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Assessment of organic carbon content (TOC) by geophysical logs has been a

challenging task in the formation evaluation of shale gas. This research is

conducted to estimate the unconventional hydrocarbon (shale-gas) potential

of Talhar Shale in the Southern Indus Basin (SIB), Pakistan. In this study, total

organic carbon content (%) was estimated through well logs by different

methods and then correlated with well cuttings/core data to determine the

best method for estimation of TOC content especially when well cuttings/core

data are not available. The Talhar Shale’s thermal maturity, as well as the organic

content, were assessed from geochemical analyses. Talhar Shale of Dangi-01

well has good to very good source potential whereas Chak7A-01 well has fair-

good. According to Ven Krevalen cross-plot, Talhar Shale of Dangi-01 well has

type III kerogen; it can only produce gas while Chak7A-01 has type II/III kerogen

which produces both oil and gas. The TOC was estimated using two methods

i.e., Schmoker’s and Hester’s and Multivariate Fitting methods. The estimated

TOC is then correlated with well cuttings data and concluded that the

Multivariate Fitting method is selected as an optimized method for

estimation of TOC because it shows strong correlation values of 0.93 and

0.91 in both wells respectively for Talhar Shale SIB, Pakistan.
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Introduction

Exploration of hydrocarbon is essential for a country’s

prosperity and economy. The unconventional hydrocarbon

resources had been explored at a large scale due to the

depletion of conventional hydrocarbon resources. The source

rock potential, depositional environment, thermal maturation,

and biodegradation of ejected hydrocarbons can all be

determined via organic geochemistry (Tissot and Welte, 1984;

Imtiaz et al., 2017). Rock-Eval pyrolysis is a more comprehensive

method that can measure useful geochemical parameters in the

process of source rock geochemical assessment

(i.e., determination of kerogen type and maturity). Nowadays,

shale-gas exploration is a debate among geoscientists.

Geochemical analysis (e.g., Rock-Eval) is the most widely used

approach for evaluating unconventional hydrocarbons, however,

it is expensive and time-consuming. Academics and geoscientists

are attempting to create new methodologies for estimating TOC

using well logs that are both easier and less costly (Nazir et al.,

2012; Ehsan et al., 2018; Mahmoud et al., 2019; Ali et al., 2021;

Kassem et al., 2021b).

Due to the rapid depletion of conventional hydrocarbon

resources, an increase in the exploration of unconventional

resources has been observed during the last 15 years that

redesigning the entire petroleum industry and global energy

mix with over hundred-thousand horizontal wells drilled in

the United States only (EIA, 2018). The unconventional

exploration activity in an area is usually driven by a large

number of unconventional resources (McGlade et al., 2013;

Evenick, 2020). In recent years, exclusive datasets such as

source rock and geochemical data are primarily generated by

either internal or external laboratories. These datasets are highly

expensive and time-consuming as well as challenging to manage

and investigate due to geographic constraints or statistical

(Evenick, 2020).

Exploring tight shale oil or gas has become very popular

around the world in recent years due to the shortage of

alternative energy resources (Jarvie, 2012). The TOC content

is not only considered an essential parameter for estimation of

the potential shale-gas reservoir, but it also affects rock quality,

hydraulic fracture modeling, and shale gas-in-place assessment

(Passey et al., 2010; Sondergeld et al., 2010). Organic matter,

which is also the constituent of the rock matrix, mainly controls

the geomechanical properties of shale formations (Altowairqi

et al., 2015). It is made up of two components: bitumen, which is

relatively simple, and kerogen, which is a vast and complex

structured chemical compound that is insoluble in organic

solvents. Under the influence of temperature and pressure

conditions, organic matter passes through several concurrent

and uninterrupted chemical reactions. The conditions at each

reservoir location can be very variable, and the ratios of the

various OM change from place to place. Consequently, the

chemical composition and characteristics of the petroleum

extracted from the different source rocks vary (Tissot and

Welte 1984; Speight 2001; Nazir et al., 2020). Other influential

parameters include thermal maturity and organic carbon content

within the organic matter that primarily control the organic

porosity and the absorbed gas within shale-gas reservoirs

(Montgomery et al., 2005; Ross and Marc Bustin, 2007).

