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 The present paper aimed to conduct multi 1D numerical modeling of Punjab 

Platform, Middle Indus Basin of Pakistan to evaluate the maturation, 

hydrocarbon generation, and expulsion history of Cretaceous source rock. The 

study is based on lab analysis and vitrinite reflectance calculations on core 

samples and drill cuttings to evaluate the hydrocarbon generation from 

Cretaceous source rock Chichali/ Sembar Formation in the Middle Indus Basin 

of Pakistan. Formation tops, Geochemical reports, mud logs, vitrinite 

reflectance, and borehole temperature (BHT) data was incorporated during 

calibration of 1D burial and thermal history models for maturity analysis of the 

Chichali/ Sembar Formation. Burial history of the Middle Indus Basin is 

characterized by Jurassic rifting induced thermal subsidence, followed by rapid 

post-Cretaceous tectonic subsidence due to India-Eurasia collision, deposition 

of thick Molasses post-Oligocene. Lab analysis on drill cuttings samples shows 

that TOC values of Chichali / Sembar Formation range from 0.4 to 2.2% with 

an average of 1.4%.  The present study shows that the Cretaceous source 

package could not attain maturity in the north-eastern part of Punjab Platform, 

marginally mature in western part whereas, the source rock achieved the oil 

maturity almost 20 my ago in southern parts of study area.  The findings of this 

research show that maturation and expulsion were directly influenced by the 

India-Eurasia collision, local basement high uplifting, subsequent molasses 

deposition, and erosion.  
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1. INTRODUCTION 

 

The Middle Indus Basin is currently the under-explored area 

which lies in the middle part of Pakistan. Literature related to 

thermal history evolution, source rock maturation, 

hydrocarbon generation, and expulsion history of the Middle 

Indus Basin is not sufficiently available (Kadri, 1995). The 

study area lies in Punjab Platform which is the eastern part of 

the Middle Indus Basin (MIB) Pakistan. Punjab platform, 

adjacent to Suleiman Foredeep, is a westward dipping broad 

monocline and is least affected by the collision of Indian and 

Eurasian plates. Sargodha high and Pezu uplift separate the 

MIB from Upper Indus Basin in the North whereas the Sukkur 

rift is located in the south (Figure. 01). While, Indian shield is 

situated in the east and marginal zone of Indian plate in the 

west of MIB (Kadri, 1995). Exploration activities in the study 

area began in the middle 1950s, with the drilling of first 

exploration well i.e. Karampur-1 in 1958 by Shell, which 

provided evidence for the occurrence of heavy oil in the Infra-

Cambrian reservoir. After this number of wells (almost 30) 

were drilled in Cambrian and Infra-Cambrian reservoirs and 

only three gas discovery (Panjpir, Nandpur, and Bahu) was 

made in Mesozoic reservoirs by OGDCL. The overall success 

ratio is the very low and major reason due to the lack of mature 

source rocks in the region (Raza et al. 2008; Khalid et al. 

2014).  

1D basin modeling of the Punjab Platform was carried out 

for the understanding of the thermal maturity and burial 

history of the basin. The study aimed to understand source 

rock maturity evolution, hydrocarbon generation, expulsion, 

and migration history. Multi 1D burial and thermal history 

modeling is a very useful tool in hydrocarbon exploration 
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which allows the interpreter to integrate geological and 

geochemical data for source rock maturity analysis (Handhal 

et al. 2020; Baniasad et al. 2019; Hlaiem et al, 1997). A well-

known quantitative technique known as back stripping was 

utilized for the reconstruction of the burial history for present 

study. This technique involves decompaction of sedimentary 

layers encountered in any drilled well by using porosity vs 

depth relationships corresponding to each lithology (Perrier 

and Quiblier, 1974)  along with estimates of palaeo-

bathymetry (Steckler and Watts, 1982). As the simulation of  

original depositional thickness of each formation is carried 

out, back stripping technique allow us to calculate the 

sedimentation and the subsidence rates within the evolving 

sedimentary basin (Roberts, 1998). 

 
Figure. 1 Location and tectonic map of the study area (After 

Bank and Warburton 1986) 

 

In this paper, we describe the burial and thermal evolution 

of the Middle Indus Basin (MIB) using a quantitative approach 

for one-dimensional (1D) basin modeling. The study is based 

on the integration of surface data (geological maps, 

geochemical analysis of outcrop samples) with subsurface data 

(mud logs, flush cuttings, geochemical data, and well tops data 

from well reports), to evaluate the maturation of source rocks, 

generation and expulsion history of hydrocarbons using burial 

and thermal history models of Middle Indus Basin. The results 

of this study will enhance the understanding of the timing of 

hydrocarbon generation and uncertainties and risk involved in 

exploration activities in the Middle Indus Basin. Three vertical 

wells A, B, and Z located in Punjab Platform were modeled 

for burial and thermal history to simulate maturation potential 

of the Cretaceous source rock (Chichali/ Sembar Formation). 

