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CEMCMO®AIIUATIBHBIN AHAJIN3, 3D KAPTUPOBAHHUE 'OPU30OHTOB
U XAPAKTEPUCTUKN HE®TEMATEPUHCKHUX IMMOPOJ U MOPOJ KOJIJIEKTOPOB
MAJEOIEHOBOM TOJIIIU BACCEMHA MTOTBAP (Ilakucman),
C AKIIEHTOM HA EE NOTEHIIMAJIBHYIO HE@TEHOCHOCTH

Caiien bunasaj Aiu Hlax
University of Malaya, Kuala Lumpur, 50603, Malaysia

B nanHOM HMCCIIEeOBaHMH MPEICTABICH KOMIUICKCHBIH aHamu3 HeTsIHOro MecTopoxaeHus bamkaccap B
Gacceitne [lorBap (/lakucman), Ha OCHOBE JAaHHBIX CEHCMOpa3BEIKU, TPEXMEPHONH MOJEIN NPUIOBEPXHOCTHO-
IO TOPU30HTA, & TAKKE TCOXMMUYECKUX U NMeTpou3ndeckux AaHHbIX. OIeHKa TCOXMMUYECKUX CBOWCTB CBUTHI
JlokxapT ¢ HCIOIB30BaHIEM OypOBOTO IUIaMa BBISIBUIIA YCTOWYNBOE OTHOCHUTENHFHO HU3KOE HIIM YMEPEHHOE CO-
nepxkanue obuiero opranndeckoro yriepona (OOY). 3nayenus S2 ee OTIOKESHUN TPEANONaraloT X XOPOLIUi
TeHEPAIOHHBIH MOTEHIINAN U CMEIIaHHbIH cocTtaB keporeHa (tumsl 11 u I1I). C momomsio ceiicModanuaabHOTO
aHaJIM3a BBIICNICHO IISITH PAa3iIMYHBIX KATErOpHil OTIOKEHHH C MapaiuielbHBIMUA HapaMeTpaMu. [OpH30HTHI OT
HIDKHEH IIEpMU 10 50LIEHA UMEIOT PAa3IMyYHyI0 aMIUIMTYLy, IPEUMYLIECTBEHHO Mapajlle/IbHO-BOJIHUCTYIO BHY-
TPEHHIOI KOH(HUTYPALHIO, & TAKKE B OCHOBHOM ILIACTOBYIO HJIM KJIMHOBH/IHYIO TEOMETPHIO, 4TO AeT IPEICTaB-
nenue o crparurpadun tommy. Vurepnperanus 3D celicMUYECKUX TaHHBIX BBISBHIIA CTPYKTYPHBIE OCOOCHHO-
cTH cBUTHI JIOKXapT C BBIPAXKEHHBIM CEBEPO-3aIIaAHbIM NaJICHHEM 1 00JIee IOJIOTUM FOr0-BOCTOUHBIM HAKIIOHOM.
KpbLibsi CBUTBI CEKYTCSl OOpaMILIIOIINME ee paszinoMamu. Ha ceBepo-3amajie CBUTA TPAHUYUT C PA3IOMOM, 4YTO
co3zaer GaroNnpHsATHBIC NPEIITOCHUIKH JUTS HAKOIUIEHHs yIIeBoAopooB. [1o qaHHEIM MeTpoHu3nIecKoro aHa-
1M3a CpesHssA MOPUCTOCTh OTIOXKeHHH cocTaBmseT 9.17 %. CuTa cioxkeHa NPEUMyIIECTBEHHO H3BECTHIKAMU;
CpeIHssI BOAOHACKHIIIEHHOCTh €€ OTIOKEHUH COCTABIACT OKOJI0 25.29 %, a HACHIIEHHOCTh YIIIEBOAOPOAAMH —
npumMepHo 74.71 %, uTo crocoOCTBYeT ee KoIeKTopcKuM cBoiicTBaM. CBura Jlokxapt B Oacceiine IToTBap siBiisi-
€TCsl IOTCHIMAIbHO He(PTEra30HOCHO, XOTS reHepallMOHHbIH OTEHIHAN ee He(h)TEMAaTepPHHCKUX OPOJL OTPaHH-
yeH. [IpoBeneHHOE HCCIe0BaHue AaeT 0ojee TyOOKoe MPeCTaBICHHE O CIOKHOIT Te0JIOrHIecKoil CTPYKType
MecTopoXxIeHust bankaccap 1 BHOCHT BKJIa]] B pa3paboTKy METOI0B He(hTEOMCKOBBIX paboT B Oacceiine [ToTaap.