Unconventional energy sources have surpassed conventional

energy sources as the primary source of energy (Chopra et al.,

2012; Zou et al., 2013). The world’s recoverable shale-gas

resources are approximately 141259 TCF, which is eight times

bigger than conventional gas resources (EIA, 2009). Pakistan’s

conventional gas reserves are expected to be 52 TCF, with 23 TCF

remaining, and no gas by 2025 if the current scenario continues.

Pakistan’s unconventional gas resources are estimated to be

586 TCF shale gas (Ali and Siddiqui, 2017). Talhar Shale can

be considered to be an unconventional formation (Ehsan et al.,

2019; Ehsan and Gu, 2020). Talhar Shale is considered an

important source rock that bears the generation potential of

hydrocarbons in SIB (Nazir and Fazeelat, 2017; Ehsan et al.,

2021).

The estimated TOC is determined through well-logs by using

different methods. To validate this estimated TOC well cuttings/

core of the same wells are analyzed in the laboratory to determine

measured TOC and other Rock-Eval parameters i.e., quantity,

quality, type of organic matter and thermal maturity. In this

study, the focus is to correlate calculated TOC from well-cutting

data with estimated TOC from well-logs to evaluate the source

rock potential of Talhar Shale of Cretaceous, especially when

well-cutting/core data is not available. Talhar Shale has the same

geochemical properties as Sembar Formation (Cretaceous).

Therefore, it is considered an unconventional source rock.

Correlation is made between estimated TOC and well-cutting

TOC, which gives a very close result.

Geological setting

The Southern Indus Basin (SIB) is 550 km long and 250 km

in width, and it is an extensional basin that is formed due to

upwarping on the western side of the Indian continental plate

(Kadri, 1995) (Figure 1). It is a sedimentary basin extending in

the north-south direction and contains important structural

features such as Jaccobabad, Mari-Khandkot, Hyderabad, and

Khairpur highs. Indian Shield lies in the east while the Kirthar

Fold-and-Thrust belts are in the west. The southward extension

of this basin is delimited by the offshore fracture plate boundary

(Zaigham and Mallick, 2000).

Tectonic features of the Indian Plate on the western side are

the result of a convergence of the Arabian Plate and the Afghan

Block and between a portion of the Arabian Plate and the rifted

margin of the Indian Plate (Figure 1). In the Southern Indus

Basin (SIB), due to the divergence of the plates a rifted

protocontinent and new oceanic plate was formed due to the
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plate divergence (Zaigham andMallick, 2000). The rifts are made

up of a series of horst and graben that exist under the Paleocene

unconformity. During the Late Cretaceous, rifting between

Seychelles and the Indian Plate resulted in the formation of

these features (Khan et al., 2013; Ashraf et al., 2021). The rifting

and fragmentation of Gondwanaland are linked to the SIB’s basin

history during the Jurassic. Overall, the Southern Indus Basin

(SIB) was comparatively tectonically stable but during Tertiary,

the intense folding and faulting events occurred (Kemal et al.,

1992; Ashraf et al., 2019; Ashraf et al., 2020).

Apparently, the Indus River is somehow following the trend

of an axis of the basin. The SIB is comprised of thick sedimentary

(Tertiary) cover that is underlain by marine Mesozoic rocks and

overlain by Quaternary sediments. Generally, clastic sediments

deposited in the SIB as thinner units compare to carbonate units.

Several researchers have reported that rocks deposited during the

Mesozoic mostly include shallow marine to continental clastics

(Bender and Raza, 1995; Kadri, 1995).

Cretaceous source rocks are widely distributed in the Lower

Indus Basin of Pakistan and the environment of deposition of

these rocks varies a lot (Ihsan et al., 2022). The predominant

lithologies of the cretaceous rocks present in the SIB include

shale, limestone, and conglomerates etc. Chiltan Limestone

dominantly consists of massive limestone (Figure 2).

Cretaceous sedimentary strata are predominantly comprised of

shale, sandstone, limestone, and conglomerate. Sembar

Formation dominantly includes shale while siltstone and

sandstones with minor limestone exist as a trace. Another

important formation of the Cretaceous is Goru Formation

which includes two different parts i.e., upper and lower parts.

Sandstone units are dominant in the lower part than the upper

part of the Goru Formation which was deposited in a deep

marine environment. Parh Limestone of Late Cretaceous which

is mainly composed of fine-grained limestone occurred more

widely. The Pab Sandstone is dominantly composed of regressive

sandstone deposited during the shelf environment during the

Late Cretaceous on the western side (Wandrey et al., 2004).

