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The ever-increasing demand for new energy sources witnessed at present is leading to a shortage of oil and gas
resources throughout the world. At the same time, polluting energy sources such as coal are being gradually
replaced by gas, new fuel types and electricity produced by renewable methods. Unconventional shale gas re-
serves, relying on the presence of substantial volumes of good quality, thermally mature organic matter, are
therefore crucial in shaping the economic future of multiple regions in the world. Using seismic reflection data to
estimate Total Organic Carbon (TOC) in the underexplored Sembar Formation of the Qadirpur Area, Central
Indus Basin, this study investigates the potential of a new unconventional resource in Pakistan. We estimate TOC
based on well-log data using Passey’s A Log R, Schmoker’s, and Schwarzkopf’s methods. In a second stage,
thermal maturity modelling was carried out for the formations encountered in Well Qadirpur Deep-01, while
focusing primarily on the Sembar Formation. Petrophysical and petroelastic properties were determined and
cross-plotted to identify potential zones favourable to hydraulic fracturing. The results show calculated TOC
values ranging from 2 to 4 wt% based on the multiple methods indicated above, proving that the Sembar For-
mation is a good to excellent unconventional oil gas play. Thermal maturity modelling further confirms that the
organic matter in the Sembar Formation is mature. Our seismic based spatial distribution indicates that TOC
values are particularly favourable in the lower part of the formation, which is also prone to hydraulic fracturing
based on its petroelastic evaluation. This study presents a valid approach to characterise source-rock potential in
sedimentary basins throughout South Asia and around the world.

1. Introduction

Shale is a fine-grained sedimentary rock that often comprises vol-
umes of organic matter considered essential to form a hydrocarbon
source rock (Ali et al., 2017; Gao et al., 2020). Unconventional resources
such as tight gas, coal-bed methane and shale oil are able to contain
(trap) significant amounts of hydrocarbons in particular geological set-
tings, with shale gas and oil recording the greatest potential and sig-
nificance in South Asia’s sedimentary basins (Sunjay, 2011). Tight shale
gas and oil fields have become important in the last few decades as a
complementary source of energy, while renewable, hydrogen and
geothermal sources are being investigated around the world (Jarvie
etal., 2007; Jarvie, 2012; Yu et al., 2017). In order to classify such fields,
shales and mudstones with adequate amounts of organic matter are
usually investigated as potential source rocks, whereas rocks with a low
organic content qualify as non-source rock, regardless of their lithology
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(Passey et al., 1990).

Estimates of Total Organic Carbon (TOC) are considered vital for
shale reservoir characterisation (Yu et al., 2017). However, and in
contrast to conventional gas reservoirs, a shale formation’s inadequate
permeability, exceedingly low porosity, and restricted contact area with
reservoir rocks, can often hinder the economic production of such shaley
units (Eshkalak et al., 2014). Reservoir stimulation by means of hy-
draulic fracturing and frequent use of horizontal wells to enhance pro-
duction rates are also pivotal for an economic production in such rocks
(Glorioso, 2012). The identification and mapping of the lateral and
vertical extents of source rocks, using seismic and well data, lays the
foundations of TOC evaluation in unconventional oil and gas fields
(Lgseth et al., 2011; Rezaee, 2015; Aziz et al., 2018). Various methods
can be used to precisely estimate TOC at borehole, including the A log R
(Passey et al., 1990), Schmoker (1981) and Schwarzkopf (1992)
methods. To further examine shale resource potential, thermal maturity
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undertaken in second stage by estimating the petroelastic properties of
source rocks (Ali et al., 2017). Parameters such as the Brittle Shale Index
(time and space) (Rybach, 1986; Wood, 1988; Blackwell and Richards, (B), Young’s Modulus (E) and Poisson’s Ratio (PR) are the principal
2004; Wandrey et al., 2004; Rickman et al., 2008; Waples et al., 2010; petroelastic parameters controlled by the presence of organic matter and
Rezaee, 2015; Ali et al., 2017). Whilst TOC analyses comprise the de can be used to point out key locations for hydraulic fracking. In parallel,
facto first step towards understanding the hydrocarbon potential of regional TOC distributions can also be confidently mapped at a distance
unconventional fields, the low effective porosity in shale source hinders from well control points on reservoir scale with the help of detailed
hydrocarbon extraction even after drilling is completed. The identifi- well-log data ties to seismic data (Lgseth et al., 2011; Rezaee, 2015; Aziz
cation of possible zones favourable to hydraulic fracturing is therefore et al., 2018).

models based on detailed analyses of a basin’s burial and temperature
histories is essential for evaluation of organic matter maturity in 4D
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Fig. 1. Tectonic map displaying major sedimentary basins in Pakistan and the study area in this work (modified from Asim et al., 2014; Ali et al., 2019).
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The objective of this work concerns the evaluation of unconventional
hydrocarbon resources in the Sembar Formation of the Qadirpur area,
Central Indus Basin, Pakistan (Fig. 1). It concerns the comprehensive
spatial mapping of TOC content in the area of interest by means of
seismic and well log data, and petroelastic analyses. Although a few
Pakistan basins have been evaluated for shale oil and gas according to
the EIA (2013) report, a detailed assessment of the Southern Indus Basin
in terms of its shale gas potential is still missing (Sheikh and Giao, 2017).
This is an important caveat, knowing that US Energy Information
Administration recognised, for Pakistan alone, total reserves of 586 TCF
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investigates, for the first time, the unconventional potential of the
Qadirpur area by focusing on the Sembar Formation. The Qadirpur area
has been vigorously exploited in terms of its conventional carbonate
reservoirs (Ali et al., 2019), but is lacking an assessment of its uncon-
ventional sources. In summary, this work aims to address the following

research questions:

a) Does the Sembar Formation have enough TOC value to act as an
unconventional resource?
b) Does the Sembar Formation have enough thermal maturity to be

of shale gas with a recoverable 100-105 TCF (EIA, 2013). This study productive?
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Fig. 2. Stratigraphic panel for the Central Indus Basin, Qadirpur locality (modified by Alam et al., 2002; Ali et al., 2005; Ahmed et al., 2013; Abbasi et al., 2014; Ali

et al., 2019).
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c) Is the Sembar Formation prone to economic hydraulic fracturing?
2. Geological setting

The Qadirpur area, the focus of this study, extends through 820 km?
across the Sindh Province, Pakistan (Ali et al., 2005). It is located in the
southern part of the Central Indus Basin (Fig. 1). Extensional tectonics
initiated in the Cretaceous influenced the formation of structures
favourable for the accumulation of oil and gas in the region (Milan and
Rodgers, 1993; Ali et al., 2019).

