs. Mu–Rho for the
C-sand interval utilizing all available well-log data. Different
types of facies are recognized based on the cut-oA values of
Lambda–rho vs. Mu–Rho.

Figure 9. Wavelet extracted from the seismic data at the respective well locations. The column to the right shows the average of
corresponding wavelets, power spectrum and phase spectrum. Despite the fact that the main lobes of wavelets appear similar,
whereas their side lobes are more variable. All wavelets show similar characteristics in their corresponding power spectrum and
phase spectrum plots (2nd and 3rd rows).
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in association with harder lithologies. High density
may represent large matrix volumes, i.e., a smaller
percentage of pores; hence, a low eAective porosity
may exist but Blled with saline water or mineral
Cuids, instead of oil and gas.

4.3 Porosity estimation

Figure 15 shows acoustic impedance cross-plot
against eAective porosity. An upscaling of the well

logs is required to plot acoustic impedance against
eAective porosity and generate a geostatistical
function. Upscaling reduces the number of samples
in the well logs. The best-Bt line, in a least-square
sense, shows a good correlation. The inverse linear
relationship between acoustic impedance and
porosity is well established in the geological con-
text of the Indus Basin. This linear relationship is

also valid on a seismic scale. The linear relationship

between normalized acoustic impedance and ue

Figure 10. Well-to-seismic ties extracted along the traverse crossing the Tajjal-01, Tajjal-02 and Tajjal-03 wells. Synthetic
seismograms were constructed in this Bgure by using an average wavelet. The average wavelet is good approximation for the
seismic wavelet, as shown by the very good match between the synthetic seismic wavelets and the seismic section.

Figure 11. Low frequency model input for model based seismic inversion applied in this work along a seismic line crossing the
three interpreted wells.
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with a correlation coefBcient (R) value of 0.75 or
75% is, for the study area:

ue ¼ � 0:39� AI þ 0:40: ð5Þ

Here, AI is the inverted impedance from the
model-based inversion. The root mean square
(RMS) error of Btting is 0.0162 and computed by
using the relationship from Barnston (1992).
Acoustic impedance is further used to estimate

the eAective porosity for the different sandy

intervals along an arbitrary line. The inverted
cross-section for eAective porosity in Bgure 16
shows variations in eAective porosity from top to
bottom, with relatively high values within the
C-sand interval, i.e., *10% at Tajjal-01, decreas-
ing in the Tajjal-02 and Tajjal-03 wells. Different
ranges of porosities are also clear for the C-sand
interval. These lower porosities are indicative of
tight sandy intervals with shale intercalations,
whereas in other zones porosity is relatively high
within the C-sands.

Figure 12. Comparison between post-stack inversion (red) and Bltered acoustic impedance (blue) derived from wells Tajjal-01,
Tajjal-02 and Tajjal-03. Black curves on the right-hand side of each panel show the difference in acoustic impedance amongst
well-log and model-based inversions.

Figure 13. Model-based inverted acoustic impedance proBle extracted through wells Tajjal-01, Tajjal-02 and Tajjal-03. The
position of key stratigraphic markers is shown.
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5. Discussion

Although well data provide high vertical resolution
and the best estimates for reservoir porosity, the
sparse coverage of wells makes it hard to reason-
ably estimate porosity in between wells. Seismic
inversion helps to estimate the spatial distribution
of eAective porosity in reservoir intervals con-
strained by well data (Pyrcz and Deutsch 2014).
The integration of petrophysics, geo-statistics,
seismic surface data and seismic inversion addres-
ses the problem of porosity estimation (Dolberg
et al. 2000; Avseth et al. 2005; Grana and Dvorkin
2011; Adekanle and Enikanselu 2013; Das and
Chatterjee 2016).

Since well and seismic data map different aspects
of reservoir properties at different scale, their
direct calibration might lead to unsatisfactory
results. Uncertainties may occur if the lithofacies
within depositional facies are not well recognized
and incorporated in subsequent stages of data
integration. In this study, post-stack seismic
inversion shows good result because absolute
acoustic impedance can capture the variations in
sand-shale distribution. The accuracy of the result
is judged around the well locations; away from the
well location the uncertainty will creep into the
results depending on the pattern and distribution
of lithofacies. Sorting, grain distribution, reservoir
connectivity and compartmentalization may

Figure 14. Density section extracted through wells Tajjal-01, Tajjal-02 and Tajjal-03.