Thick rock units of Cenozoic strata are exposed on the

western side of the SIB. Paleocene rock units comprised

Khadro and Ranikot formations, while Eocene rocks include

FIGURE 1
Tectonic map which shows major tectonic features with prospective shale-gas basins (Northern and Southern Lower Indus Basin) of Pakistan
and marks well locations (Zaigham and Mallick, 2000; EIA, 2013).
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Kirthar and Ghazij formations. The outcrop of the Ranikot, Laki

(limestone), and Kirthar formations are primarily located

onshore (Alam et al., 2002). During the wells’ drilling in the

basin, basement rocks are not encountered as such rocks are

overlain by the thick strata of Mesozoic and Cenozoic.

Materials and methods

The data set used in this study was well logging data and well-

cutting data. A total of sixteen (16) well-cutting samples of the

Talhar Shale were obtained from the Oil and Gas Development

Company Limited (OGDCL) of Pakistan which includes nine (9)

samples of the Dangi-01 well and seven samples of Chak7A-01

well to obtain geochemical parameters. The complete suite of logs

of these wells was utilized in this study.

Well-log curves that are sensitive to the presence of organic

matter primarily include natural gamma ray, resistivity, density,

neutron, and sonic logs as reported in several studies. Rapid data

variation in the log curves marks the presence of a rich organic

matter zone. Based on this approach, source rock identification,

and estimates of TOC, S1, and S2 content are quite possible. A

single log method is mostly affected by variations in the mineral

composition, and other variables such as water, pressure, and

FIGURE 2
The stratigraphic column of the study area. The Talhar Shale is marked by a red arrow in the column (Alam et al., 2002).
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mud. Consequently, the multi-log technique is a better choice to

calculate TOC content (Wang et al., 2019).

TOC obtained from the well-cutting samples or core samples

is limited, the researchers have made many achievements in

predicting TOC from well-log data (Guangyou et al., 2003; Jarvie

et al., 2015). Well-logging data gives continuous data throughout

the drilling. Different well-log values i.e., neutron log, natural

gamma log, density, resistivity, and acoustic time difference, are

used to estimate TOC. Source rock has special logging response

characteristics and organic matter has some specific geophysical

logging responses (Mao, 2001; Yang et al., 2012).

Organic matter is commonly identified using well logging

techniques and other representative methods are used to estimate

TOC in a shale-gas reservoir. Such methods include the bulk density

method (Schmoker and Hester, 1983), which estimates TOC using

an inverse proportional relationship between TOC and bulk density

when the bulk density is not affected by geological or reservoir

parameters (Schmoker, 1979; Schmoker and Hester, 1983). Another

method used to estimate the TOC content is based on the porosity

(sonic, density, and neutron) and resistivity log curves (Passey et al.,

1990; Aziz et al., 2020). This method is also represented with ΔlogR
which is applied to a wide range of maturities to estimate the TOC

content in shale-gas reservoirs. Nowadays, the ΔlogR technique is

universally employed as the baseline for logs are properly demarcated

and resistivity and porosity logs are scaled. However, the ΔlogR
technique has drawbacks such as the assumption that composition,

level of compaction, and texture remained the same and variation of

baseline from one well to another (Yu et al., 2017).

Currently, two proven techniques of estimating TOC from

well-log data were used; these methods are Schmoker and Haster

(1983) method and the Multivariate Fitting method (Renchun

et al., 2015). The Multivariate Fitting approach determines the

correlation between each variable and the corresponding well-

logging data in the potential source rocks. Also, a correlation

between TOC content and uranium content information derived

from natural gamma ray spectroscopy (energy spectrum logging)

can be utilized (Kamali and Allah Mirshady, 2004), particularly

in marine source rocks (Yanran et al., 2019). TheΔlogR approach

cannot be used to estimate the TOC as a measurement of the

resistivity was not carried out within the zone of interest.

Different techniques are used for the estimation of TOC content.

Schmoker (1979) estimated the TOC content using the natural

gamma well log in Appalachian Devonian shales. According to

Schmoker (1981), organic matter is mostly associated with high

values of gamma-ray activity. Later, Schmoker realized that this

method could only be used for the specific region of Appalachian

Devonian shales because the gamma-ray log response is not for

kerogen but uranium content. The uranium content is also

dependent on the chemistry of water, type of kerogen, and rate of

sedimentation. So, one cannot assume exactly whether the high

gamma-ray log response is associated with high TOC or not.