Within the Central Indus Basin, the oldest units drilled by exploration
wells are Upper Triassic in age. An erosional period controlled the
deposition of the Sembar Formation, the focus of this study, which is
relatively younger towards the west. As a result, the probability of hy-
drocarbon presence within the Sembar Formation is low towards the
Kirthar Mountains to the west of the study area, but accumulations are
noted south and southeast of the study area, still within the Sindh
Province (Eickhoff and Alam, 1991; Ali et al., 2018). Importantly, the
boundary between the Lower Goru Sand Member acting as a conven-
tional reservoir and the Sembar Formation is marked by a regional un-
conformity (Ahmad et al., 2011).

The Central Indus Basin is currently the largest hydrocarbon pro-
ducing Basin in Pakistan (Khan et al., 2016). The main conventional
reservoirs in the Central Indus Basin are Sui Main Limestone and the Sui
Upper Limestone (Fig. 2). The Sembar Formation has a variable litho-
logical composition in different areas (Ahmad et al., 2011; Aziz et al.,
2018). Its average lithological composition comprises 42% Quartz, 47%
Clay, 10% Calcite and 1% Pyrite (Ahmad et al., 2011; Aziz et al., 2018).
In the study area, the Cretaceous shales in the Sembar Formation form
the main regional-scale source rocks, with the upper Cretaceous
Mughalkot shale and the Paleocene Ranikot Formation also generating
hydrocarbons at a local scale (Ali et al., 2019) (Fig. 2). The Sembar
Formation is chiefly composed of shale with minor patchy intercalations
of siltstone and sandstone (Igbal and Shah, 1980; Raza et al., 1990; Aziz
et al., 2018). Within the Central and Lower Indus Basins, the Sembar
Formation is historically considered as the most favourable when it
comes to source-rock thickness, TOC presence and thermal maturation
(Wandrey et al., 2004; Aziz et al., 2018).

3. Data acquisition and methods

This work uses two-dimensional (2D) seismic lines, their navigation
files, well header and wireline curves for Well Qadirpur Deep-01, which
was chosen for being relatively deep, drilling sediment as old as the
Jurassic (186 Ma) Chiltan Formation (Fig. 2). Thus, the Sembar For-
mation can be petro-physically analysed using this well. The acquisition
and processing parameters are provided in Table 1. The base map dis-
playing the location and orientation of seismic lines and wells used in
this work is given in Fig. 3. The frequency range of the seismic data is
10-55 Hz with the best resolution of the target depth occurring at a
frequency range of 10-35 Hz.

Wireline data used in this work include porosity, Resistivity (LLD)
and Gamma-Ray (GR) curves for hydrocarbon-play identification, and
potential TOC calculations using the Passey’s A Log R technique (Passey
et al., 1990), the Schmoker’s technique (Schmoker, 1979) and the
Schwarzkopf’s method (Schwarzkopf, 1992). An unconventional
resource, despite excellent TOC content, is only as good as its potential
to be fractured (Shrestha et al., 2017). Petroelastic and petrophysical
properties were therefore calculated using the available wireline data,
and potential zones for hydraulic fracturing were determined for the
Sembar Formation on the basis of its estimated BSI, E, and PR values.
Thermal maturity modelling was carried out to evaluate organic matu-
rity in the Sembar Formation based on temperature history, burial his-
tory, and time temperature index.

A combination of calibrated well-based rock physics models and
seismic data can provide reliable models at reservoir scale for units such
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Table 1
Acquisition and processing parameters of the seismic data used in this work.

Acquisition Parameters

Source Field parameters
Energy Source Dynamite Format SEG-D
(DMUX)
Charge Pattern 1 Hole Field Sampling 2 ms
Interval

Average Charge 3Kg Record length 5 Seconds
Size

Average Shot 21 Meters No. of Data Traces 240
Depth

S.P. Interval 50 Meters Group Interval 25 Meters

Processing Parameters

Demultiplex Bandpass Filter Residual Statics Time Variant
Correction Filter
Preprocessor Surface Consistent ~ Velocity Analysis Random Noise
Deconvolution (CVA) Attenuation
Geometrical CDP Sort Stack RMS Gain
Spreading
Compensation
Exponential Gain Velocity Analysis Finite Difference -
(CVA) Migration
FK Dipfilter Normal Moveout Multichannel -
Correction Coherency Filter
(MCCF)
‘Well Name Elevation (KB (m)) Total Depth (m) Status
Qadirpur Deep-01 78 4694.0 Oil and Gas Well
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Fig. 3. Base map of the Qadirpur Area showing a NW-SE oriented strike line,
three NE-SW oriented dip lines and Qadirpur Deep-01.

as the Sembar Formation. Hence, values extracted from a Simulated
Annealing Inversion (RSAI) section were plotted against TOC obtained
from Passey’s, Schmoker’s, and Schwarzkopf's methodologies after
upscaling the log data. A regression line was calculated and TOC sections
were developed using the straight line (regression) equations for each
methodology indicated above. A complete workflow for this study is
presented in Fig. 4.

3.1. Demarcation of the Sembar Formation

The base and top of the Sembar Formation were first interpreted on a
NW-SE oriented seismic line through the help of a synthetic seismogram
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Fig. 4. Workflow followed in this study to characterise the Sembar Formation.

generated using well-log data (Fig. 5). Faults were interpreted and time
and depth contour maps were generated to determine the lateral and
vertical trend of the Sembar Formation throughout the study area
(Figs. 6 and 7). An isopach map for the Sembar Formation was generated
to document its thickness throughout the study area (Fig. 8).

3.2. TOC estimates

The A Log R method was developed by Exxon/Esso and has been
successful in determining TOC at well locations around the world
(Passey et al., 1990). Even though new techniques offer the advantage of
determining organic content directly, the A Log R method has the
advantage of working effectively in clastic as well as carbonate source
rocks (Passey et al., 1990). The technique requires the superimposition
of LLD curves against one of the three ‘basic’ porosity logs, Neutron
(NPHI), Density (RHOB) and Sonic (DT) log, after a scale adjustment is
applied to the data (Passey et al., 1990). A logarithmic LLD log is
therefore plotted against one of the linearly scaled porosity logs (Rider,
2002), but since borehole conditions can affect the NPHI and DT logs, it
is better to plot the LLD curve against the DT log for more accurate re-
sults (Liu et al., 2012). After the curves are superimposed, a baseline is
documented within a fine-grained, non-source interval (Passey et al.,
1990). The demarcation of a baseline requires professional experience
since the accuracy of the results varies drastically with differing
approaches.
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Another variable required to estimate TOC using Passey’s A Log R
method is the Level of Metamorphism, also known as Level of Maturity
(LOM), which is estimated on the basis of the vitrinite reflectance
method (Tissot and Welte, 1978; Robert, 1988; Hunt et al., 1996; Gal-
asso et al., 2019). Using Formation temperature for the Sembar For-
mation in Well Qadirpur Deep-01 (Table 2), vitrinite reflectance (Ro) for
the Sembar Formation was determined through the graphical method in
Fig. 9. The chemical and physical change which a rock undergoes due to
increasing burial temperature and overburden pressure is termed as rank
(Hood et al., 1975). The LOM is a unitless property that can be deter-
mined through a number of methods. One such method is the graphical
method which plots Ro values for a specific source rock on the horizontal
(x) axis against the respective LOM values on the vertical (y) axis. For the
Sembar Formation, the graph in Fig. 10 was developed based on data
from Well Qadirpur Deep-01.

