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MCCJIEJOBAHUE HE®TEIEHEPAIIMOHHOI'O MOTEHIIMAJIA MATEPUHCKHX
MMOPOJ U MOPOJ-KOJJEKTOPOB PAHHESOIIEHOBBIX Y MAJIEOIIEHOBBIX TOJIII]
BACCEMHA IIJIAT®OPMBbI NEH/IKAB, IAKUCTAH:
TEOXMMHNYECKHHN U NETPOPU3NYECKHUHN MOJIXO/]

Caiieq buinaBaa Anau IHlax
Vuusepcumem Manaiiu, Kyana-JIymnyp, 50603, Manraiizus

HccnenoBaHue paHHEIOLEHOBBIX M MaJCOLEHOBBIX omIokeHHH mardopmsl [Tenmkad B [lakucrane
BKJIFOYAJI0 KOMIUIEKCHBIH QHAJIN3 C HCIIOIb30BAHHEM MIEPEIOBBIX TEOXUMUYECKUX 1 NETPOPHU3NUECKUX METO/IOB.
B nannoit pabore mpoBeneHa oLeHKa HepTEMAaTepPHHCKOTO MOTEHIMaNa YeTbipex miactos: Hamman, Cakecap
paHHEe’0IIeHOBOrO Bo3pacTa u JlyHran, Pannkor nmaneoneHoBoro Bospacta. [ mmacta Cakecap, CIIOKEHHOTO
MOPOJAAMH-KOJUICKTOPAaMH, OblIa clielIaHa HHTepIPeTanus KaOeIbHBIX KapOTaKHBIX JIMArpaMM JUIS OLIEHKH €T
KJTIOUEBBIX METPOPHU3NIECKUX CBOMCTB — MOPUCTOCTH, BOAOHACHIIIEHHOCTH U He(TEHACHIIEHHOCTH. B reo-
XMMHYECKHX HCCIISJOBAHUSIX OCHOBHOE BHUMAaHKE OBUIO YETICHO ONPEETIeHHIO COJepIKaHusl 00IIero OpraHu-
geckoro yrepoaa (TOC) u Rock-Eval-nuponusy nBaauaru oxHoit mpo6sl Oyposoro nuiama. B aTux obpasuax
conepsxanust TOC usmensaucek B auanasone ot 0.21 po 2.04 mac. %, a 3Hauenus S, — B auanasone or 0.09
1o 2.14 mr YB/r mopozapl. AHanu3 1mokasai, 94To Bce 00pasIibl OTHOCSTCS K 30HE He3penol HepTH ¢ KeporeHOM
tumnos II/I1I u 111, uTo yKa3pIBaeT HA OrpaHUYEHHBIN He(TEreHepalMOHHEIH TOTeHIHA TTIOpoA. Pe3ymbrars! ne-
CJICJIOBaHUH MTO3BOJISIIOT TIPEATIONIOKHUTD OTpaHHIEHHOE 00pa3oBaHUE YIIIEBOJOPOAOB B OTHX InIacTax. Ilerpo-
¢dusnyeckuii ananus ais miacta Cakecap mokasal cpeaHIor mopuctocts 11.2 %, BogoHackImeHHoCcTh 32.58 %
U He(pTEHACHIIEHHOCTb 67.42 %, UTO MO3BOJAET OTHECTHU €0 K KOJUIEKTOPY C YMEPEHHBIM HIIH BBICOKHM YTIIe-
BOZIOPOZIHBIM MOTEHIHANOM. J[aHHOE UCCIIeI0BAaHNE OCBEIIAET CI0KHBIE TEOXUMHUECKNE U MeTPOPU3NIECKHE
XapaKTePUCTUKH 3THX IacToB. [Imact Cakecap 1eMOHCTPHpPYET KOJUIEKTOPCKUE CBOMCTBA, B TO BpPeMsI KakK ILIa-
ctbl Hammans, JlyHran u PaHUKOT UMEIOT OrpaHMUYCHHBIN yIIEBOLOPOAHBIN MOoTeHIMaN. PaccMoTpenue aTux
IUIACTOB B Ka4€CTBE HCTOUYHNKOB YITIEBOZOPOIOB TPeOyeT 000CHOBAHMSI.