The present study will add much value for the interpretation of 

hydrocarbon generation and expulsion history of the Middle 

Indus Basin.  

During the study, different data sets including formation 

tops, mud logs, geochemical analysis of drill cuttings, and 

wireline well logs were integrated to evaluate burial and 

thermal history evolution of Cretaceous Source rock i.e., 

Chichali/ Sembar Formation. Vitrinite reflectance, Tmax, and 

corrected BHT along with formation tops and mud logs were 

used to construct calibrated burial history diagrams using the 

Petroleum systems module of Petrel software.  

2. Geological Setting: 

The Indus Basin is situated on the western edge of the 

Indian plate at India-Pakistan fringe. Indian plate has 

confronted various scenes of rifting, collision, and orogenesis. 

Indian plate isolated from Madagascar through rifting in 

Jurassic-Cretaceous and moved towards the north (Aiticheson 

et al. 2007). As per few research works (Lee and Lawyer, 

1995; Bouilhol et al. 2013), the collision of India – Kohistan/ 

Ladakh arc began around 50 to 55 Mya, whereas India-arc-

Eurasia collision began around ~41Ma. In contrast, Klootwijk 

et al. 1992 proposed that India-Eurasia may have collided 

between 65-70 Mya. The Indus Basin, which most probably 

came into being after the separation of Indian plate from 

Madagascar, is usually divided into three parts, upper, middle, 

and southern Indus Basin (Kadri, 1995). 

Major extensional activity occurred in the Middle 

Indus Basin (MIB) during the late Jurassic and Cretaceous. 

This rift assiciated phase also resulted in the reactivation of the 

basement involved faults throughout the Indian plate. In MIB, 

faults are mostly NNE-SSW to NE-SW trending very similar 

to Pre-Cambrian-Cambrian rifting. This may suggest a 

dominant basement influence on the Mesozoic extension. The 

base of Jurassic is unconformable upon the Triassic and 

collectively referred to as the Wulgai formation.  Triassic is 

entirely missing in some wells (Karmpur-01 and Marrot-01). 

The overlying Jurassic rocks sequence includes the Shirinab 

or Datta and Shinawari formations. Middle Jurassic carbonate 

platforms with uniform deposition settings are extended in the 

Middle and Lower Indus Basin, designated as Samana Suk / 

Chiltan Formation. The top of Jurassic may be attributed as 

Basin wide unconformity.  

The early cretaceous marks the separation of Eastern 

Gondwanaland (India, Antarctica, and Australia) from the 

western Gondwanaland (Africa and South-America) and 

consists of Sembar and Goru formations deposited in coastal, 

and shallow-marine environments. The Sembar formation is 

correlated with the Chichali Formation of the Northern Punjab 

Platform and the upper Indus Basin. It is considered the 

primary source rock in Lower Indus Basin (Iqbal and shah 

1980; Kadri 1995) and is composed of shale with a subordinate 

amount of siltstone and sandstone. The thermal maturity 

increases towards the west of the platform while less mature 

to the eastern part of the Indus basin. Total organic carbon 

(TOC) values in Badin area wells ranges from 0.5 to 3.5 % and 

average about 1.4% (Wandrew et al. 2004). The Cretaceous 

source rock is designated as Chichali Formation in the Middle 

Indus region, as it is considered as the source rock for the 

reservoirs of Lockhart and Lumshiwal Formation (Kadri, 

1995). According to Qureshi et al. (2007), Chichali Formation 

consisted of shales and glauconitic sandstone deposited in 

variable environments from shallow marine to anoxic 

environments. 

The Punjab Platform is a large monocline, which dips 

towards the west forms the eastern part of the Middle Indus 

Basin (Raza et al. 2008;  Hasany et al. 2007). The seismic and 

well data suggest that different strata pinch out towards east 
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(Figure. 03). The central part of middle Indus Basin known as 

Suleiman Foredeep and generally considered as possible 

kitchen area is bounded by Punjab Platform in the east and the 

west by Suleiman Fold and Thrust Belt (Kadri, 1995). 

Suleiman Fold and Thrust Belt are present in the westernmost 

part comprising compressional structures (folds and thrusts), 

which are the result of a collision between the Indian and 

Eurasian plates (Figure. 01) (Kadri, 1995). From the late 

cretaceous to middle Paleocene time, oblique convergence of 

Indian plate with Afghan plates resulted in wrench faulting. 