DT and LLD curves provide the best results in TOC estimates. First,
the logs are scaled so that a specific interval of DT log equals one
complete logarithmic cycle of LLD log. In this work, the wireline curves
are scaled so that 100 ps/ft equals two logarithmic LLD cycles. The in-
terval of superimposition is within the non-source rock at a depth of
4033 m marking the baseline. In the second stage, the separation be-
tween the two curves is determined; this separation is called the A Log R
curve (Fig. Al). This curve is then used in the following equations to
determine TOC curves for specific intervals (Passey et al., 1990):

ALogRpr = LoglO( ) +0.02 X (Af — Atpaseiine)s (€8]

Baseline

TOCpr = ALogRpy % 10(2297-0.1688 xLOM) 7 2

where, ALogRpr represents the separation between DT and LLD curves, R
are the resistivity values (in Ohms - meter) from the LLD log. In Equation
(1), Rpaseiine is the baseline value for the LLD curve equivalent to the DT
baseline value, At reflects the transit-time values from the DT log (in
usec/ft). In parallel, Atggserine is the baseline value for the DT curve cor-
responding to the LLD baseline value. In this work, 0.02 is the scaling
factor which was determined through equating 50 ps/ft to 1 Qm,
therefore indicating that 1 ps/ft is equal to 1/50 Qm, which in turn is
equal to 0.02 Qm. The parameter TOCpr represents the organic matter
values in percentage weight (wt%) calculated via the DT log, while LOM
is the Level of Maturity. After establishing a baseline, specified baseline
values for Rpgseline and Atpgserine are used throughout the borehole to
determine the needed TOC values (Passey et al., 1990). The Passey’s A
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Log R technique for DT and LLD logs applied to Well Qadirpur Deep-01
is shown in Fig. Al.

Another way to use Passey’s A Log R method is by superimposing the
LLD log over RHOB. In the Well Qadirpur Deep-01, one logarithmic LLD
cycle equals 0.4 g/cm?® in the RHOB log (1 Qm equals 0.4 g/cm®). The
equations used to calculate TOC using LLD and RHOB logs are based on
Passey et al. (1990) such as:

A LogRgryos = Log 10( ) =25 X (Py = Ppaseiine) 3

Baseline

TOCruos = ALogRrros X 10(2:297-0.1688 xLOM) 4)

where, ALogRrpop reflects the separation between RHOB and LLD logs, R
represent the LLD log values in Qm, and Rpsiine is the baseline value for
the LLD curve corresponding to the RHOB baseline value. In addition, p,

represents the bulk density values using RHOB curve (g/cm®), and
PBaseline 15 the RHOB baseline value corresponding to the LLD baseline
value. The parameter TOCp represents the TOC values in percentage
weight (wt%) estimated with the help of the RHOB log, while LOM is the
Level of Maturity. By applying the Passey’s method to Well Qadirpur
Deep - 01, TOC values were calculated as shown in Fig. A2.

Passey et al. (1990) proposed a relationship between NPHI and LLD
log data to determine TOC values. The scale factor used to superimpose
the two curves (NPHI against LLD) is one logarithmic LLD cycle to 0.25
v/v (1 Qm equals 0.25 v/v). Relevant equations from Passey et al.
(1990) are given as follows:

ALogRypr = LoglO( ) +4.0 x (@N — @ Ngaseine) (5)

Baseline

TOCNPH[ — ALogRNPHI x 10(2.297—0.1688 XLOM) (6)
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Table 2

Depth, thickness and temperature of stratigraphic formations in the Qadirpur
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Fig. 8. Isopach map depicting the thickness of the Sembar Formation following a contour interval of 16 m.

Area as encountered by Well Qadirpur Deep-01.

Formation Age Depth  Thickness  Temperature
Ma m m K

ALLUVIUM Recent 1 0 95 306.15

UNCONFIRMITY 2

PLIESTOCENE 3

SIWALIKS Pleistocene/ 18 95 387 309.15
Pliocene

UNCONFIRMITY 23.5

E. MIOCENE 29

NARI Miocene/ 41 482 220 321.15
Oligocene

DRAZINDA Middle Early 43 702 56 328.15
Eocene

PIRKOH Middle Early 45 758 109 330.15
Eocene

SIRKI Middle Early 47 867 46 333.7
Eocene

HABIB RAHI Middle Early 49 913 85 335.15
Eocene

GHAZLJ Middle Early 56 998 199 337.75
Eocene

SUL Middle Early 57 1197 58 340.95
Eocene

Sui Shale Middle Early 58 1255 51 345.95
Eocene

SML Middle Early 59 1306 143 347.55
Eocene

DUNGHAN Paleocene 61 1449 46 352.15

LST

L RANIKOT Paleocene 68 1495 71 353.55

UNCONFIRMITY 69.5 0

L. CRETACEOUS 71

PAB Cretaceous 73 1566 239 355.85

FORT MUNRO Cretaceous 74 1805 76 363.45

MUGHALKOT Cretaceous 75 1881 287 365.85

PARH Cretaceous 81 2168 179 374.95

UPPER GORU Cretaceous 91 2347 739 380.65

LOWER GORU Cretaceous 101 3086 824 404.15

SEMBAR Cretaceous 165 3910 776 430.15

CHILTAN Jurassic 186 4686 8 455.15
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Fig. 9. Formation temperature and Ro Model modification after Hill et al.
(2007) and Ehsan et al. (2016). Ro for the Sembar Formation in Well Qadirpur
Deep - 01 well is estimated to be 0.55.

where, ALogRnpy; represents the separation between the NPHI and LLD
logs, @N represents the NPHI log, @Npgseiine is the baseline value for
NPHI correlating with to LLD log’s baseline value, R reflects the LLD log
values (in Ohm ' meter), and Rpggeiine is the LLD baseline value correlating
with NPHI baseline value. In addition, TOCy is TOC in percentage
weight (wt%) extracted from the NPHI log, and LOM is the Level of
Maturity. Data from Well Qadirpur Deep-01 return the results shown in
Fig. A3 upon applying Equations (5) and (6).

Organic matter has a relatively lower density in comparison to the
surrounding rocks, resulting in contrasts between the density of solid
organic matter and the background matrix. TOC estimates using
Schmoker’s method show a positive linear correlation with the inverse
of the RHOB log values (Schmoker, 1979):
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for the Sembar Formation varies from 7 to 8.