bacceiin Cpeoneeo Hnoa, niacm Cakecap, HepmemamepuHckie nopoovl, HOPoObL-KOLLEKMOpPbl, Nempo-
Quzuyeckuii ananus

INVESTIGATION OF SOURCE AND RESERVOIR ROCK PETROLEUM
GENERATIVE POTENTIAL OF EARLY EOCENE AND PALEOCENE SEQUENCES
OF THE PUNJAB PLATFORM BASIN, PAKISTAN:

A GEOCHEMICAL AND PETROPHYSICAL APPROACH

Syed Bilawal Ali Shah

Investigating Early Eocene and Paleocene deposits within the Punjab Platform, Pakistan, involved com-
prehensive analysis using advanced geochemical and petrophysical techniques. This study evaluates the source
potential of three formations: Nammal and Sakesar of Early Eocene age and Dungan and Ranikot of Palacocene
age. The Sakesar Formation, a reservoir rock, was evaluated through interpretation of wireline logs to estimate
key petrophysical properties—porosity, water saturation, and hydrocarbon saturation. Geochemical investiga-
tions focused on total organic carbon content and Rock-Eval pyrolysis of twenty-one cutting samples from a
well. These samples displayed TOC values ranging from 0.21 to 2.04 wt.% and S2 values ranging from 0.09
to 2.14 mg HC/g rock. Analysis positioned all samples within the immature window zone with Type II/III and
Type III kerogen, suggesting limited generative potential. Findings suggest limited hydrocarbon generation
from these formations. Petrophysical analysis indicated average porosity of 11.2%, water saturation of 32.58%,
and hydrocarbon saturation of 67.42% for the Sakesar Formation, categorizing it as average to good reservoir
potential. This study highlights complex geochemical and petrophysical characteristics of these formations.
While Sakesar shows promising reservoir qualities, significant hydrocarbon generation potential from Nammal,
Dungan, and Ranikot formations is constrained. Informed decision-making is crucial when considering these
formations as hydrocarbon sources.

Middle Indus Basin, Sakesar Formation, source and reservoir rock, petrophysical analysis
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INTRODUCTION

The Punjab Platform, situated within the Middle Indus Basin, encompasses a tripartite geological struc-
ture comprising the Punjab Platform itself, the Sulaiman Fold Belt, and the Sulaiman Depression. Our research
is centered in the Punjab Platform basin, specifically within the confines of Jhang District, Punjab Province,
situated at coordinates 30°49°21.60”N latitude and 71°55°49.10”E longitude. Geologically, this region exhibits
a distinctive westward-dipping basin configuration (Fig. 1), representing the least altered portion of the Middle
Indus Basin. The Punjab Platform gracefully descends toward the Sulaiman Depression, where it eventually
converges. Notably, the northern boundary is demarcated by the Sargodha High, while the southern boundary
is characterized by the Mari High (Kadri, 1995; Shah and Shah, 2021; Peng et al., 2022; Dang et al., 2023).

Significant attention has been drawn to this area due to the identification of rock formations with promis-
ing gas potential (Raza, 1973; Shah et al., 2019; Zhang et al., 2022a; Zhan et al., 2022). The presence of organ-
ic-rich materials within the deposits of the Punjab Platform Basin, as reported by Shah et al. (2019), under-
scores the necessity to reevaluate the source and reservoir rock characteristics of the Early Eocene Nammal and
Sakesar formations, as well as the Paleocene Dungan and Ranikot formations. Our study is primarily focused
on these aspects. Additionally, the Middle Indus Basin is renowned for its source rocks, including the Shinwari
Formation shales, Ranikot, Kingriali, Lumshiwal, Samana Suk, and Chichali formations (Shah, 2023a; Ma et
al., 2023; Yang et al., 2023a; Yuan et al., 2023). It’s imperative to note that recent discoveries of oil and gas
fields in close proximity have garnered the interest of petroleum companies. Specifically, oil reserves have been
uncovered in India within this platform, and Pakistan has witnessed the discovery of gas reserves in the Panjpir
Oilfield (Shah et al., 2019; He et al., 2021; Li et al., 2022a; Zhang et al., 2022b).