Schmoker and Hester (1983) observed that there is an inverse

relationship between the formation of rock density and total

organic carbon (TOC) in carbonaceous shales of Assam Basin in

India. Later, they introduced an empirical relationship for

estimating total organic carbon (TOC) from the density log.

The relationship introduced by Schmoker and Hestler (1983) can

estimate TOC in clay-poor shales that are thermally mature.

Basically, this relationship needs calibration with the lithology

type. However, results may be ambiguous with either

underestimation of TOC in clay-rich or carbonate-rich shales

or overestimation in thermally immature shales. Themultivariate

fitting method was proposed by Renchun et al. (2015) to estimate

TOC by using a well-log.

The rock chips from both Dangi-01 and Chak7A-01 wells

were examined in the laboratory at OGDCL Islamabad,

Pakistan. TOC was calculated through well-logs by using

Schmoker and Hester (1983) and the Multivariate Fitting

method as indicated in Eqs 1, 2 respectively. Well-logs data

were used to estimate TOC. Rock-Eval pyrolysis was performed

using the “Rock-Eval 6” machine for the evaluation of the

source rock. Schmoker’s and Hester’s (1983) method is one of

the easiest methods of TOC calculation because there is only

one well logging curve involved in the calculation of TOC

i.e., the bulk density log curve.

TOC(wt.%) � 154.497
ρb

− 57.261 (1)

Where TOC represents total organic carbon and ρb indicates well

logs values of bulk density of the formation.

TOCMV � 0.049 × w(U) + (−13.373)(ρb) + 36.735 (2)

TOCMV represents total organic carbon (TOC) content

computed from the multivariate fitting method while w(U) is

the uranium curve values and ρb is the density log curve values.

The type of organic matter was determined through the

cross-plot between hydrogen index (HI) and oxygen index

(OI). The petroleum generation potential and organic richness

were determined using TOC versus S2 cross-plot. The maturity of

organic matter was determined using a maximum temperature

(Tmax) versus production index (PI) cross-plot. The generation

potential was determined using a generation potential versus

total organic carbon contents cross-plot.

For validation well-cutting, TOC was determined in the

laboratory using ELTRA Carbon/Sulfur Analyzer CS-580A. The

estimated TOC from the well-log was then correlated with well-

cutting TOC to validate the TOC assessment method through well

logs. This study was done to determine TOC using well logs by a

faster and cheaper method. The workflow is shown in Figure 3.

Results and discussions

Several kinds of research have been conducted to find an

optimum relationship that better explains the variation of
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geochemical with petrophysical and geomechanical data (e.g.,

Schmoker and Hester, 1983; Passey et al., 1990; Shukla et al.,

2013; Leila et al., 2021; Sen et al., 2021; Abdel-Fattah et al., 2022;

Fea et al., 2022). Relationships of geochemical data with other

datasets are very important to validate the field data and

estimates of different properties from one to another and

develop a continuous geochemical model (Abarghani et al.,

2019).

In general, a sufficient dataset regarding the rock cuttings of

potential source rock of a basin might not be easily accessible, or

sufficient details in the available literature which encompass the

data related to the source rock in the entire basin as published

literature (Dembicki, 2016). Well-log will be an alternative to

overcome such constraints to understand better and estimate the

different source rock-related parameters. Geochemical results of

Dangi-01 and Chak7A-01 wells show dissimilarities in organic

content due to differences in burial depth.

The well-cuttings were obtained from the Dangi-01 well

(3,340–3,432 m) at a level of 10 m having a thickness of 2 m,

and seven (07) samples were obtained from Chak7A-01 well

(2,850–2,915 m) with samples thickness of 5 m. The ELTRA

Carbon/Sulfur Analyzer CS-580A machine was used to

determine TOC levels. The Rock-Eval pyrolysis data (S1,

S2, S3, and Tmax) were calculated indirectly using the

Rock-Eval 6 machine, whereas the remaining parameters

(GP, PI, HI, OI, and S2/S3) were determined directly using

the Rock-Eval 6 machine. Then, measured values of different

source rock parameters from each well were cross-plotted to

determine the generation potential, type of kerogen, and the

maturity of organic matter of Talhar Shale (source rock)

(Table 1).