Punjab Platform, developed due to such type of tectonics 

Figure. 2 Stratigraphic columns of the study area. 

 

processes, has a sedimentary thickness ranging from 500 - 

3000 m above the Proterozoic basement (Khalid et al. 2014).  

 

The stratigraphic succession in the northern part of the Punjab 

platform is correlateable with the stratigraphy of upper Indus 

basin, whereas the southern part is much related to the Sindh 

Platform (Arif et al. 2009; Raza et al. 2008). The well data of 

different hydrocarbon wells drilled in the study area show that 

the stratigraphy consists of ranging from Infra-Cambrian to 

recent strata. The stratigraphic succession shows different 

episodes of non-deposition/ erosion which mark the 

unconformities, including Cambrian-Permian boundary, 

Permo-Triassic boundary, Triassic- Jurassic boundary, K-T 

boundary, and Eocene- Miocene boundary. Infra-Cambrian 

Salt Range Formation is generally considered as probable 

source rock as it has attained maturity in the area (Hasany et 

al. 2007). The depositional styles of the stratigraphic 

succession of the study area can be divided into different 

Tectono-stratigraphic episodes, which include pre-rift, syn-

rift, post-rift, and post-collision phases. The stratigraphic 

section developed based on drilled wells and seismic reflection 

data depicts that marine Paleozoic-Cenozoic rocks comprised 

of carbonates and clastic rocks dominate with some 

depositional gaps (Raza et al. 2008). The Pre-Cambrian 

basement rocks are composed of granites, unfossiliferous 

metasediments, and metavolcanic. The salt range formation is 

unconformably overlying the basement. The Jhelum group is 

conformably underlain by Salt range formation. Jhelum Group 

includes the Khewra, Kussak, Jutana, and Baghanwala 

formations. Seismic image and well data reveal that Cambrian 

and infra-Cambrian strata thinning towards the southwest and 

is thickening in the northeast direction (Khalid et al. 2014). 

The rift associated faults form horst and graben in a north-

south direction are visible on seismic data of the Punjab 

platform (ZAIDI et al. 2012). The top of Lumshiwal 

Formation can be designated as the K-T boundary in the study 

area, keeping in view that the Lumshiwal Formation 

uncomfortably lies below Paleocene Ranikot Formation and 

overlying Chichali Formation of Cretaceous age. The 

Lumshiwal Formation is comprised of sand and shale 

sequences with increasing sand content towards the top (Arif 

et al. 2009; Kadri, 1995). It is comprised of multiple 

coarsening upwards cycles of clastic sediments with varying  

Figure. 3 Schematic cross-section of middle Indus Basin 

(After Kadri, 1995). 

 

thicknesses. Figure. 02 represents Mesozoic stratigraphic of  

northern and southern parts of Punjab Platform. 

 

The major targets for hydrocarbon exploration 

activities carried out in the  study area were focused in 

Palaeozoic and Mesozoic reservoirs, including Datta, 

Shinawari, Samana Suk and Lumshiwal Formation. In the 

Punjab Platform area, hydrocarbon exploration activities are 

still in progress and three gas fields are discovered in the area 

i.e. Nandpur, Panjpir, and Bahu gas fields. The clean 

sandstones of Lumshiwal Formation which have good 

reservoir quality are producing hydrocarbons in these gas 

fields of the Punjab Platform. The success ratio in the study 

area is very low, which makes it a high risk area for 

hydrocarbon exploration (Khalid et al. 2014).  

 

3.Materials and Methodology: 

Geochemical analyses and basin modeling were 

carried out to evaluate the hydrocarbon generating potential of 

Cretaceous source rock in the Punjab Platform area of the 

Middle Indus Basin. To achieve this purpose, well data of 03 

exploration wells (well- A, B & Z) were utilized to evaluate 

the burial and thermal history of the area. Rock eval pyrolysis 

data, kinetics data, corrected BHT, geothermal gradient, and 

vitrinite reflectance values of wells A, B, and Z was 

incorporated to construct the burial and thermal history models 

for hydrocarbon generation and migration modeling of 

cretaceous source rock Chichali/ Sembar Formation. To 

conduct this study, the exploration module of the Petrel 

Software 2017 version by Schlumberger was used. The basic 

input data required include stratigraphy, formation thickness, 

formation tops, absolute ages, lithology, and petroleum system 
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information. Wireline data is very important in the evaluation 

of source rock maturation because it provides information on 

lithology, generation, compaction, erosional amount, and 

borehole temperature BHT and mud weight. 