The distinctive contribution of this research lies in the comprehensive analysis of well cutting samples,
encompassing the evaluation of source rock generation potential, thermal maturity assessment, kerogen type
identification, and petrophysical analysis for a profound understanding of reservoir rock properties and their
potential. This research also stands out for its simultaneous employment of two distinct methodologies to assess
the pivotal properties of the petroleum system, namely source and reservoir rock properties, representing a
novel approach in this field.

Wireline log data serve as invaluable tools in transforming raw log data into actionable insights regarding
subsurface hydrocarbon reserves (Quijada and Stewart, 2007; Xu et al., 2022a; Yu et al., 2021; Zheng et al.,
2023). These logs provide critical information pertaining to rock properties, including permeability, porosity, and
lithological composition, all of which are paramount in the realm of oil and gas exploration (Asquith et al., 2004;
Xu et al., 2021, 2022b). In this study, we apply the qualitative reservoir description criteria established by Rider
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Fig. 1. Map displaying the Punjab platform with surroundings (Huang et al., 2021; Wu et al., 2022; Shah
et al., 2023b; Wang et al., 2023).
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(1986) and Shah and Abdullah (2017). Figure 1 illustrates Table 1. Reservoirs’ porosity as described
the geographical scope of our investigation, while Table 1 qualitatively by Rider (1986)
delineates Rider’s (1986) and Shah et al. (2023a) criteria for  sverage Porosity with Qualitative Description
qualitative reservoir description.

This research endeavor aims to unravel the intricate
geological and hydrocarbon potential of the Punjab Plat-  Porosity ranging from 5 to 10% is considered Poor
form Basin, underpinned by a holistic approach that com-  Porosity ranging from 10 to 20% is considered Good
bines well cutting sample analysis and wireline logs to offer  Porosity ranging from 20 to 30% is considered Very good
comprehensive insights into the source and reservoir Tock  porosity greater >30% is considered Excellent
properties, thereby presenting a novel contribution to the
field of petroleum exploration.

Porosity ranging from 0 to 5% is considered Negligible

GEOLOGICAL SETTING

During the late Proterozoic era, the Indian Plate underwent a process of rifting, resulting in the deposition
of Infra-Cambrian sediments atop the Precambrian basement. Within the context of the Punjab Platform, the
second phase of rifting presents a complex challenge in terms of differentiation, primarily due to the influence
of drag forces acting on the geological structures (Li et al., 2022b; Ren et al., 2022a; Shah et al., 2023a). None-
theless, discernible indications of the second rifting phase have been unveiled through seismic profiling, show-
casing instances of Cretaceous strata displacement attributed to normal fault mechanisms. This dynamic geo-
logical setting is further shaped by the ongoing tectonic interaction involving the Indian Plate, encompassing
both collision and subduction processes, which collectively influence the basin’s structural evolution (Shah et
al., 2019; Shah and Abdullah, 2017; Li et al., 2023a).

The result of these geological processes is the concealment of alluvium deposits, primarily composed of
silt, clay, and sand sedimentary rocks, which are not exposed in the region. The geological significance of this
basin has been underscored by recent discoveries of oil and gas reserves in adjacent areas, subsequently piquing
the interest of petroleum companies. Notably, oil reservoirs have been identified on this platform in India, while
gas reserves have been successfully located in the Panjpir oilfield in Pakistan (Zhou et al., 2021a; Ran et al.,
2023; Shah, 2023b).