TOC =A* G) -B @

where the constants A and B are determined on the basis of organic
matter content and the density of the source rock. Its computation can
also be undertaken by measuring the relative proportion of organic
content vs. organic carbon. In Equation (7), p is the density taken from
the RHOB log. The TOC is measured in weight percentage (wt%). After
determining the above parameters A and B based on data acquired from
Well Qadirpur Deep-01, Equation (7) can be simplified as follows:

154.497

TOC = ( ) —57.261 8)

where, p is the density of the source rock (taken from the RHOB log). The
TOC values computed for Well Qadirpur Deep-01 using the Schmoker’s
method are shown in Fig. A4.

Schwarzkopf’s (1992) method makes certain assumptions before
estimating TOC values from wireline data: 1) non-source rock has an
organically lean trend, and 2) source and non-source intervals have the
same porosity and matrix density values. Similar assumptions and
methods were also used by Myers and Jenkyns (1992) to determine TOC.

The porosity of non-source intervals is calculated using Equation (9).
In Schwarzkopf’s (1992) method, Equation (10) is used for estimation of
kerogen type. After calculating the above-mentioned variables, TOC is
determined using Equation (11) as follows:

Pma = Pns

Dy = —— ©
Prma 7pﬂ
Bror = Ps = Pus (10)
Prer = Pma
TOC — 0.85 X prpr X Drer 11

Prer X Drer + Pma (1 — Dsar — @ker)

where, @, represents in Equation (9) the water-filled porosity value of a
rock, p, is the density of non-source strata (its average value taken from
wireline. logs) in g/ecm?, p, is the density of the source-rock interval (also
taken from wireline from log) in g/cm®. The parameter. Pma = 0.2.7 g/
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cm? is the assumed density of mudrock, pp is the average water density,
and @y,r is the porosity for kerogen-packed source rocks.

DT logs can also be used to estimate TOC within a source interval,
using a similar approach. The only problem is the comparatively lesser
sensitivity of the DT travel time as compared to the RHOB log
(Schwarzkopf, 1992). Furthermore, porosity and lithology types have a
greater effect on the DT log when compared to the RHOB log (Meyer and
Nederlof, 1984). The methodology used on Well Qadirpur Deep-01
provided the results illustrated in Fig. AS5.

3.3. Thermal maturity evaluation

Thermal maturity can be modelled using wireline data based on the
following methodology: 1) burial histories need to be interpreted in first
stage for each stratigraphic unit taking unconformities and erosional
events into account, 2) thermal conductivities for each stratigraphic unit
should be estimated to reconstruct a basin’s thermal history, and 3)
kerogen maturation should be determined taking into account the types
and ages of kerogen in a source rock (in this case, the Sembar
Formation):

3.4. Burial history

The burial history of a basin is estimated based on the thickness,
depth and temperature of each rock unit. Information from Well
Qadirpur Deep-01 is given in Table 2. Three uplift episodes have been
considered in our models based on the presence of regional un-
conformities. The thickness of the eroded successions has been esti-
mated on the basis of the well’s subsidence trend and the depositional
ages of the drilled stratigraphic formations (Fig. A6).

3.5. Thermal history

Thermal (or temperature) history is estimated using Fourier’s law of
heat conduction, which is given by the following equation (Blackwell
and Richards, 2004; Ali et al., 2017):

AT =0QL/K 12)
where AT is the temperature gradient, Q is heat flow, L is the thickness of
the stratigraphic formation of interest, and K is thermal conductivity.

Using the difference in temperature for each paleo-depth of a specific
formation (in this case, for the Sembar Formation) while keeping Q and

Temperature History of Sembar Formation
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Fig. 11. Log based temperature history of the Sembar Formation for Well
Qadirpur Deep-01.
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K constant, the temperature history can be determined using the
following relation given by Blackwell and Richards (2004):
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pre-exponential factor A and the activation energy E are related to the
time-dependent temperature index (3 TTIx,) of a specific stratigraphic
formation (Hunt et al., 1991; Wood, 2017; Ali et al., 2017) via Equation

L L L,
T,=T —t=+...+== 13 16) below:
0+Q(K1+K2+ +Kn> as 16
Aty — 1) RT?,, E RT? E
TTl,,, = 1 — — u 16
M T =T, \|E+2RT,, P\ "R, E+2RT, P\ "RT, (16)

where T, is the temperature (K) at the base of a stratigraphic unit, Ty is
the average paleo-surface temperature (K). The heat flow for a strati-
graphic unit can be estimated using the equation given by (Rybach,
1986):

Q=q+AD (14)

where, q and D, are constants. D is the paleo-depth for a specific strat-
igraphic formation and the value of q is generally taken to be 27 mW/
m?. The parameter Ay is the heat generation value in W/m® and can be
calculated utilizing GR log and the empirical relationship given by
Bucker and Rybach (1996):

Ay =0.0158(GR —0.8) (15)

The values of Q (Equation (14)) and K (Equation (12)) for the Sembar
Formation have been estimated as 0.0336 W/m? and 284.8802 W/m.K
(1.042944 W/m°C), respectively. Estimates of paleo-surface tempera-
tures (Figs. 11 and 12; Table 3) led to the development of the temper-
ature history curve based on Equation (13).

3.6. Thermal maturity of organic matter

It is known since the mid-1960s that organic matter matures as the
temperature and pressure exerted on a source rock increases with time
(Habicht, 1964; Philippi, 1965; Hunt et al., 1991). In order to develop a
relationship between maturity of the organic matter and temperature as
a function of time, Wood (1988) derived a time temperature index using
the Arrhenius equation (Hunt et al., 1991). The Arrhenius equation
theoretically expresses the rate of a chemical reaction as depending on
the square power of temperature (Connan, 1974; Wood, 1988). The

Paleo-surface Temperature v=0.0318x+305.82
R?= 0.9997
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Fig. 12. Plot for paleo-surface temperature estimation from the temperature
log in Well Qadirpur Deep-01.

where TTIy,, is time-dependent temperature index from time period t, to
tn41 for a formation experiencing a temperature change from T, to T,
(K), and the parameter R is gas constant (0.008314 kJ/mol - K). The
values of A and E for the Sembar Formation were considered to be
5.45E426 Ma ™! and 218 kJ/mol based on information in Wood (1988)
and Wood (2017). In this work, a time-dependent temperature index
was computed for the Sembar Formation using paleo-depth data, as
shown in Fig. 13 and Table 3.

3.7. Petroelastic analysis

Petroelastic properties for the Sembar Formation are estimated in
this work from wireline-log data. To further assess the Sembar Forma-
tion, these petroelastic properties were used to evaluate its shale oil/gas
potential. The compressional log (DT4P) was used to generate the p-
wave velocity log (Vp). The shear log (DT4S) was used in a similar way
to generate a shear-wave velocity log (Vs). Petroelastic parameters for
the entire Sembar Formation encountered in Well Qadirpur Deep-01
were calculated using Vp and Vs to return properties such as B, E and
PR. These are petroelastic properties that play a significant role in the
identification of potential drill zones when combined with the results
from TOC logs.