Ceuma Jloxxapm, Hepmemamepurckas nopooa, baccetin Ilomeap

SEISMIC FACIES ANALYSIS, 3D HORIZON MAPPING, SOURCE AND RESERVOIR ROCK
CHARACTERISTICS OF THE PALEOCENE SEQUENCE IN POTWAR BASIN, PAKISTAN:
WITH EMPHASIS ON PETROLEUM POTENTIAL PROSPECT

Syed Bilawal Ali Shah

This study presents a comprehensive analysis of the Balkassar oilfield in the Potwar Basin, Pakistan. It inte-
grates seismic reflection data, a 3D subsurface horizon model, and geochemical and petrophysical data. Evaluating
the Lockhart Formation’s geochemical properties using well cuttings reveals consistent patterns of relatively low
to fair total organic carbon (TOC). S2 values suggest a fair generation potential with a mixed Type II-III kerogen
composition. Seismic facies analysis identifies five distinct categories with parallel attributes. Horizons from lower
Permian to Eocene show varying amplitudes and prevalent parallel to wavy internal configurations. Geometries,
mainly sheet-to-wedge, enhance stratigraphic understanding. The 3D seismic interpretation reveals the Lockhart
Formation’s structural traits, with pronounced northwest dip and gentler southeast inclination. Faults flanking
the formation truncate its limbs. A significant contour closure in the northwest, confined by fault boundaries,
signifies attractive hydrocarbon potential. Petrophysical analysis indicates an average 9.17% porosity. Dominated
by limestone, the formation shows average water saturation of around 25.29% and hydrocarbon saturation of
roughly 74.71%, indicating favorable reservoir properties. The Lockhart Formation holds promise as a reservoir
rock within the Potwar Basin, though its source rock suitability is limited. This study enhances understanding of
Balkassar’s geological complexities and contributes to knowledge of hydrocarbon exploration in the Potwar Basin.

Lockhart Formation, Potwar Basin, Source rock

INTRODUCTION

The Potwar Basin, located in Pakistan, stands as a significant hub for oil and gas production. Numerous
researchers, including Imtiaz et al. (2017), Fazeelat et al. (2010), Thsan et al. (2022), and Shah (2022), have
made substantial contributions to our understanding of the hydrocarbon reserves within this basin. While the
primary nature of hydrocarbon traps in the Potwar Basin is structural, the presence of stratigraphic traps has
also been noted (Yasin et al., 2021; Ma et al., 2023; Yuan et al., 2023).
© Caiien bunasaa Aan Ilax, 2024
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Fig. 1. Structural map showing different tectonic divisions, major structures and study area in Potwar
subbasin. (He et al., 2021; Huang et al., 2021; Li et al., 2021, 2022a).

Fazeelat et al. (2010) conducted a comprehensive study of the shallow marine sediments within the Pot-
war Basin, unearthing a wealth of organic material. This discovery underscores the importance of creating and
analyzing 3D models that map the Lockhart Formation horizon, both temporally and spatially. Additionally, it
emphasizes the necessity of comprehending the qualities of source and reservoir rocks within the Balkassar
oilfield of the Potwar Basin.