Organic richness

At first, the organic richness of any source rock can primarily

be determined by estimating TOC content. Further, thermal

maturity is investigated to understand the hydrocarbon

generation from a source rock (Abarghani et al., 2019). To

assess the hydrocarbon generation potential and TOC content

of the designated rock sample, the S2 peak and TOC were

quantified by Rock-Eval pyrolysis and C/S-Analyzer. The

TOC and Rock-Eval data for the Talhar Shale in both wells

are shown in Table 1. The TOC readings in the Dangi-01 well

range between 1.17 and 4.21, according to the geochemical

analysis (wt%).

The distribution of the source rock based on organic richness

is reflected in the plot of depth against TOC (Figure 4). The

organic richness of the well-cutting samples from the Dangi-01

well ranges from good and very good, with only a single sample,

falling into the zone of outstanding source rock. Organic matter

content is lower in samples from comparatively shallower depths

of the formation, whereas samples from greater depths

(>3,375 m) have higher organic carbon content, which may be

due to the difference in organic matter input, deposition of the

shale, and variation in organic matter preservation.

The TOC readings in the Chak7A-01 well varied from

0.66–2.25 wt%. According to the cross-plot, all of the samples

FIGURE 3
Flowchart showing the methodology used to conduct the current research work.
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are of medium to good organic-rich source rock, with only

one sample having very good organic richness (Figure 5). The

change in organic content of the Talhar Shale follows a

comparable with that of the Dangi-01. The cross-plot

shows that samples at depths of 2,850–2,875 m have fair

potential and have strong potential at depths of

TABLE 1 Data from the Talhar Shale of the Dangi-01 and Chak7A-01 wells, including TOC and Rock-Eval.

S.
No.

Depth
(m)

TOC (wt%) S1 (mg/g) S2 (mg/g) S3 (mg/g) Tmax (°C) GP (mg/g) PI HI OI S2/
S3

Dangi-01

1 3,340–42 1.17 0.45 0.72 0.22 453 1.17 0.38 62 19 3.273

2 3,350–52 1.24 0.49 0.91 0.11 459 1.40 0.35 73 9 8.273

3 3,370–72 1.47 0.63 1.58 0.10 452 2.21 0.29 107 7 15.8

4 3,380–82 3.63 2.79 4.40 0.18 456 7.19 0.39 121 5 24.4

5 3,390–92 2.22 0.98 1.44 0.24 458 2.42 0.40 65 11 6

6 3,400–02 3.62 2.83 5.70 0.19 457 8.53 0.33 157 5 30

7 3,410–12 3.82 2.50 4.71 0.20 458 7.21 0.35 123 5 23.6

8 3,420–22 4.21 0.86 1.9 0.68 456 2.76 0.31 45 16 2.794

9 3,430–32 2.10 0.37 0.50 0.19 461 0.87 0.43 24 9 2.631

Chak7A-01

1 2,850–55 0.66 0.29 1.36 0.60 444 1.65 0.18 206 91 2.267

2 2,860–65 0.61 0.38 1.30 0.56 442 1.68 0.23 213 92 2.321

3 2,870–75 0.88 0.52 1.55 0.70 445 2.07 0.25 176 80 2.214

4 2,880–85 1.04 0.46 2.22 0.64 445 2.68 0.17 213 62 3.469

5 2,890–95 1.54 0.88 4.03 0.52 447 4.91 0.18 262 34 7.75

6 2,900–05 2.00 0.92 5.07 0.60 446 5.99 0.15 254 30 8.45

7 2,910–15 2.25 0.35 1.39 1.55 448 1.74 0.20 62 69 0.89

FIGURE 4
The cross-plot of TOC (wt%) versus depth (m) to describe the organic richness of samples of Dangi-01 well criteria adopted by Peter and Cassa
(1994).
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2,880–2,895 m, while samples at greater depths of the rock

have very good organic content (2,900–2,915 m).

Hydrocarbon generation potential

The presence of effective source rock is critical, especially at

earlier stages of hydrocarbon exploration. The plot between TOC

and generation potential (GP) can be employed to fulfill the

purpose. Generation potential (GP) can be determined by adding

S1 and S2 together. Source rock with GP values lower than 2 bears

poor potential, samples with GP values between two to four have

fair potential, samples with GP values between 5 and 10 have

good potential, and samples with GP values greater than 10 have

strong source potential (Hunt, 1996).