The ratio of uniaxial stresses to uniaxial extensional strain, under a
general state of uniaxial stress, is called the Young’s Modulus. It pro-
vides a measure of the degree of stiffness of a rock interval, with the
relationship between E, density (p), Vp, and Vs being given by (Mavko
and Jizba, 1990; Ali et al., 2018):

£ _ pVs(3Vp? — 4Vs?)

1
Vp? — Vs? a7

The ratio of lateral contraction to stretching under uniaxial extension
for a given homogenous isotropic rock is given by the Poisson’s Ratio
(PR). Low PR values correlate with the presence of gas or oil shales. The
relationship between PR, Vp, and Vs is represented by the following
equation (Mavko et al., 2009; Ali et al., 2018):

_0.5(Vp* —2Vs?)

PR= — (18)

The parameter B of a stratigraphic unit depends on the effective
stress recorded in it, the texture of the rock, strength, the lithology of the
unit, and other mechanical parameters such as compressive strength to
tensile strength ratio (Zhang et al., 2016). The value of B in unconven-
tional oil and gas fields depends chiefly on rock mineralogy. Ductility is
enhanced by increasing clay content and, conversely, higher brittleness
relates to increasing amounts of quartz and dolomite. Rock brittleness is
function of both PR and E, and is used to distinguish brittle from ductile
rocks. The B can be calculated by using an empirical relation given by
(Rickman et al., 2008; Ali et al., 2018):

(Be + Bpr)

B=
2

19

where,
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Table 3

Ages, paleo-depth and temperature history of the Sembar Formation based on data from Well Qadirpur Deep-01.
Paleo-Age Paleo Depth Burial Rate Temperature history Heating Rate (q) TTIArr S TTIawr Log10y TTIan
Ma m m/Ma °C K K/Ma
165 0 0 33 306.15 -1.86 2.33E-07 2.33E-07 —6.63
101 776 12.12 58 331.15 0.40 1.42E-05 1.44E-05 —4.84
91 1600 82.40 84.55 357.70 2.65 1.73E-03 1.75E-03 —2.76
81 2339 73.90 108.35 381.50 2.38 8.02E-03 9.76E-03 —-2.01
75 2518 29.83 114.12 387.27 0.96 5.24E-03 1.50E-02 -1.82
74 2805 287 123.37 396.52 9.25 1.25E-02 0.03 —1.56
73 2881 76 125.82 398.96 2.45 9.43E-02 0.12 —-0.91
71 3111 115 137.72 410.87 5.95 0.44 0.56 —0.25
69.5 3320 139.33 149.62 422.77 7.94 0.36 0.93 —0.03
68 3120 —133.33 133.52 406.66 —-10.74 0.44 1.37 0.14
61 3191 32.91 135.80 408.95 0.33 0.16 1.53 0.19
59 3237 23 137.28 410.43 0.74 0.21 1.75 0.24
58 3380 143 141.89 415.04 4.61 0.21 1.96 0.29
57 3431 51 143.53 416.68 1.64 0.21 2.18 0.34
56 3489 58 145.40 418.55 1.87 0.28 2.46 0.39
49 3688 28.42 151.81 424.96 0.92 3.91 6.37 0.80
47 3773 42.5 154.55 427.70 1.37 2.07 8.44 0.93
45 3819 23 156.03 429.18 0.74 2.69 11.13 1.05
43 3928 54.5 159.55 432.70 1.76 4.04 15.16 1.18
41 3984 28 161.35 434.50 0.90 5.64 20.80 1.31
29 4244 21.67 169.73 442.88 0.70 75.24 96.05 1.98
23.5 4504 47.27 178.10 451.25 1.52 105.23 201.28 2.30
18 4204 —54.54 168.42 441.59 -1.76 101.32 302.60 2.48
3 4497.5 19.57 177.89 451.04 0.63 264 566.59 2.75
2 4791 293.50 187.35 460.50 9.46 59.21 625.81 2.80
1 4591 —200 180.90 454.05 —6.44 72.04 697.84 2.84
0 4686 95 183.97 457.13 3.07 53.50 751.35 2.86

Time-Temperature Index for Sembar
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Fig. 13. Time-temperature index values for the Sembar Formation plotted
against its age.
E —E,
BE — ‘min (20)
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Bpp=—— 2D
PRmax - PRmin
TThe

In Equations (19)-(21), Em, represents the lowest value of Young’s
Modulus, Epay is the highest value of Young’s Modulus, PRy, is the
smallest value of Poisson’s Ratio and PR is the highest value of
Poisson’s Ratio. The petroelastic and petrophysical properties for the
Sembar Formation at Well Qadirpur Deep-01 are shown in Fig. 14.
Sembar Formation has a depth of 3910 m-4686 m with a thickness of
776 m, average porosity of 12.7%, effective porosity of 0.88%, and
volume of shale of 77%. In order to determine the relation between the
important petroelastic properties in terms of hydraulic fracturing, a

10

cross-plot between PR, E and B was generated in Fig. 15.

3.8. TOC estimation from seismic data

Wireline logs are essential to estimate rock properties at relatively
high resolutions. However, the problem lies in well-log data being one
dimensional in nature despite its easy accessibility and low cost when
compared to lab analyses and other sampling procedures such as side-
and full rock coring (Schmoker, 1979, 1981). In order to tackle this
problem, well-derived reservoir properties are often tied with seismic
data within the known boundaries of seismic resolution using geo-
statistical tools (Ali et al., 2019). Geostatistical tools used are often
simple regression methods demonstrating meaningful relationships be-
tween two variables (Castagna and Backus, 1994; Leite and Vidal, 2011;
Aziz et al., 2018; Ali et al., 2019). Sections thus generated for each
reservoir property thus provide credible distributions for the respective
property, throughout a study area, rather than being limited to a single
dimension (1-D).

3.9. Acoustic impedance (AI)

TOC obtained from one dimensional well can be estimated for a
larger area using seismic data by relating the TOC with acoustic
impedance (AI) via a geostatistical tool. In order to do so, Al sections
must first be compiled as discrete seismic profiles containing the stacked
amplitudes obtained from the convolution of a reflectivity series with
source-generated wavelets (Sheriff, 1984).

Multiple inversion techniques are available to obtain AI for specific
seismic profiles. This study made use of relative values from Simulated
Annealing Inversion (SAD to generate Al sections. Geostatistical corre-
lations of relative acoustic impedance and TOC for multiple wells have
been previously applied to the Badin area in order to estimate TOC
sections for Sembar Formation (Aziz et al., 2018).

3.10. Simulated Annealing Inversion (SAD)

Simulated Annealing Inversion (SAI) is an inversion technique that is
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Fig. 14. Petrophysical and petroelastic properties of the Sembar Formation for Well Qadirpur Deep-01.

model-driven, being used to extract absolute and relative AI values of a
high resolution. The inversion calculates both absolute as well as rela-
tive values of AL The relative acoustic impedance (RSAI) extracted using
this inversion technique is best used for interpreting boundaries for
specific intervals. The result for RSAI applied to the SO-90-QPR-05
seismic section is shown in Fig. 16.