This research introduces a novel dimension by employing seismic facies analysis to identify seismic fa-
cies. The investigation integrates seismic data for the formulation of 3D horizon distribution models, coupled
with a meticulous examination of well-cutting samples and well logs. These analyses facilitate the interpreta-
tion and distribution of subsurface horizons, evaluation of source rock potential, assessment of thermal matu-
rity, determination of kerogen types, and characterization of petrophysical properties. The novelty of this study
lies in its fusion of three distinct approaches to scrutinize and assess the horizon, as well as the attributes of
source and reservoir rocks. Such a holistic approach is pivotal in comprehending the petroleum system. Prior
researchers have concentrated on different formations, employing diverse methodologies. For instance, Shah
and Shah (2021) developed comprehensive models of the entire structure, with a specific focus on salt diapirs.
Fazeelat et al. (2010) probed into the source rock properties of the Sakesar Formation, while Igbal et al. (2015)
explored crustal shortening and identified four significant faults. Masood et al. (2017) delved into the Tobra and
Khewra formations.

Nevertheless, a noticeable dearth of information
pertains to the interpretation of the Lockhart Forma-
tion’s subsurface distribution within the Balkassar oil-
field, along with the requisite knowledge regarding
source and reservoir rock attributes that are indispens-
able for comprehending the formation’s potential and
characteristics. Consequently, this study assumes para-
mount importance in filling these lacunae. It should be
underscored that the Balkassar oilfield resides within
the broader confines of the Potwar Basin (Fig. 1).

Table 1. Reservoirs’ porosity as described
qualitatively by Rider (1986)

Average porosity with qualitative description

Porosity ranging from 0 to 5% is considered Negligible
Porosity ranging from 5 to 10% is considered Poor
Porosity ranging from 10 to 20% is considered Good
Porosity ranging from 20 to 30% is considered Very good

Porosity greater >30% is considered Excellent
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The aim of this study is to reveal the 3D models of the Lockhart Formation, analyze the ability of source
and reservoir rocks to generate hydrocarbons, determine the type of kerogen present, assess the thermal matu-
rity of rocks as potential sources of hydrocarbons, and identify possible hydrocarbon prospects. The outcomes
of this research will directly assist upcoming oil and gas companies in their hydrocarbon exploration efforts.
The study will significantly enhance the field by offering valuable insights and aiding in the comprehension of
the Lockhart Formation’s diverse characteristics, which could contribute to future hydrocarbon exploration and
production.

In this study, we’ve merged our ongoing work with prior investigations carried out by Shah (2022), Shah
and Abdullah (2016, 2017), and other researchers including Masood et al. (2017) and Ahsan et al. (2012). This
collaborative approach enables us to meticulously analyze the Lockhart Formation’s geometry and its potential
as a source or reservoir rock within the Balkassar oilfield. As the study by Ahsan et al. (2012) have also recom-
mended to investigate Balkassar anticline at the Paleocene level (Lockhart Formation).

We evaluated reservoir rock attributes using a set of original wireline logs from Balkassar well OXY-01,
presented in a LAS file format. These raw logs were processed to provide pertinent information for estimating
the presence of subsurface oil and gas. Descriptive assessments of reservoir features were based on criteria
outlined by Rider (1986) and Shah and Shah (2022) (Table 1).

GEOLOGICAL SETTING

The Potwar Basin possesses several significant features, encompassing inner and outer folded zones, a
platform, and a foredeep marked by depressions (Zhao et al., 2020; Shah, 2023; Zhang et al., 2022b; Zhao et
al., 2022). The specific study area being examined is referred to as the Balkassar oilfield.

Table 2. Potwar Basin general stratigraphy (Xu et al., 2021; Shah, 2022; Wu et al., 2022b; Liu et al., 2023d)