Figure 15. A cross-plot of normalized acoustic impedance and eAective porosity (in fraction) based on all available well-log data
(Tajjal-01, Tajjal-02 and Tajjal-03) to develop a linear geostatistical relationship. The normalized acoustic impedance is
calculated by dividing each sample of acoustic impedance by the maximum of the absolute value. Such a normalized value is used
to limit dynamic range of acoustic impedance from �1 to 1.

J. Earth Syst. Sci.          (2021) 130:61 Page 13 of 21    61 



further result in additional uncertainty. Since in
our case sands are regularly distributed, though
their thickness varies, our post-stack results are
reliable.
Figure 17 is the main result of the model-based

inversion completed in this study. This Bgure is
constrained by well-log data, and shows a good Bt
between borehole-derived and inversion-derived
acoustic impedance at consecutive wells. The lat-
eral continuity of the C-Sand interval is well cap-
tured by the inversion methodology. Furthermore,
porosity distribution estimated from inversion
within the reservoir interval is realistic when
compared to the geology of the area. The latter

detail also helps to quantify reservoir compart-
mentalization, sand distribution and porosity
variations.
By using an established geostatistical relation-

ship (Bgure 15) the estimated acoustic impedance
of the C-sand interval (Bgure 17) was converted
into porosity values (Bgure 18). Porosity in the
C-sand varies from 1% (cyan colour) to 16% (yel-
low colour) which is in agreement with the porosity
values estimated from well-log data. The porosity
distribution varies considerably at the three well
locations considered in this study, but there is an
excellent match between the petrophysical- and
inversion-based porosities in the Tajjal-01 and

Figure 16. Porosity section based on model-based acoustic impedance inversion along a proBle crossing wells Tajjal-01, Tajjal-02
and Tajjal-3. Porosity values are represented in terms of fraction.

Figure 17. Acoustic impedance (AI) map of C-sand derived from the seismic inversion results for the Gambat–Latif block.
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Figure 18. Porosity distribution within the C-sand derived from the seismic inversion results for the Gambat–Latif block. The
porosity is represented in terms of fraction.

Figure 19. Cross-plot between acoustic impedance and porosity reCectivity with a linear regression Bt based on all available
well-log data. The correlation coefBcient for this cross-plot is 84% and value of n (slope) is -0.095641.

Figure 20. Acoustic impedance and porosity wavelet. The porosity wavelet is obtained by multiplying the value of n to the
acoustic impedance wavelet, and shows opposite trend to acoustic impedance wavelet.
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Tajjal-02 wells. Within the C-sand interval, the
porosity varies from 4% to 16%, with narrow pat-
ches of lower porosity (tight sand) occurring in its
interior.
We also used a direct inversion to estimate

porosity in post stack seismic data, a technique
proposed by (Rasmussen and Maver 1996). The
mathematical details and procedure to accomplish
the results is outlined in Kumar et al. (2016) and
Rasmussen and Maver (1996). This technique lin-
early maps the porosity, and requires the compu-
tation of acoustic impedance reCectivity (rz) and
porosity reCectivity (ru) obtained via equations (5
and 6) of Kumar et al. (2016). In particular, ru is
calculated by utilizing the porosity derived from
the porosity logs as given by

ru ¼ 1

2
log

uiþ1

1� uiþ1

� �

� log
ui

1� ui

� �� �

; ð6Þ

where the numerators and denominators of each
logarithmic terms represent the porosities and
matrix of the respective sample points within the
well. The relation between rz and ru is given as
(Kumar et al. 2016):

rz ¼ nru: ð7Þ

Here,n is the correlation factor (slope) obtainedvia
Btting a linear regression relation in a cross-plot
between ru and rz . Figure 19 shows the cross-plot
between the ru and rz with a correlation coefBcient of
84% and a slope of –0.095641. The value of n is then

multiplied with the extracted acoustic impedance
wavelet to obtain the porosity wavelet, as shown in
Bgure 20. This porosity wavelet is further utilized for
the direct porosity estimation using the model-based
inversion techniquedescribed in this paper (Bgures 21
and 22). A comparison in terms of actual and
predicted porosities obtained by both inversion
techniques, together with their RMS errors, is also
presented in Bgures 23 and 24 for each well.
It is important to mention that porosity and its

spatial distribution is governed by geological fac-
tors. Depositional setting, sediment Cux (type and