The stratigraphic framework of the Punjab Platform has been meticulously established through compre-
hensive drilling data analysis. This basin predominantly consists of marine sedimentary rocks spanning from
the Paleozoic to the Cenozoic era. Noteworthy similarities in the Lower Triassic stratigraphy between the Pun-
jab Platform and the Potwar basins are observed in the southern region, exemplifying their geological affinity
(Raza et al., 2008; Shah, 2009; Yang et al., 2022; Li et al., 2023b). Within this stratigraphic context, several
formations, including the Shinwari Formation shales, Ranikot, Kingriali, Lumshiwal, Samana Suk, and Chichali
formations, have earned recognition as proven source rocks within the Middle Indus Basin (Shah and Abdullah,
2016; Sun et al., 2023a; Xiao et al., 2023) (Table 2).

This intricate geological setting, characterized by its historical rifting, ongoing tectonic dynamics, and
concealed sedimentary deposits, forms the backdrop against which our research endeavors to explore and un-
derstand the petroleum potential of the Punjab Platform Basin.

MATERIAL AND METHODS

In this research, well cutting samples were systematically collected at intervals ranging from 10 to 30 m,
ensuring comprehensive coverage of the stratigraphic sequence. The sediments under scrutiny encompass geo-
logic epochs including the Early Eocene, Paleocene, and Cretaceous periods, as detailed in Table 5 for a com-
prehensive overview of the sampled materials.

To evaluate the petrophysical attributes pertinent to the reservoir potential of the Sakesar Formation, a
dataset of well logs obtained from Well A was judiciously employed. These well log data, vital to our study,
were graciously provided by the Directorate General Petroleum Concessions, Islamabad, Pakistan. The analyti-
cal framework adopted here drew upon an array of established methodologies, including those outlined in Shah
et al. (2023b), Zahid et al. (2014), and Hartmann and Beaumont (1999). This multi-faceted approach leveraged
a suite of wireline logs, including Neutron, Resistivity, Density, Gamma Ray, and Spontaneous Potential logs,
each playing a pivotal role in elucidating critical petrophysical parameters. From these meticulously analyzed
logs, we computed essential attributes such as porosity, formation water resistivity, water saturation, and hydro-
carbon saturation. These parameters collectively constitute a fundamental cornerstone in the comprehensive as-
sessment of the hydrocarbon potential intrinsic to reservoir rocks, shedding light on the intricate subsurface dy-
namics crucial to our study.
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ORGANIC GEOCHEMICAL ANALYSIS

The organic geochemical analysis conducted in this study entailed a meticulous examination of 21 well
cutting samples, meticulously collected at intervals spanning 10 to 30 m, originating from formations dating
back to the Early Eocene and Paleocene epochs. Specifically, these samples were sourced from the Nammal
Formation (Early Eocene) as well as the Dungan and Ranikot formations (Paleocene).

The collected cutting samples underwent a rigorous preparation process. Initially, they were subjected to
crushing, reducing their particle size to below 200 mesh, followed by further grinding to achieve a finely
granulated state. To assess the organic content, we employed LECO elemental analyzers CS-125 equipment for
precise Total Organic Carbon (TOC) measurements. Moreover, the evaluation encompassed pyrolysis analysis
employing the Rock-Eval VI instrument. Approximately 100 mg of the finely crushed samples were subjected
to pyrolysis within a helium atmosphere, maintained at a temperature of 600 °C. Pyrolysis, a pivotal technique,
yielded three paramount parameters for analysis:

S1, serving as an indicator of the quantity of free petroleum,

S2, offering insights into the quantity of hydrocarbons generated through thermal cracking, and

T....» denoting the maximum temperature reached during the pyrolysis process (Shah and Shah, 2021).

Furthermore, to provide a comprehensive assessment, our analysis encompassed the computation of ad-
ditional critical parameters, including:

OI (oxygen index), elucidating the oxygen content within the organic matter,

HI (hydrogen index), elucidating the hydrogen content within the organic matter, and

IP (production index), shedding light on the hydrocarbon generation potential of the samples.

This comprehensive organic geochemical analysis contributes invaluable insights into the composition
and hydrocarbon potential of the studied formations, facilitating a deeper understanding of their geological and
petroleum prospects.