AGE/EPOCH LITHOLOGY FORMATION LITHOLOGY DESCRIPTION
Neogene Pliocene Nagri Sandstone, sandstone and clay
Chinji
Miocene Kamlial Sandstone, sandstone, limestone
Murree
Oligocene
Oligocene
Paleogene Eocene Chorgali* Limestone, limestone
Sakesar*#
Palacocene Patala # Shale, limestone, sandstone
Lockhart #*
Hangu #*
Mesozoic and Late Permian
Jurassic Datta Sandstone, shale
Permian Early Chhidru Sandstone, limestone, limestone,
Permian Wargal siltstone, interbeds of sandstone,
Amb shale interbeds of sandstone, sand-
Sardhai stone and conglomerate.
Warcha
Dandot
Tobra
Carboniferous to Ordovician
Cambrian to Precam- | Cambrian Baghanwala Shale, dolomite, sandstone and
brian Jutana siltstone, shale interbeds of dolo-
Kussak mite and siltstone
Khewra
Infra-Cambrian Salt Range Marl, claystone and siltstone, salt
Legends * Reservoir rocks # Source rocks
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The Potwar Basin is geographically divided into two segments by the Indus and Jhelum rivers, as well as
the Salt Range and the Kalachitta-Margalla hill ranges (Shah and Abdullah, 2017; Chen et al., 2023; Cheng et
al., 2023; Dang et al., 2023). This basin is characterized by intricate and compact east-west folds that incline
southward and are influenced by steep-angle faults. In the northern section of the basin, notable deformation is
evident (Kazmi and Jan, 1997; Kazmi and Abbassi, 2008; Shah, 2009; Aadil and Sohail, 2014; Riaz, 2022;
Shah, 2023). However, in the eastern portion, the orientation of the folds abruptly shifts towards the northeast,
and the structures consist of tightly compressed large synclines and anticlines. Moving to the western part,
numerous gentle and broad east-west folds are observed (Zahid et al., 2014; Li et al., 2022b; Peng et al., 2022;
Shah, 2023; Wang et al., 2023).

OVERVIEW OF THE POTWAR BASIN’S SOURCE AND RESERVOIR ROCKS

The Potwar Basin is recognized for hosting several established source rocks, including the Sakesar,
Hangu, Patala, and Lockhart formations (Ren et al., 2022; Xu et al., 2022a; Liu et al., 2023a) (Table 2). In terms
of reservoir rocks, the basin encompasses various formations, which consist of Cambrian sandstones from al-
luvial and shoreface environments, Miocene alluvial sandstones, continental sandstones from the Jurassic and
Permian periods, and shelf carbonates from the Paleogene period (Aadil and Sohail, 2014; Kazmi and Abbassi,
2002; Zhou et al., 2022; Li et al., 2022c¢; Xiao et al., 2023). Furthermore, the Potwar Basin has yielded oil and
gas from reservoir rocks such as Tobra, Wargal, Amb, Cambrian Khewra, Jutana, Kussak, Jurassic Dutta, Khai-
rabad, Lockhart, Nammal, Sakesar, Margalla Limestone, Chorgali, Bhadrar, and Murree (Zahid et al., 2014;
Zhou et al., 2021d; Sun et al., 2023a, b).

Regarding oil and gas exploration, the discovered oilfields within the Potwar Basin are typically associ-
ated with structural features like popup structures, faulted anticlines, or fault-block traps (Xu et al., 2022b; Wu
et al., 2022a; Liu et al., 2023¢).

MATERIAL AND METHODS

The methodologies employed in this study encompass the utilization of computer-based Petrel software
for generating 3D models and performing interactive petrophysical analysis, along with laboratory testing of
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samples. The data used for constructing and inter-
preting the 3D models include: (i) a base map, (ii)
seismic data consisting of eleven seismic dip and
strike lines, and (iii) well log data extracted from
Balkassar-OXY-01 (depicted in Fig. 2). Schlum-
berger Petrel software played a role in seismic
structural interpretation, horizon mapping, and
identifying potential prospects.

The seismic sections’ velocities were scruti-
nized through average, mean, and interval velocity
analyses. The complexity of the velocity studies
and the depth surface presentation through Petrel
software (Schlumberger) led to the inclusion of
depth surface maps without the comprehensive
analyses. Domain conversion facilitated the assess-
ment of diverse data domains, primarily converting
depth and seismic data from the time domain to the
depth domain. The process of transitioning data be-
tween domains involved two steps: 1) developing
the velocity model to depict subsurface velocity
fluctuations, and 2) depth conversion, which in-
volved moving data across domains using the ve-
locity model.