3.11. TOC analysis based on seismic data

TOC logs calculated using different techniques are calibrated with
the relative Al sections previously mentioned. Bearing in mind resolu-
tion differences in both data sets, the regression technique is valid only
after the well data values are upscaled in accordance with the seismic

11

resolution (Ali et al., 2019). The vertical resolution of seismic data can
be determined after extracting the dominant frequency (f) and velocity
(v) at the respective zone of interest. Wavelength for the seismic data at
that zone can be determined using equation (22):

A== (22)

f
where, 4 is wavelength, v is velocity (taken from the time-depth chart)
and f is dominant frequency which is 25.093 Hz. In the study area, the
vertical resolution of seismic data is obtained by 1/4th of the dominant
wavelength (1). The dominant frequency for seismic data is determined
with the help of amplitude spectrum (Ali et al., 2019), as shown in
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Fig. 16. RSAI section developed using the SAI technique for SO-90-QPR-05 seismic line.
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Fig. 17. The seismic resolution calculated at Sembar Formation comes
out to be 26 m. The average (upscaled) well log value for every 26 m is
further used to develop a geostatistical relation within the range of
seismic resolution (Ali et al., 2019).

Values taken from RSAI are obtained according to the depths of
upscaled well-log data. The values are then plotted against each other,
with RSAI values on x axis and upscaled TOC values obtained using
different methods on y axis (Figs. 18 and 19). A linear regression line is
then obtained, and this should return a correlation coefficient value ®)
above 0.7. The equation for that line is then used to develop the seismic
TOC sections; the plots obtained for both high and low TOC values
against the relative values of Al are then used to estimate the high and
low TOC values on the seismic section (Ali et al., 2019).

3.12. Seismic TOC sections derived from RSAI

Seismic TOC sections were developed by correlating the RSAI values
with Passey’s separation techniques, Schmoker’s method, and
Schwarzkopf’s technique. The sections were developed based on
correlating organic maturity obtained from multiple techniques with
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Fig. 19. Cross-plot between TOC estimated from Schmoker’s and Schwarz-
kopf’s technique vs. RSAL

RSAI values obtained after upscaling the well-log data (Figs. A7-A11).
4. Results and discussion
4.1. Spatial distribution of the Sembar Formation

The Sembar Formation was mapped using a synthetic seismogram
generated from the DT and RHOB logs of Well Qadirpur Deep-01, as a
tool for seismic-to-well ties. The top of the Sembar Formation was
marked at a two-way time depth of 2.47 s while the bottom was marked
at 2.88 s (Fig. 5).

After carefully interpreting horizons and faults over the seismic
sections, we gridded and contoured time, depth and thickness variations
as shown in Figs. 6-8 respectively. Time and depth contouring reveals
the presence of horst and graben structures in the study area. Time- and
depth-contour maps were prepared for the Top of Sembar Formation
with a contour interval of 0.004 s and 10 m, respectively. The isopach
map of the formation was compiled with a contour interval of 16 m, and
shows the thickness varying between 640 and 910 m (Fig. 8).
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4.2. TOC estimates from well logs

Calculations of TOC using wireline logs from Well Qadirpur Deep-01
have been briefly described in the section “TOC estimation” (Figs. Al-
A5). A decreasing trend in RHOB with increase in GR, DT, LLD, and
NPHI values suggests the presence of a TOC rich interval (Passey et al.,
1990; 2010; Aziz et al., 2018). Estimated TOC values for the Sembar
Formation vary between 2 and 4 wt% (Table 4).

4.3. Thermal maturity modelling

The burial history of the study area records a relatively low subsi-
dence rate of 12.13 m/Ma from 165 Ma to 101 Ma (Fig. A6). The basin
records a phase of relatively rapid subsidence from 101 Ma until 69.5 Ma
(100.4 m/Ma on average) after which it was uplifted. Three episodes of
tectonic uplift occurred over the history of the basin, during late
Cretaceous (69.5 Ma to 68 Ma) with an average uplift of 133 m/Ma,
early Miocene (23.5 Ma to 18 Ma) with an average uplift rate of 54 m/
Ma, and Pleistocene (2 Ma to 1 Ma) with an average uplift of 200 m/Ma
(Fig. A6). Tectonic uplift has had a clear impact on source-rock maturity;
however, the prolonged burial intervals, consistent overburden pressure
and large maximum depth of up to 4686 m recorded in the study area
have provided a suitable environment for the development of hydro-
carbons (Table 3).

The temperature history of the Sembar Formation has been recon-
structed in this work using temperature data for Well Qadirpur deep-01,
as shown in Fig. 11. The paleo-temperature curve for the Sembar For-
mation reveals a gradual increasing trend from 165 Ma to 101 Ma, fol-
lowed by a sharp increase in temperature from 101 Ma to 69.5 Ma
(Fig. 11). The paleo-surface temperature estimated from the log is
306.15 K (Fig. 12). In more detail, the Sembar Formation reached a
temperature of about 413.05 K (Table 3) followed by a decrease of
279.55 K in the formation during the first uplift episode. Afterwards,
regional subsidence caused an increase in temperature until the second
uplift episode, which caused a decrease of 282.75 K. The third episode of
tectonic uplift caused a decrease of 279.55 K. The Sembar Formation
thus records a temperature of 456.15 K at present (Table 3).

The thermal maturity of organic matter was calculated in a third step
in our analysis using the Arrhenius equation. The scales of the time-
dependent temperature index (TTls,) developed using the Arrhenius
equation, and its respective Ro values, vary from a log;oXTTIy,, value of
—4 for Ro 0.5% to a log;9XTTIa, value of +3 for Ro 2% (Wood, 2017).

The low values log;9XTTIs. for the Sembar Formation from 165 Ma
to 91 Ma show that the formation was immature during this period, at a
time when the unit was subjected to ~343.15 K (Fig. 13). Temperature
and pressure leading to the generation of hydrocarbons started after 91
Ma. When the Sembar Formation recorded its first uplift episode, hy-
drocarbon generation was ongoing and responding to temperatures as
high as 412.15 K, correlating to a burial depth of 3320 m and a
log19ZTTI4, value of —0.032 (Table 3). In spite of a reduction in hy-
drocarbon generation caused by tectonic uplift (Fig. A6), the log;pXT-
TI4.r values reaching up to 2.87 at a burial depth of 4686 m, and the
temperature values of up to 456.15 K, confirm hydrocarbons are being
generated at present (Fig. 13).

Table 4
Average TOC values estimated using the Passey’s, Schmoker’s and Schwarz-
kopf’s methods.