WELL LOG ANALYSIS

Procedure for extracting various parameters from well logs are:
The parameters that were directly read from the log track are:

1. Formation depth (in ft.);

2. (NPHI) Neutron porosity (0.45 to —0.15 scale);

3. (LLD) Bulk resistivity of the formation (0—2000 Ohm-m scale);
4. (SP) Spontaneous potential (0—100 mv scale);

5. (RHOB) Bulk density of formation (1.95 to 2.95 scale).

HYDROCARBON SATURATION (SH)

Schlumberger log interpretation charts were utilised in conjunction with multiple equations to determine
certain required data in the Sakesar Formation encountered well A for estimating reservoir potential. The graphs
and equations were used together in the following flow:

1. Wireline log report shows a bottom-hole temperature of 180 °F and a surface temperature of 72 °F
which were utilised in the equation (Fig. 2). Following equation was used to calculate the temperature of the
formation:

Tf =Ts+Df
D

BHT — TS]

2. (R,p Mud Filtrate Resistivity and (R ) Resistivity of Mud at Formation Temperature were corrected.
(Fig. 4).

3. Self-Potential was directly determined from the log chart SP curve.

4. The value of the R /R ratio was measured using Fig. 5.

5. R, was calculated by dividing the corrected R, value by the R /R . value ratio.

6. The equation for R is:

Rmfeq
Rmfeq
Rwe

7. Rwe: Rmfeq/(Rmfeq/Rwe)

Rwe =
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Fig. 2. Temperature of the formation at various depths. Fig.3. R determined by determining R, (Schlum-
berger, 1977).

8. Figure 3 was used to convert R to R, and the correct R, value was determined using the R value
derived in step 5.
9. Archie’s equation was used to estimate water saturation.

S =/ Ry .
¢m'Rt

10. Following equation can be used to estimate the saturation of a hydrocarbon at a particular tempera-
ture: SH = 1-Sw.

After obtaining the mud filtrate resistivity values, they were used in Fig. 3 to convert them to equivalent
mud filtrate resistivity values. The equivalent mud filtrate resistivity values were then utilised in step 6’s calcu-
lation to get equivalent water resistivity. This equivalent water resistivity were then converted to water resistiv-
ity, which was then utilised in Archie’s equation to calculate water saturation.

Because the mud filtrate resistivity in the log header was determined at surface temperature, it needs to
be corrected at formation temperature for each value at a certain depth to determine the mud filtrate resistivity
at formation temperature Fig. 4 was used for this correction.

RESULTS AND DISCUSSION

Organic matter content and generative potential: The characterization of organic matter within source
sediments and its capacity for hydrocarbon generation is pivotal in quantifying both the abundance of organic
material and its potential to yield petroleum upon thermal maturation (Peters and Cassa, 1994; Hunt, 1996; Yin
et al., 2023). In this investigation, we assessed the hydrocarbon generation potential of the analyzed sediments
through organic geochemical analyses, including TOC content, as well as S1 and S2 values derived from pyroly-
sis assessments. The formations under scrutiny for their source rock potential are the Early Eocene Nammal
Formation, the Paleocene Dungan Formation, and the Ranikot Formation. Average results are summarized in
Table 3, while detailed sample data can be found in Table 5.

Typically, the organic richness of rock is gauged by the TOC weight percentage (%). According to Hunt
(1996), a clastic rock must exhibit a TOC of at least 1.0% to qualify as a potential source rock. Within the Nam-
mal Formation sediments, TOC content varies from 0.21 to 2.04%, with an average of 1.02% TOC. The Dun-
gan Formation sediments show an average TOC of 0.52% and a range of 0.45-0.56% TOC. As for the Ranikot
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Table 2. General stratigraphy of the Punjab Platform Basin (Zhou et al., 2021b; Shah et al., 2023a; Sun et al., 2023b)

Formation Lithology Age Top depth, m Bottom depth, m
Nagri Sandstone Pliocene 16 600
Chinji Sandstone and clay Miocene 600 1269