A collection of twenty well cutting samples
was procured from the Balkassar OXY-01 well in
Balkassar, with sediment samples gathered at inter-
vals of 1.2-2 m. Further information about these
samples is available in Table 4. In this study, a pet-
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Fig. 3. Temperature of the formation at various
depths (Zhou et al., 2022).

rophysical approach was employed to evaluate the reservoir potential of the Lockhart Formation, using a set of
well logs from the Balkassar OXY-01 well. The assessment of reservoir rock properties involved the technique
formulated by Hartmann and Beaumont (1999), as well as the methodology introduced by Shah (2022). The
analysis of wireline logs encompassed gamma-ray logs, density logs, neutron logs, spontaneous potential logs,
and resistivity logs. Parameters such as formation water resistivity, porosity, water saturation, and hydrocarbon
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saturation were also computed. These characteris-
tics play a pivotal role in the evaluation of the hy-
drocarbon potential within reservoir rocks.

SEISMIC REFLECTION FACIES ANALYSIS

The seismic facies study involves the inter-
pretation and description of seismic features, in-
cluding continuity, amplitude, and configuration. In
this investigation, the PBJ-04 seismic dip line was
utilized to identify various seismic facies in the
Balkassar subsurface. This seismic line was chosen
as a reference line because it runs along the top of
the Balkassar anticline and is close to the Balkas-
sar-OXY-01 well, which is the deepest well in the
Balkassar oilfield.

The approach employed for seismic facies
analysis in this study was adapted from Futalan et
al. (2012), who used four reflection properties to
differentiate between seismic facies on seismic re-
flections. These properties include:

1. Internal configuration;

2. Reflector continuity;

3. Amplitude;

4. External geometry.



The term “internal configuration™ refers to the internal bedding patterns, such as convergent, wavy,
oblique, parallel to wavy, and parallel to subparallel. “Reflector continuity” and “lateral continuity of strata”
represent the continuity of reflectors and lateral extent of the strata, respectively. “Amplitude” refers to proper-
ties such as bedding thickness, spacing, density contrast, and velocity.

GEOMECIAL ANALYSIS

The well cutting samples were initially crushed into fine particles, each measuring less than 200 mesh.
Following that, the measurement of TOC was carried out using LECO elemental analyzers, specifically the CS-
125 model. Pyrolysis analysis was conducted using the Rock-Eval VI equipment. About 100 mg of the crushed
samples underwent pyrolysis analysis within a helium atmosphere, and they were heated to a temperature of
600 °C. This pyrolysis process yielded three significant parameters: S1 (total free petroleum), representing the
amount of hydrocarbons; S2, which indicates the quantity of hydrocarbons generated through thermal cracking;
and 7_ , as detailed by Shah and Shah (2021). In addition to these, other crucially important parameters that

max?

were calculated encompassed the hydrogen index and production yield.

WELL LOG ANALYSIS

The section below describes how to obtain various parameters from the well logs.

The following log track parameters were directly read, formation depth in ft. Bulk resistivity, neutron
porosity, bulk density of formation and spontaneous potential values at various points.

Hydrocarbon Saturation (SH)

Schlumberger log interpretation charts were utilized in conjunction with multiple equations to determine
certain required data from well in the Lockhart Formation to estimate the reservoir potential. The graphs and
equations were used together in the following process:

Formation temp was calculated using Figs. 3, 4 and following equation:

Tf=Ts + Df (BHT-Ts/TD)

Conversion approximated by R, = R, [(T,+ 6.77)/(T,+ 6.77)]°F or R, =R, [T, + 21.5)/(T,+ 21.5)]°C Rmfeq/Rweq
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2023).
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R cand R were corrected (Fig. 5).

S, values were read from logs directly.

R, /R, ratio was calculated (Fig. 6).