QADIRPUR DEEP - 01

LOM  PASSEY’S A Log R METHOD SCHMOKER’S SCHWARZKOPF’S
METHOD METHOD
DT/ RHOB/ NPHI/
LLD LLD LLD
WEIGHT PERCENTAGE (wt%)
7 2.54 3.85 3.53 2.03 3.57
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4.4. Petrophysical and petroelastic properties

Conventional petrophysical properties for the Sembar Formation are
shown in Fig. 14. The petroelastic properties are important to study
whether the formation is prone to hydraulic fracturing, which is an
essential requisite for unconventional oil and gas fields. The parameter B
was calculated in Fig. 14 to investigate the feasibility of hydraulic
fracturing in the study area - it reveals a potential oil/gas zone in the
lower portion of the Sembar Formation. Total porosity values are low
(12.7%), indicating that the degree of compaction recorded by shales in
this formation is high. The cross-plot in Fig. 15 proves that the lower part
of the Sembar Formation has a relatively low PR, relatively high values
of E, and relatively high brittleness.

Generally, the ductility of shales increases with increasing organic
content (Verma et al., 2018). Yet, a high degree of compaction, together
with the mineralogy of the source rock, generate perfect conditions for
hydraulic fracking in probable hydrocarbon zones (Verma et al., 2018).
A good unconventional source rock is one with good to excellent TOC
values and yet has a mineralogy which makes it brittle. Furthermore, it
should also be noted that TOC should not be higher than a certain
threshold value, as in this case rock will tend to overmature under
certain conditions, making it not feasible for hydrocarbon exploitation.
Thus, 2-4 wt% TOC values (Table 4), along with 60-80% B values
(Figs. 14 and 15) make the Sembar Formation suitable for hydraulic
fracking.

4.5. Seismic-based spatial TOC estimation

In order to display TOC values throughout the Sembar Formation,
rather than in 1-D along a single well, a linear equation between RSAI
section (Fig. 16) and upscaled TOC values on the basis of dominant
frequency and seismic resolution (Fig. 17) should be developed.

The TOC and RSAI curves have been plotted for both high and low
TOC values and their respective RSAI values (Figs. 18 and 19). The trend
between the two variables is inverse for both cases, with correlation
coefficients of R? = 0.8442 (Passey’s (DT/LLD)), R? = 0.9305 (Passey’s
(DT/LLD)), R? = 0.9492 (Passey’s (DT/LLD)), R? =0.9293 (Schmoker),
and R? = 0.8648 (Schwarzkopf). The best fit regression line equations
are given as:

TOC DT /LLD = —0.0037 RSAI + 1.3954 (23)
TOC NPHI /| LLD = —0.0044 RSAI + 2.0256 (24)
TOC RHOB /| LLD = —0.0023 RSAI + 1.5673 (24)
TOC SCHMOKER= —0.0016 RSAI + 1.8034 (21)
TOC SCHWARZKOPF = —0.002 RSAI + 2.341 (22)

The sections shown in Figs. A7 to Al1 reveal variable TOC trends.
The TOC values vary from 2 to 4 wt%, confirming the Sembar formation
to be a shale-gas unconventional source. The upper part of the Sembar
Formation shows promising TOC values. The central portion of the

Table 5
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formation has a varying TOC values with patches of up to 4 wt%
(Figs. A7-A11). The lower part of Sembar Formation turns out to be the
best locality for hydraulic fracturing as results show high TOC values in
this interval. A similar trend can be detected in the sections developed
using various methodologies, confirming the validity of our results.

4.6. Comparison of multiple case studies

In order to justify and validate the results found in this research, the
results have been compared with multiple case studies carried out in
various localities for TOC estimation in Sembar Formation (Table 5).
The comparison shows that the results from our analysis are in align-
ment with the previous studies which also includes core sample analysis
(Table 5). According to Sohail et al. (2020), the average TOC value of the
Sembar Formation is 3 wt% based on core data samples and log analysis
of Well Y in the Lower Indus Basin (Table 5). Similarly, Robison et al.
(1999) has evaluated the TOC values for the Sembar Formation in Well
Sann-1, located in Petaro area, Lower Indus Basin (Table 5). According
to Ahmad et al. (2012), TOC values found in the Punjab Platform,
Sulaiman Foldbelt, Lower Indus Platform, and Kirthar Foldbelt are
<0.5-1.64 wt%, 0.56-4.33 wt%, <0.5-4.15 wt%, and 0.83-3 wt%
respectively.

4.7. Implications of the study

The TOC ranges estimated for the Sembar Formation lie between 2
and 4 wt%, qualifying it as a good to excellent source rock (Peter et al.,
1986; Aziz et al., 2018). Samples of the Sembar Formation were inves-
tigated in the laboratory for TOC content by Wandrey et al. (2004) to
show a range from 0.5 to 3.5 wt%. The results from our study are
therefore verified by these laboratory values. Furthermore, studies show
Types II and III kerogen are present in the Sembar Formation (Wandrey
et al., 2004; Ahmad et al., 2011; Sheikh and Giao, 2017; Aziz et al.,
2018), with TOC values up to 9.5 wt% found in core samples. Petroleum
system modelling (PSM) applied to the Sembar Formation shows that
prolific shales lie in the temperature window suitable for gas and oil
generation (Sheikh and Giao, 2017).

Due to the unavailability of multiple wells and 3D seismic data in the
study area, TOC values could not be determined for regional grids.
However, the strike line SO-90-QPR-05, which is NW-SE oriented, has
been used in our analysis. This study shows high TOC values within the
Sembar Formation, confirming the maturity of kerogen within this same
formation, and presents it as a good potential unconventional resource.
The paleo-geographic location of the Sembar Formation at the time of
deposition played a key role in contributing to these high TOC values.
The environment and the age of deposition suggests a northward drift of
the Indian plate during the late Jurassic and Lower Cretaceous, leading
this tectonic plate into increasingly warmer climates (Scotese et al.,
1988; Aziz et al., 2018). By the Lower Cretaceous, marine shales in the
Sembar Formation accumulated over Jurassic Chiltan limestone on the
paleo-continental shelves of the Indian plate, at a Latitude of 20°S and
Longitude of 68°E (Scotese et al., 1988; Aziz et al., 2018). High organic

Comparison of average TOC values estimated for the Sembar Formation at different localities of the Lower Indus Basin, Pakistan.

Case Study Sohail et al. (2020) Robison et al. (1999) Aziz et al. (2018) (Current Study)
Formation Sembar Sembar Sembar Sembar
Locality Lower Indus Basin Petaro Badin Qadirpur

Well Y Sann-1 A B C Qadirpur Deep-01
Depth (m) 4046-4071 3455-3584 2400-2840 2400-2840 2510-2800 3910-4686
Average TOC-wt% (Core) 3 3.73375 - - -

Average TOC-wt% (Passey (DT/LLD)) 3 - 2.5 2.2 2.54

Average TOC-wt% (Passey (RHOB/LLD)) - - - - - 3.85

Average TOC-wt% (Passey (NPHI/LLD)) - - - - - 3.53

Average TOC-wt% (Schwarzkopf) - - 3.7 2.2 2.3 3.57

Average TOC-wt% (Schmoker) - - - - - 2.03
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production rates led to enhanced TOC concentration owing to the suit-
able paleo-environment at the time of deposition. Slow decomposition
and high production rates for the organic matter subsequently led to
favourable organic matter preservation, as shown by the thermal
maturity modelling for the Sembar Formation in Fig. A6 and
Figs. 11-13.