Sakesar Limestone Eocene 1269 1300
Nammal Shale and marl Early Eocene 1300 1442
Dunghan Limestone Paleocene 1442 1453
Ranikot Limestone and shale Paleocene 1453 1484

Lumshiwal Shale Cretaceous 1484 1624

Chichali Silt stone and sandstone Jurassic 1624 1659

Samana Suk Sandstone and limestone Middle Jurassic 1659 1788
Shinwari Sandstone and siltstone Early Jurassic 1788 1864
Datta Sandstone and shale Early Jurassic 1864 1889
Kingriali Shale and limestone Late Triassic 1889 2033

Tredian Sandstone Middle Triassic 2033 2078
Chhidru Sandstone and limestone Late Permian 2078 2103

Wargal limestone Late Permian 2103 2153

Amb Silt stone interbeds of sandstone Early Permian 2153 2180

Sardhai Shale interbeds of sandstone Early Permian 2180 2258

Warcha Shale interbeds of sandstone Early Permian 2258 2396

Dandot Shale interbeds of limestone Early Permian 2396 2440

Tobra Sandstone and conglomerate Early Permian 2440 2464
Baghanwala Shale Middle Cambrian 2464 2593
Jutana Dolomite Early Cambrian 2593 2693
Kussak Sandstone and siltstone Early Cambrian 2693 2797
Khewra Sandstone Shale interbeds of dolomite and siltstone Early Cambrian 2797 2886
Salt Range Marl, claystone and siltstone Precambrian 2886 2902

Formation sediments, they exhibit an average TOC of 0.82%, ranging from 0.48 to 1.63% TOC. The collective
analysis suggests that the majority of samples possess a reasonable TOC content. It’s worth noting that samples
with higher thermal maturity levels would feature higher original TOC values compared to their current values;
this relationship follows a decline in TOC content with increasing thermal maturity (Chen et al., 2023; Shah et
al., 2023a; Yang et al., 2023b). Of particular importance in pyrolysis assessments is the S2 parameter, which
serves as a key indicator of hydrocarbon generative potential (Peters, 1986; Ren et al., 2022b, 2023). As stipu-
lated by Abdullah et al. (2017) and Bordenave et al. (1993), a minimum of 5 mg hydrocarbons per gram of S2
is imperative for favorable petroleum generation capability. Generally, hydrocarbon (S2) yields range from
0.09 to 2.14 mg/g in the Nammal Formation, 1.28 to 1.82 mg/g in the Dungan Formation, and 0.13 to 4.15 mg/g
in the Ranikot Formation. A visual representation of the S2 versus TOC relationship is provided in Fig.6, re-
vealing that all formations under consideration exhibit a relatively modest potential for petroleum generation.
Kerogen type (The quality of organic matter). The assessment of kerogen types within the formations
relied on the pivotal parameter known as the Hydrogen Index (HI). For the Nammal Formation, HI values
ranged from 13 to 404 mg HC/g TOC, while the Dungan Formation exhibited HI values within the range of 227
to 325. The Ranikot Formation recorded HI values spanning from 16 to 255. To further categorize kerogen
types, pyrolysis data from the analyzed samples were employed to construct a Van Krevelen diagram, plotting
HI against T' . This approach allowed for the classification of kerogen types across all formations. The results

Table 3. Shows the ranges (min — max) of the values of the indicator of samples
Formation Depth, m Petroleum Potential Maturity of Quality of Kerogen Source rock
and number of sample OM Type generative
samples TOC, wt.% |S1 S I..°C HI potential

Mixed

Nammal (8) 1270-1390 0.21-2.04 |0.14-0.85 |0.09-2.14 407-427 13-404 Type VI | Poor
Dungan (3) 1430-1450 0.45-0.56 |0.10-0.27 |1.28-1.82 426-427 227-325 and Type Il | Poor
Ranikot (10) 1455-1510 0.48-1.63 0.18-0.44 0.134.15 329428 16-255 Poor
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consistently pointed to predominantly mixed Type III and mixed Type II/III kerogens. This conclusion was
corroborated by S2 versus TOC analysis, which aligned with the interpretation derived from the Van Krevelen
diagrams (Figs. 6 and 7).