GP versus TOC cross-plot represents that the samples from the

Dangi-01 well are of good to very good source generation potential

whereas a single sample (GP: 0.87–8.53 mg/g) falls into the excellent

source rock potential zone (Figure 6). All the samples in the Chak7A-

01 well are deemed to have fair to excellent generation potential, with

GP values are 1.65–5.99 mg/g.

Organic matter types

The type of organic matter present in a rock is crucial in

determining the type of hydrocarbon produced. A cross-plot of

the hydrogen and oxygen indexes was constructed to identify the

fluid type. It’s used to figure out what kind of organic matter and

organic input there is. According to Walpes (1985), hydrogen

index (HI) values <50 mg HC/g represent no production zone

and it is classified as type IV kerogen while higher HI (<250 mg

HC/g) indicates gas production region and is designated as type

III kerogen. On the other hand, HI values between 250 and

400 mg HC/g indicate is a mixed type II/III kerogen that has gas

generation potential. HI values higher than 400 specify a source

rock that produces oil (type II kerogen) and its greater values

(HI > 650) specify a source rock that has the potential to produce

oil (type I kerogen).

Van Krevelen cross-plot between HI and OI as shown in

Figure 7 shows that the samples from Talhar Shale in Dangi-01

FIGURE 5
The cross-plot of TOC against depth to describe the organic richness of samples of Chak7A-01 well criteria adopted by Peter and Cassa (1994).

FIGURE 6
GP vs. TOC cross-plot indicating generation potential of the
rock from Dangi-01 and Chak7A-01 wells criteria adopted by El
Nady et al. (2015).
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well indicate low HI values (type III/IV kerogen) which may be due

to higher thermal maturity or poor preservation if not

predominantly terrestrial input. In Chak 7A-01 well, HI values

lie within the range of 150–300, which represents type II or III

kerogen. Talhar Shale is possibly formed by mixed marine and

terrestrial input. Among the other samples from Chak7A-01 well, a

single sample represents the type III kerogen zone which could be

due to the weathering or oxidation processes. The ratio of pristane to

phytane (Pr/Ph) is a good indicator of the depositional

environments. Higher values of Pr/Ph ratios indicate that Talhar

Shale was deposited with a terrigenous input under anoxic

environment (Nazir and Fazeelat, 2017). The present study

corresponds well with the previous studies. Additionally, the

biomarker study reveals that Talhar shale bears a strong potential

to act as a source rock (Nazir et al., 2015).

Thermal maturity of organic matter

Thermal maturity is one of the most important factors to

estimate the source rock potential (Nazir and Fazeelat, 2014). As

the complex geopolymers get mature, thermal alteration

processes controlled by microbes, temperature, pressure, and

time result in a permanent compositional alteration (Glombitza

et al., 2009). The diagenetic properties of the organic matter in

the subsurface are mainly controlled by the burial depth and

temperature (Kassem et al., 2021a). Because of the geochemical

events that occur during organic matter transformation, the level

of thermal maturity of organic matter increases as Tmax increases.

Vitrinite reflectance (Ro) is the most widely used tool for

estimating thermal maturity. It is regarded as one of the most

accurate predictors of organic matter maturity.

FIGURE 7
Van Krevelen diagram (modified) between HI and OI to identify kerogen type from both wells criteria adopted by Peter and Cassa (1994).
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The production index (PI) can also be used to assess organic

matter’s thermal maturity. The cross-plot of PI vs. Tmax

(Figure 8) and Peter and Cassa (1994) classification show that

the Dangi-01 samples are adequately mature and generate wet

gas, with only the sample being late mature. On the other hand,

all the samples from Chak7A-01 well are early mature and lie in

the oil window. Higher maturity of organic matter in Talhar

Shale present in Dangi-01 well than Chak7A-01 well primarily

corresponds to greater burial depth.

Adequate organic maturity of the organic matter of the

Talhar Shale at both of these wells is validated through values

of Tmax and PI. Also, the values of organic richness and thermal

maturity mark that the Talhar Shale contains the zones which

bear the potential to produce both oil and gas. Biomarker

maturity and Rock-Eval parameters correspond well which

validates the above interpretation and analysis (Nazir and

Fazeelat, 2016). The thermal maturity difference between

Dangi-01 and Chak7A-01 wells is related to the depth of the

Talhar Shale as shown in Figures 4, 5. Talhar Shale is more

mature in Dangi-01 well as compared to Chak7A-01 well due to

the deep burial depth of organic matter (Nazir and Fazeelat,

2017).