The R, was calculated by R_/R_. ratio.

Rwe: Rmfeq/ (Rmfeq/Rwe)

Water saturation was calculated using Archie’s equation:

R
S, = |
¢ 'Rt

Hydrocarbon saturation was calculated using equation SH = 1-S__.

RESULTS AND DISCUSSION

3D subsurface horizon maps. The Lockhart Formation exhibits faulting in the northwest corner, while
it is distributed uniformly across the remaining area. The contour lines present minimal depth variation, except
in the northwest corner. This discrepancy is attributed to the Lockhart Formation’s potential uplift from its
original depth, primarily due to the pressures exerted by the Himalayan orogenic belt, movement of the Indian
plate, and the uplift of the Salt Range (as depicted in Fig. 7a). The contour map of the Lockhart Formation il-
lustrates a relatively level portion of the Earth’s crust (depicted in Fig. 7a). Broader contours in the northwest
signify gentler inclines of the formation, whereas the closer contours in the southeast indicate the presence of
thrust faults. Both the time and depth contour maps exhibit a level crystal segment (illustrated in Fig. 7a, b).
Analysis of the contour lines reveals that the limbs in the northwest exhibit a steep dip of 65° to 75°, in contrast
to the more gradual incline of the limbs in the southeast.

Total organic carbon and Rock-Eval Pyrolysis. Typically, TOC is used as an indicator of rock rich-
ness. According to Hunt (1996), clastic rocks should have a TOC value of 1.0% or higher to qualify as a source
rock. Sediments from the Lockhart Formation exhibit a range of TOC content from 0.82 to 1.19% (wt.%). All
of the samples show poor to fair TOC content.

S2, which is produced during pyrolysis, is the most useful parameter for estimating hydrocarbon genera-
tive potential (Peters and Cassa, 1994; Zhang et al., 2022a; Zhan et al., 2022; Zhou et al., 2022). Bordenave et
al. (1993) and Shah and Abdullah (2017) state that a good petroleum generation capacity requires at least 5 mg
HC/g S2. The S2 values of Lockhart Formation sediments ranged from 3.21 mg/g to 4.33 mg/g. The S2 vs TOC
cross plot (Fig. 8) indicates a fair petroleum generation potential.

The migration index (S1/TOC) can be used to differentiate between indigenous and migrated petroleum
(Zhou et al., 2021a, 2022; Zheng et al., 2023). The migration index S1 vs TOC plot (Fig. 10) indicates the pres-
ence of indigenous hydrocarbons.

Kerogen Type. The Hydrogen Index (HI) was utilized to assess the kerogen types in the formations, as
it is considered the most important index for this purpose (Peters, 1986; Ren et al., 2023; Yao et al., 2023; Yin
et al., 2023b). The HI values for the Lockhart Formation ranged from 300 to 410 mgHC/g TOC. HI vs T

max

plots were constructed for kerogen classification. The majority of sediments investigated in all formations
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of kerogen type based on S2 vs TOC plots was consis-
tent with the interpretation of the Van Krevelen dia-
grams (Fig. 11).

Thermal Maturity. For thermal maturity includ-
ing T . values, vitrinite reflectance (R , %), and Pro-
duction Index were used for thermal maturity. Oil with
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510 520 530

Fig. 9. HI versus T, plot (Liu et al., 2023b; Zhou
et al., 2021b, c).

vitrinite reflectance values varying from 0.6—-1.3% Ro is thermogenic oil (Bordenave, 1999; Yin et al., 2023c).
Vitrinite reflectance values of the Lockhart Formation sediments ranged between 0.71-0.78% R_ (Table

4)yand T,

ax

varies between of 437-441 °C (Tables 3 and 4) showing peak of oil generation window (Fig. 11).

In terms of organic matter maturity, if the Production Index (PI) levels are below 0.05, samples may be

considered immature and may have produced little to no hydrocarbons. Furthermore, samples with PI values
between 0.05 and 0.10 can be regarded as having very limited oil production, potentially indicating entry into
the wet gas zone. Finally, if PI readings exceed 1.0, the kerogen’s capacity to produce hydrocarbons may have

been depleted.