As organic matter undergoes thermal maturation, characterized by escalating temperature and pressure

with depth, the hydrogen-to-carbon ratio experiences a decline. This decline arises from the preferential release
of hydrogen-rich volatile compounds, such as methane, in comparison to less hydrogen-rich compounds like
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Table 4. Various well logs calculated parameters

Depth, ft. ®D R, (LLD) | @ (N.D) R, SP Temp R,. RHOB SH Sw Lithology
4058 0.15 320 0.11 0.69 =27 151.8 0.41 2.63 66% 34%
4075 0.11 300 0.13 0.82 —11 152.1 0.49 2.66 63% 37%
4093 0.09 160 0.1 0.63 -29 152.9 0.61 2.61 64% 36%
4110 0.12 900 0.08 0.42 =30 153.3 0.58 2.67 68% 32% | Limestone
4128 0.14 1430 0.14 0.34 =27 153.7 0.27 2.62 61% 39%
4145 0.07 1680 0.11 0.47 =31 154.1 0.66 2.68 77% 23%
4163 0.1 450 0.12 0.37 =35 154.4 0.35 2.69 73% 27%
Table 5. Measured TOC and Rock-Eval pyrolysis data of all three formations
No | Depth Formation Lithology TOC, % S1,mg/g | S2,mg/g | T, °C| GP, kg/t PI HI
1 1270 Nammal Limestone and shale 0.44 0.32 0.1 407 0.42 0.76 23
2 1290 Nammal Limestone and shale 0.68 0.21 0.09 409 0.3 0.7 13
3 1300 Nammal Limestone and shale 2.04 0.85 1.43 411 2.28 0.37 70
4 1320 Nammal Limestone and shale 0.45 0.35 1.73 424 2.08 0.17 384
5 1340 Nammal Limestone and shale 0.6 0.25 1.24 427 1.49 0.17 207
6 1350 Nammal Limestone and shale 0.21 0.14 0.79 420 0.93 0.15 376
7 1360 Nammal Limestone and shale 0.62 0.17 0.79 422 0.96 0.18 127
8 1390 Nammal Limestone and shale 0.53 0.39 2.14 422 2.53 0.15 404
9 1430 Dungan Limestone and shale 0.55 0.1 1.25 426 1.35 0.07 227
10 1445 Dungan Limestone 0.45 0.19 1.36 427 1.55 0.12 302
11 1450 Dungan Limestone 0.56 0.27 1.82 426 2.09 0.13 325
12 1455 Ranikot Shale and limestone 1.63 0.42 4.15 426 4.57 0.09 255
13 1465 Ranikot Shale and limestone 0.57 0.18 1.15 428 1.33 0.14 202
14 1470 Ranikot Shale and limestone 0.48 0.34 1.11 419 1.45 0.23 231
15 1475 Ranikot Shale and limestone 0.52 0.36 1.32 420 1.68 0.21 254
16 1485 Ranikot Shale and limestone 1.31 0.29 0.22 346 0.51 0.57 17
17 1490 Ranikot Shale and limestone 0.62 0.29 0.51 404 0.8 0.36 82
18 1495 Ranikot Shale and limestone 0.85 0.36 0.46 401 0.82 0.44 54
19 1500 Ranikot Shale and limestone 0.76 0.44 0.54 391 0.98 0.45 71
20 1506 Ranikot Shale and limestone 0.65 0.19 0.2 385 0.39 0.49 31
21 1510 Ranikot Shale and limestone 0.82 0.18 0.13 329 0.31 0.58 16

heavy hydrocarbons and carbonaceous residues. In our specific case, these factors have collectively contributed
to the observed decrease in HI values. Additionally, when a formation undergoes hydrocarbon expulsion or
migration, the extracted hydrocarbons (S1) are reduced, leading to a lower HI value. It is vital to emphasize that
HI values, when considered in isolation, provide an incomplete assessment of a sedimentary rock’s hydrocar-
bon potential and maturity. Therefore, they must be interpreted in conjunction with other crucial parameters,
including TOC content, Rock-Eval data, and various maturity indicators. This comprehensive approach enables
a more thorough understanding of the organic matter and its capacity for hydrocarbon generation.