Table 1 depicts the heat capacity, thermal 

conductivity, initial porosity, compressibility and average 

bulk density of the layers. While Figure-4 shows a facies table 

with facies, kinetics, TOC and petroleum system elements 

assigned to all wells. 

Paleo-bathymetry inputs were carried out by using 

depositional environments of each lithological horizon, which 

Figure. 4 Facies Table and PSE assigned to the studied 

wells  

 

show that water depths were generally low during the  

Mesozoic (about 50 to 200 m), and were very low 

during the Late Paleogene (0 to about 50 m). Surface water 

Interface temperatures (SWIT) were used after Wygrala 

(Wygrala, 1989). The average thermal conductivity of the 

rocks was incorporated by using percentage lithologies. 

 

 

Heat flow is a very essential parameter as a boundary 

condition in hydrocarbon maturity modeling and there are 

many methods available to calculate this parameter (Gallagher 

and Sambridge, 1992; Lachenbruch, 1970). Heat flow is 

calculated by the formula known as heat flow equation as 

given below: 

T
Q

Z




      

 (3) 

Whereas,   is a thermal conductivity of rock and 

T

Z



 is the 

geothermal gradient. 

For the present study, heat flow calculated by using 

the above equation by incorporating geothermal gradient after 

corrected borehole temperature and conductivity data, heat 

flow ranged from 55 to 60 MW/m2, which is in 

correspondence with maturity data. 

The thermal and burial models can be integrated with 

geochemical data of the Cretaceous source-rock interval, to 

simulate hydrocarbon generation and expulsion over time. 

The kinetic parameters and the geochemical characteristics of 

the organic matter were utilized using the model of Behar et 

al.1997 to simulate hydrocarbon generation from the source 

rock.   

 

4.Results and Discussions 

Multi 1D Basin modeling was performed using 

geological field data, well logs, well tops, and geochemical 

data to calculate burial and thermal history and to incorporate 

both burial and thermal models with kinetics data to calculate 

petroleum expulsion timings for Middle Indus Basin. Burial 

history curves for three exploratory wells well - A, well - B, 

and well - Z were constructed by using well data. The net  

compaction is the result of the overburden of overlying strata 

and sedimentation rate (Hlaiem, 1997; Handhal 2020). In the 

Middle Indus Basin, compaction is highly affected by 

Neogene molasses deposition, which caused molasses 

deposition in Miocene and post-Miocene. 

By interpreting the aforementioned subsidence 

curves, four stages (A, B, and C) of subsidence can be 

distinguished between the Cambrian and the present at wells 

A, B, and Z (Fig. 5). Numerical simulations of the wells (Fig. 

5) indicate that subsidence from Cambrian to Early Permian 

(Phase A) was characterized by deposition of Salt Range 

formation and clastics along with some carbonates of 

Cambrian strata. After Cambrian, there is unconformity where 

Ordovician to Carboniferous strata is missing. Then B-stage 

starts with the deposition of glacial deposits of Tobra 

Formation showing the end of an ice age and this phase 

continued till cretaceous time. This phase is characterized by 

relatively low burial rates (6-11 meters per million years 
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(m/MM yr) in Well - A). This phase of subsidence is related 

to Tethyan rifting associated with the breakup of Gondwana as 

recognized by previous studies (Biju-Duval et al., 1977; 

Burrus et al., 1987; Dercourt et al., 1992). However, the 

impact of rifting in the Middle Indus Basin is very less 

depicted by seismic data. By early Paleocene (63 Ma), 

subsidence curves show an inflection, after which their 

gradient increases as the subsidence rate averages 100 m/MM 

yr. This period (Phase B) represents a principal phase of the 

Indian-Eurasian collision, which started to occur at this time 

(Kazmi and Jan 1997). Phase C represents a sudden increase 

in burial depths as characterized by high sedimentation rates 

of molasses (around 250 m/MM yr) during Himalayan 

orogeny (Figure. 5).  

 

Figure. 5 Burial history of Well A, B & Z 

 

 

1D models were simulated and calibrated by using 

the actual vitrinite reflectance (%Ro) data from the laboratory 

analysis on selected core and drill cutting samples (Figure. 05). 

Multiple heat flows were simulated for input parameters to  

  
  

                                                                                                              

delineate the best fit paleo heat, flow model. Based on our 

simulations for wells A, B, and Z, an average heat flow of 55 

to 60 ± 2 mW/m2 yielded the best fit matches for actual %Ro 

values and corrected borehole temperature data. Possible  

errors in the heat flow calculations may arise from errors in 

thermal conductivity, formation depths, bottom hole, and 

surface temperature data (Chapman et al., 1984).  