In this study, PI values for Lockhart Formation samples mostly varied between 0.20—0.33, thus also in-

dicating maturity level (oil window) (Fig. 12).

Seismic facies identified. The approach outlined by Futalan et al. (2012) was employed to determine

seismic facies. Following the meticulous identification
of horizons, incorporating well tops and generating
synthetic seismograms, the seismic facies within these
horizons were delineated. Within the study area, five
distinct seismic facies (designated as A, B, C, D, and
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Fig. 10. S1 versus TOC plot.
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Table 3.

Summary of analyzed sediments in Balkassar-OXY-01 well

Formation Depth, m  Petroleum potential Maturity Quality of Kerogen type Source rock

and number of of sample OM generative

samples TOC, S 0 33 T_.°C HI potential
wt.%

Lockhart (20) 26242647 0.82-1.19 0.98-1.21 3.21-433 0.47-0.83 437-441 30-410  Mixed type II/IIl Fair

Table 4. Analyzed sediments data of Lockhart Formation from Balkassar-OXY-01 well

Formation TOC,% T,,.°C Sl S2 S3 PI HI (o)1 S2/83 VR

Lockhart 1.1 439 1.12 33 0.52 0.31 300 47.3 6.34 0.74
1.06 438 1.03 3.21 0.48 0.24 303 453 6.68 0.72
0.9 437 1.08 3.67 0.47 0.33 408 52.2 7.80 0.71
0.97 438 1.2 3.21 0.65 0.27 331 67 4.93 0.72
1.12 440 1.06 4.2 0.74 0.2 375 66.1 5.67 0.76
0.98 438 1.12 3.97 0.65 0.22 405 66.3 6.10 0.72
1.08 439 1.21 4.16 0.54 0.23 385 50 7.70 0.74
1.11 441 1.11 4.2 0.81 0.31 378 73 5.18 0.78
1.19 440 1.09 4.33 0.73 0.2 364 61.3 5.93 0.76
1.07 439 1.05 3.7 0.65 0.22 346 60.7 5.69 0.74
0.96 440 1.07 3.64 0.62 0.23 379 64.6 5.87 0.76
0.87 438 1.12 3.51 0.78 0.24 403 89.7 4.5 0.72
1.03 439 1.08 4.01 0.81 0.21 389 78.6 4.95 0.74
0.82 437 0.98 3.21 0.73 0.23 391 89 4.39 0.71
0.93 440 1.08 3.28 0.82 0.25 353 88.2 4.1 0.76
1.14 441 1.21 4.25 0.77 0.22 373 67.5 5.51 0.78
1.09 440 1.18 3.7 0.74 0.28 339 67.9 5.01 0.76
0.93 439 1.09 3.81 0.83 0.22 410 89.2 4.59 0.74
1.1 440 1.12 4.21 0.76 0.21 383 69.1 5.53 0.76
1.07 438 1.13 3.87 0.75 0.23 362 70.1 5.16 0.72

E) were identified (as listed in Table 5 and illustrated in Fig. 13). These facies generally display parallel dis-
tribution patterns and exhibit amplitudes ranging from moderate to high within the lower Permian to Eocene
layers. While the Cambrian and lower Permian successions exhibited salt diapir growth originating above the
basement horizon, a noteworthy continuity is observed within the Paleocene, Eocene, and Miocene succes-
sions. Across the majority of horizon sequences, internal configurations are primarily either parallel or wavy,

with the exception of the Lower Miocene Chorgali
horizon at the base (as shown in Fig. 14). More-
over, all successions consistently display an exter-
nal geometry described as sheet-like to wedge-
shaped.