Figure 21. Porosity proBle based on the direct seismic inversion porosity estimation technique of Kumar et al. (2016) extracted
in a cross-section along wells Tajjal-01, Tajjal-02 and Tajjal-3. The porosity is represented in terms of fraction.

Figure 22. Porosity distribution in the C-sand derived from
the direct seismic inversion porosity estimation technique of
Kumar et al. (2016) for the Gambat–Latif block. The porosity
is represented in terms of fraction.
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amount of sediment) and post depositional pro-
cesses are the main factors controlling porosity. In
the study area, there is a pronounced and appre-
ciable range in porosity values due to aforemen-
tioned factors. The porosity in the wells, few
kilometres apart from each other, is highly vari-
able. Overall, both the inversion techniques
applied in this study show the reasonably small

RMS errors between the actual and predicted
porosity, which further improves our conBdence on
the inverted results (Bgures 23 and 24). Moreover,
it can be observed that both our inversion tech-
niques map the low porosity (tight sands)
encountered in the Tajjal-02 and Tajjal-03 wells
(suspended and abandoned) and the relatively high
porosity at Tajjal-01 (gas-producing well).

Figure 23. Comparison between actual porosity (black) derived from wells Tajjal-01, Tajjal-02 and Tajjal-03, and predicted
(inverted) porosity (red) using the acoustic impedance wavelet and model-based inversion techniques. Black curves on the right-
hand side of each panel show the porosity difference from well-log and model-based inversion results. The RMS error is also
presented for each well.

Figure 24. Comparison between actual porosity (black) derived from wells Tajjal-01, Tajjal-02 and Tajjal-03 and predicted
(inverted) porosity (red) using the direct seismic inversion porosity estimation technique of Kumar et al. (2016). Black curves on
the right-hand side of each panel show the porosity difference between well-log and model-based inversion results. The RMS error
is also presented for each well.
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It is imperative to mention that, to recognize and
address the uncertainties related with spatial
porosity mapping, multiple point simulation and
stochastic inversion techniques may be applied.
However, these are not within the scope of this
study; they require lithofacies modelling, concep-
tual geological modelling, and additional data.
This might result in better estimation and uncer-
tainty quantiBcation but at the cost of additional
human and computational resources. Thus, the
spatial porosity mapping in this study may be used
as an input for further sophisticated modelling.

6. Conclusions

Spatial porosity estimation and mapping is a chal-
lenging task, especially in the casewhere limited data
of different scales is available. In this work, spatial
porosity is estimated and mapped in the Gam-
bat–Latif block in the Central Indus Basin, Pakistan
by using model based post-stack seismic inversion.
The estimated porosity values range from 1 to 16% in
the studied reservoir zone. Variations in the spatial
distribution of porosity within the C-sand interval of
the Lower Goru Formation are due to the presence of
shale, and to the style(s) of shale distribution within
sand intervals. These uncertainties associated with
spatial porosity mapping are difBcult to capture and
quantify due to resolvingpower of seismic, datasets of
different scales and the geostatistical relationships
that are valid in the vicinity of wells. The initial low
frequency model, constructed from seismic and well
data interpretation, is a crucial parameter for the
inversion workCow. It may be concluded that poros-
ity mapping by post-stack seismic inversion was
deemed reliable in this study, andmaybe so in similar
scenarios. It is hoped that this case study will
encourage further studies touseother techniques, i.e.,
multipoint Geostatistical simulations and stochastic
inversions to Bnd a more realistic geological consis-
tent models for porosity distributions. However, the
latter methods demand more data, their scaling, and
further human and computational resources.
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