In the Middle Indus Basin, the shales of the 

Cretaceous source rock (Chichali Formation) constitute the 

most promising source-rock intervals. These shales are 

sufficiently mature and are associated with several gases and 

oil shows which have been encountered in various parts of the 

Middle Indus Basin (Kadri, 1995).  

 

The organic facies based source rock kinetic models (Behar et 

al. 1997) shows that the Early Cretaceous source rocks entered  

 
Figure. 6 Calibration of Maturity data (%Ro of the lab and modeled % 

Ro). 

 

the "oil window" (Ro = 0.7%) at about 13 Ma  

(Table-02). Significant expulsion of hydrocarbons is 

predicted to have started in 10 MA (Figures. 7 & 8). This delay 

is probably due to either erosion of molasses overburden as a 

result of basement uplift along with Sargodha High or 

differences in burial between the margin and the center of the 

basin.  

 

 

Comparative analysis of wells proves that Cretaceous source 

rock achieved maturity after the deposition of molasse 

sequence and thus directly associated with Himalayan orogeny. 
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Using these geothermal parameters and a numerical modeling 

procedure, we have attempted to study the burial history of 

organic matter and the timing of oil expulsion in the study area. 

These results are of particular relevance to petroleum 

exploration because hydrocarbon expulsion continued until 

the Quaternary.Hydrocarbon generation, expulsion and 

migration analysis by using 1D basin models even after 

calibration by present-day temperatures obtained from well 

logs and DST charts along with vitrinite reflectance data is a 

challenging job and is always subject to error. This is probably 

due to errors in erosion calculations and parameters used for 

modeling including thermal conductivity of different rock 

lithologies, as the 1D model assumes vertical heat flow only 

ignoring lateral heat flow. Despite these limitations, the 1D 

model still provides valuable information regarding 

hydrocarbon generation, expulsion, and migration history. In 

the present study, various scenarios were tested using different 

boundary conditions and amount of erosion before finalizing 

the most acceptable scenario, which was close to the 

calibration data.  
 

 

Figure. 7 Time versus Maturity evolution of well – A, B & 

Z 
 

 

 

Figure. 8 Burial history overlaid with maturity data of 

studied wells. 
 

 

The study shows that there is much uncertainty involved 

regarding source rock organic richness and kinetics which can 

describe the hydrocarbon generation and expulsion. This 

uncertainty can be resolved by acquiring new high-resolution 

geochemical data including vitrinite reflectance data. Proper 

2D and 3D basin modeling can also improve the results. 
 

 
Figure. 9 Petroleum system elements chart of studied wells. 
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5. CONCLUSIONS 

In the basin modeling, burial and thermal history 

modeling are conducted based on some assumptions e.g. heat 

flow is steady or transient. In the present study, we have used 

a steady-state method for evaluation of paleo heat flow, which 

is based on current flow calculated by using BHT data and 

geothermal gradient maps. Thermal conductivities of 

different lithologies were used as default values provided by 

the software based on litho-types keeping in view the 

published literature. The present geothermal gradient in the 

area ranges from 2.4oC/100m to 2.6oC/100m, while the 

Present heat flow is approximately 55 + 2 mW/m2.  

Following findings are attributed to this work: 

 Burial history shows that the area faced steady 

subsidence to the Paleocene until the collision of the 

Indian Plate with Eurasian in the Late Paleocene-

Early Eocene. Then, in the Early Miocene, 

subsidence triggered due to the rapid deposition of 

molasses deposit in the Foreland Basin.  

 High sedimentation rates in the Paleogene and the 

Neogene depicts rapid deposition of Molasses 

sediments in the Middle Indus Basin, which may 

have contributed to source rock maturity in the 

region. 

 The calculated heat flow based on present heat flow 

is approximately 55 to 60 +2 mW/M2. This heat 

flow has been calibrated by using maturity and 

thermal data i.e. vitrinite reflectance and corrected 

borehole temperatures.  

 The Chichali Formation falls in the early oil maturity 

window in well A and B while in well –Z, it lies in 

the late oil generative window.  

 The present study shows that the Chichali Formation 

of Cretaceous age entered into oil window in 13 ma, 

which well corresponds to suitable overburden 

provision by high sedimentation rate induced by 

tectonic activities. 

 It is recommended that more maturity data must be 

acquired to calibrate basin models. Further, 2D and 

3D models along with incorporating thrust models 

should be constructed to evaluate the hydrocarbon 

generation, expulsion, and migration history. 

 It is suggested to acquire biomarkers data for source 

rock to oil correlation for a better understanding of 

the petroleum generation history of the basin and 

mitigating risk and uncertainty. 
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