Reservoir potential. For a quantitative in-
terpretation of the reservoir, reservoir parameters
derived from petrophysical analysis methods were
used. Table 6 presents the estimated petrophysical
characteristics of the Lockhart Formation. The cal-
culated average porosity was 9.17%, indicating a
poor to moderate reservoir potential. The average
water saturation was 25.29%, while the average hy-
drocarbon saturation was 74.71%. Based on the cri-
teria provided by Rider (1986) and Shah and Shah
(2021), these values suggest that the reservoir has
an average to good hydrocarbon potential (Ta-
ble 1).
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Table 5.

Seismic facies identified

Seismic facies

Reflection attributes

a) external geometry;

b) internal configuration;
¢) continuity;

d) amplitude strength.

Age

a) sheet to wedge;
b) parallel to wavy;
¢) high continuity;
d) moderate to high.

Paleocene—Eocene

a) sheet to wedge;

b) parallel to wavy;

¢) semi-continuous to high continuity;
d) moderate to high.

Miocene

a) sheet to mound;

b) wavy to hummocky;

¢) disrupted to discontinuous;
d) moderate to high.

Lower Miocene

a) sheet to wedge;

b) parallel to subparallel;

¢) semi-continuous to disrupted;
d) low to moderate.

Precambrian—lower Permian

a) lens to wedge;

b) subparallel to convergent to oblique;
¢) semi-continuous to high continuity;
d) low to moderate.

Lower Permian

CONCLUSIONS

Following is a summary of the key findings from the interpretation and evaluation of the Lockhart For-

mation utilizing 3D horizon distribution models, prospective prospects, geochemical and petrophysical meth-

ods:

Five distinct seismic facies have been distinguished along the seismic dip line PBJ-04. A noticeable shift

in facies type, transitioning from Type A (Eocene horizons) to Type B (Miocene horizons), aligns with Shah and
Shah (2021) interpretation. This facies transition corresponds to the early phases of salt diapir formation.

The 3D subsurface distribution models unveil a consistent presence of the Lockhart Formation, albeit

with faulting in the northwest corner. These models further indicate gradual limbs on the southeast side and
steeper limbs on the northwest side of the anticline. Notably, a broad contour enclosure has been identified in
the northwest region, hinting at potential areas for hydrocarbon accumulation. High resolution seismic 3D data

Table 6. Various well logs calculated parameters for different properties estimation

Depth, Temp RHOB |®D SP ® (N.D) R (LLD) [R,, R, Sw SH Lithology
ft

2624 161 2.64 0.9 -23 0.18 870 0.3 0.6 29% 71% Limestone
2627 161 2.52 0.8 21 0.22 1130 0.6 0.7 25% 75% Limestone
2631 161 2.62 0.9 26 0.24 1330 0.5 0.6 27% 73% Limestone
2635 162 2.59 0.9 -32 0.17 1740 0.4 0.6 24% 76% Limestone
2639 162 2.57 0.7 -39 0.18 1540 0.5 0.7 23% 77% Limestone
2643 162 2.52 1.1 -33 0.19 931 0.4 0.5 27% 73% Limestone
2647 163 2.53 1.12 -36 0.17 1080 0.6 0.6 22% 78% Limestone
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Fig. 14. Interpreted seismic dip line SOX-PBJ-04 by Shah and Shah (2021).

should be acquired for interpretation so that the neglected structure can also be identified. Fault seal analysis
should be done for the length of potential prospect. Additionally, Sardhai and Warcha sandstone formations
should be evaluated for hydrocarbons.

The examination of Lockhart Formation sediments suggests reasonable hydrocarbon generation poten-
tial, as evidenced by S2, HI, and 7, ,, values. The sediments display a blend of Type II/IIT kerogen, inferred from
S2 and HI values. Additionally, they fall within the maturity range, signified by both S2 vs TOC and HI vs T
plots. Analysis of Sakesar Formation sediments indicates its aptitude as a reservoir rock rather than a source rock
within the Potwar Basin.
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In terms of petrophysical analysis, the Lockhart Formation demonstrates average reservoir attributes,
while exhibiting favorable potential for hydrocarbon production, highlighted by the percentage of hydrocarbon
saturation.

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