Total organic carbon estimation through
well logs

In shale-gas reservoirs, the reservoir characteristics such as

permeability, porosity, texture, and micro-structures are

controlled by the total organic content present (Zhang et al.,

2012; Sone and Zoback, 2013; Altowairqi et al., 2015). Therefore,

an accurate estimate of TOC content and reliable shale reservoir

characterization is significantly crucial for the exploration of

shale-gas reservoirs (Wang et al., 2016). TOC is typically assessed

in a geochemical laboratory using source rock evaluation

equipment on well cuttings and sidewall cores. Because the

core sample is extracted only from a zone of interest, the data

produced using these approaches is not continuous and has

restricted availability. These procedures are both costly and

time-consuming. Well logging, which provides high-resolution

and continuous data, may be a solution to such issues. Schmoker

and Hester and the Multivariate Fitting method were used to

estimate TOC in the Talhar Shale of the Dangi-01 and Chak7A-

01 wells, as illustrated in Figures 9, 10, respectively.

Correlation between measured and
estimated total organic carbons

After identifying the measured and estimated TOCs, the data

is correlated to determine which approach is better for estimating

TOC in the absence of well-cutting/core data. The linear equation

is derived which provides a value represented by the coefficient of

determination (R2).

A correlation was performed for validation of the specific

method for the estimation of TOC in Talhar Shale. The result

shows that the Multivariate Fitting method has a coefficient

of determination of 0.87 and 0.83 with well cutting/core TOC

FIGURE 8
Cross-plot Tmax vs. PI indicating thematurity of Organicmatter present within rocks of Dangi-01 and Chak7A-01wells. The Tmax and PI criteria
were followed in the present study after Espitalié et al. (1985) and Peter and Cassa (1994), respectively.

Frontiers in Earth Science frontiersin.org10

Khalil Khan et al. 10.3389/feart.2022.969936

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.969936


FIGURE 9
Well logs used in the present research and Estimated TOC curves overlay with well cutting TOC of Talhar Shale in Dangi-01 well at depth
3,340–3,432 m.
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in Dangi-01 and Chak7A-01 wells respectively. Figures 11A,C

illustrate the coefficient of determination of well cutting

tested TOC and estimated TOC of Dangi-01 and Chak7A-

01 wells, respectively, using the Multivariate Fitting

approach. The correlation coefficient for the Multivariate

Fitting method shows good reliability in both Dangi-01

(0.93) and Chak7A-01 (0.91) wells. The resultant TOC

values by multivariate fitting method showed excellent

correlation to the TOC measurements and suggested work

for Talhar Shale. The coefficient of determination values for

Dangi-01 (Figure 11B) and Chak7A-01 (Figure 11D) wells by

the Schmoker and Hester method are 0.37 and 0.58,

respectively, which is not good enough for a best-fit

technique for calculating TOC.

FIGURE 10
Well logs used in the present research and Estimated TOC curves overlay with well cutting TOC of Talhar Shale in Chak7A-01 well at depth
2,850–2,915 m.
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Conclusion

The well-cuttings sample result of geochemical analysis and

well logging data following conclusion has been made:

• The organic richness and generation potential values of Talhar

Shale samples from the Dangi-01 well are good to very good.

Similarly, based on geochemical data, samples from the

Chak7A-01 well have a fair to good organic richness and

generation potential (GP). In the Dangi-01 well, the Talhar

Shale can only generate gas, whereas the Chak7A-01 well can

produce both oil and gas. The results of the geochemical

investigation suggest that the Talhar Shale is thermally mature

and capable of producing hydrocarbons.

• Onwell logging data from theDangi-01 and Chak7A-01wells,

Schmoker and Hester’s approach was used to estimate TOC,

which was then compared to well-cutting TOC, which

revealed a poor correlation. As a result, Schmoker and

Hester can’t be utilized to determine TOC in the Talhar

Shale (Lower Goru Formation). On both well data, the

Multivariate Fitting approach was used to estimate TOC,

and the correlation of this method is excellent enough to

consider it an appropriate method for calculating TOC in the

study area when core TOC is not available, i.e., 0.93 and 0.91.
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