Furthermore, the determination of thermal maturity is a critical aspect of our analysis. The 7, values for
the samples ranged from 329 to 428 °C, indicating that these samples have not yet entered the maturity window
and are situated within the immature zone. The HI versus T plot for all three formation samples further con-
firms their placement within the immature zone (Fig. 7) as part of the thermal maturity analysis.

Hydrocarbon generation potential. The hydrocarbon production potential is profoundly influenced by
the organic facies of kerogen distributed within source rocks. This factor significantly determines the types of
hydrocarbons generated during thermal maturation and can be assessed through a combination of geochemical
and petrological parameters (Liu et al., 2023; Shah et al., 2023a). In this research, we ascertained the organic
matter’s quality, or kerogen type, within the examined sediments and its consequential impact on hydrocarbon
generation primarily through comprehensive geochemical analysis of bulk pyrolysis data.

Our analysis unequivocally reveals that the sediments from all three formations exhibit a notably limited
hydrocarbon generation potential. The nature of organic matter and the hydrocarbon-generating capacity of
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these sedimentary formations were judiciously assessed using pyrolysis data. According to the criteria estab-
lished by Hunt (1996) and Shah (2023b), sediments with Hydrogen Index (HI) values below 200 mg HC/g TOC
and categorized as kerogen Type III are anticipated to predominantly yield gas. Conversely, samples boasting
a TOC exceeding 1 wt.% and HI values surpassing 300 are expected to be conducive to oil generation. In our
analyses, the prevailing kerogen type predominantly comprised a blend of Type III and Type II/III kerogens
(Figs. 6 and 7). Considering the average TOC content of the analyzed sediments at 0.73%, it is evident that
these sediments exhibit limited hydrocarbon-generating potential.

Reservoir potential. In pursuit of a quantitative interpretation of reservoir potential, we employed pet-
rophysical analysis methods to derive critical reservoir parameters. Table 4 presents the computed petrophysi-
cal parameters gleaned from the assessment of the Sakesar Formation. The calculated average porosity ranges
from 8 to 14%, indicating a reservoir potential spanning from poor to good. As per the criteria outlined by
Rider (1986) and Shah et al. (2023a), the computed average water saturation stands at 32.58%, while the hydro-
carbon saturation is notably higher at 67.42%. These values collectively suggest an average to good hydrocar-
bon potential, thus providing a qualitative characterization of the reservoir (Table 1).

CONCLUSIONS

Based on the geochemical and petrophysical evaluation techniques conducted on the source and reservoir
rocks (Nammal, Sakesar, Dungan, and Ranikot formations) of the Punjab Platform Basin, the findings can be
summarized as follows.

Hydrocarbon Generation Potential:

The investigation of sediments originating from the Nammal, Dungan, and Ranikot formations consis-
tently points to a notable deficiency in generative capacity. This conclusion is substantiated by the observed low
values of critical parameters, including S2, HI, and T, (Table 5).

Geochemical Characteristics:

S2 values, ranging from 0.09 to 4.15 mg HC/g rock, alongside HI values spanning from 13 to 404 mg
HC/g TOC, collectively signify the presence of a mixed kerogen composition, encompassing Types II/III and
Type III.

Thermal Maturity Assessment:

Crucially, the thermal maturity analysis indicates that sediments from the Nammal, Dungan, and Ranikot
formations are positioned within the immature window zone. This placement strongly implies a limited poten-
tial for these formations to serve as prolific source rocks for hydrocarbon generation.

Reservoir Characteristics:

The outcomes of petrophysical analyses specifically targeting the Sakesar Formation indicate that it pos-
sesses an average reservoir quality. Furthermore, the findings suggest an average potential for hydrocarbon
production within this formation.

The author is very thankful to University of Malaya, Malaysia for providing lab facilities for this study.
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