Rock brittleness is a parameter indicating how easily a rock can fail
(Obert and Duvall, 1967; Zhang et al., 2016; Kang et al., 2020). Frac-
tures play an essential role in terms of hydrocarbon production as it
makes extraction feasible, but unconventional resources lack such a
characteristic feature and often require fractures to be stimulated in a
volume of rock. As high B, low PR, and high E are typical of more fragile
rocks (Rickman et al., 2008), the petroelastic properties in this work
delineate the probable zones that are prone to hydraulic fracturing in the
Sembar Formation (Fig. 15).

The Lower and Central Indus Basin have been evaluated to typically
reveal an economic depth for shale gas at about 3500 m, contrasting
with the 1000-3000 m that is typical for unstable tectonic fold-and-
thrust belts (Ahmad et al., 2011). According to our data, the Sembar
Formation in the Qadirpur area has an economical depth starting at
about 3600 m below the surface (Fig. 7), with significant thickness
(Fig. 8) and good to excellent TOC values (Table 4).

The Sembar Formation also occurs to the east of the study area to-
wards the Rajasthan Basin, in the Indian subcontinent, as well as to the
west into the Zagros fold-and-thrust belt in Iran (Klett et al., 2011; Opera
et al., 2013; Aziz et al., 2018). This unit comprises the most productive
shale gas reserves in their respective basins (Klett et al., 2011; Opera
et al., 2013; Aziz et al., 2018). While the Gurpi and Kazdumi formations
of the Zagros fold-and-thrust belt have TOC values between 1.7 to 2.4 wt
% and 1.5 to 3.92 wt% respectively (Opera et al., 2013; Aziz et al.,
2018), the Ghaggar-Harka formation of the Rajasthan Basin has not been
studied due to lack of available well data (Farrimond et al., 2015; Aziz
et al., 2018). The methodology followed in this study might be of help
for unconventional resource exploration in such under-explored basins
around the globe.

The results presented in this study, however, are still limited to two
dimensions. A similar methodology can be carried out in the future to a
3D seismic cube for generating the RSAI grid rather than a section. This
grid can be correlated in geostatistical terms to the TOC values using at
least three or more wells to obtain an accurate TOC seismic grid. This
grid would be three dimensional and therefore provide further access to
Sembar Formation’s characterisation as a source rock. Furthermore, the
results from the calculated TOC logs can be correlated with core data, if
available, from the respective wells to confirm the results.

5. Conclusions

The analysis of the Sembar Formation within Qadirpur area of
Central Indus Basin, undertaken in this work, returned a series of pa-
rameters that allowed a better characterisation of its economic potential
as an unconventional resource. In summary, the main results of this
work are as follows:

a) The Sembar Formation is an ideal shale gas unconventional resource
based on the geochemical properties of its organic matter, its depo-
sitional setting, thermal maturity, thickness, petrophysical and pet-
roelastic properties.
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b) Multiple techniques for TOC evaluation applied to wireline data from
Well Qadirpur Deep-01 revealed high (2-4 wt%) TOC values in the
Sembar Formation. Seismic based TOC estimations for reservoir scale
were undertaken by correlating the RSAI section of the SO-90-QPR-
05 seismic line with the upscaled TOC logs using good correlation
coefficient values.

c) Data acquired from each analytical method show high TOC values
throughout the Sembar Formation along the SO-90-QPR-05 seismic
line.

d) Thermal maturity modelling, including burial history, paleo-depth
development, paleo-temperature evaluation and estimation of
time-temperature index, confirms the Sembar Formation to be
mature.

e) The presence of low PR, relatively high E, and high B values
particularly for lower portion of the Sembar Formation deems it
excellent for hydraulic fracturing.

f) Along with high TOC and high brittleness values, a thickness range of
640-910 m and a sub-surface depth starting at 3600 m makes the
Sembar Formation a good to excellent unit to exploit as an uncon-
ventional resource.

The methodology used in this study will likely promote the further
investigation of the Sembar Formation as an unconventional resource. It
can also be considered as applicable approach to the analysis and
identification of potential shale-gas plays in other parts of South Asia,
and the world.
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Fig. A1l. DT/ LLD overlay for TOC estimation in the Sembar Formation, Well Qadirpur Deep — 01. The Passey’s A Log R value for separation between DT log and LLD
gives an average TOC value of 2.54 wt%.
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Fig. A2. TOC estimation via a RHOB/ LLD overlay for the Sembar Formation, Well Qadirpur Deep-01. RHOB and LLD separation produces TOC values when utilized
in Passey’s A Log R equation. A mean value of 3.85 wt% was estimated.
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Fig. A3. TOC calculation for the Sembar Formation using NPHI/LLD logs for Well Qadirpur Deep — 01. The Passey’s overlay technique using NPHI/LLD separation
returns an average TOC value of 3.53 wt% for the Sembar Formation.
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Fig. A4. Schmoker’s Method for calculating TOC values. The Schmoker’s method is entirely based on the use of RHOB values. The averaged TOC value obtained from
the Schmoker’s method is 2.03 wt%.

19



A. Ali et al. Journal of Natural Gas Science and Engineering 101 (2022) 104507

GR VSH_GR PHIT ND TOC_SCHWARZKOPF
0 gAPI 150 VIV 10 VIV 0.3]0 wtpercentage 4
0 GR VSH_GR |0 PHIT ND|0 TOC SCHWARZKOPF

Fig. A5. Schwarzkopf’s method for estimating TOC values. The Schwarzkopf’s method estimates TOC on the basis of variation between source rock and non-source
rock parameters. The principal wireline data used is the porosity log. The average TOC value for Well Qadirpur Deep — 01 approaches 3.57 wt%.
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Fig. A6. Burial history of stratigraphic formations in the Qadirpur area calculated using well-log and formation-top data.
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Fig. A7. TOC section generated using Passey’s A Log R (DT/LLD) vs. RSAI cross-plot.
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Fig. A8. TOC section generated using Passey’s A Log R (NPHI/LLD) vs. RSAI cross-plot.
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Fig. A9. TOC section generated using Passey’s A Log R (RHOB/LLD) vs. RSAI cross-plot.
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Fig. A10. TOC section generated using Schmoker’s method vs. RSAI cross-plot.
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Fig. A11. TOC section generated using Schwarzkopf’s technique vs. RSAI cross-plot.
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