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Overpressure conditions in Potwar Basin of Pakistan pose significant drilling and
completion problems. Specifically, in eastern Potwar, abnormally high pressures are
observed within structural compartments of Murree Formation of Neogene age.
Compaction disequilibrium and tectonic stresses are considered as two major factors,
controlling pore pressures in this foreland basin. Undercompaction of sediments due to
high sediment influx affects the porosity-depth relationship as the rock deviates from the
normal compaction trend. Demarcation of structural geometries is critical in understanding
abnormal pressure conditions within thick molasse deposits of Murree Formation. Eastern
Potwar is divided into three zones on the basis of structural geometries, including duplex
thrust sheets, salt-cored anticlines, and triangular zones. Geohistory analysis and pore
pressure prediction have been performed for determining the overpressuring mechanism.
Log-based pressure prediction in different oil fields of eastern Potwar depicts anomalous
pressure conditions in some of the wells. High-sedimentation rate during Miocene times
resulted in a low porosity reduction rate due to the inability of fluid to escape out of the
pores. Eaton’s method was used to predict the pore pressure, and these pressure curves
were calibrated against measured pressure to validate the results. Pressures predicted in
Qazian-1X well showed very good correlation with measured pressure data. Most of the
wells with overpressure intervals exhibited high porosity values, showing deviation from the
normal compaction trend. This pressure prediction revealed that compaction
disequilibrium is the primary cause of overpressure conditions within Murree
Formation, resulted in response to the rapid rate of sedimentation. The deformation
mechanism and presence of different structural geometries also contributed in the
development of abnormal pressures.
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1 INTRODUCTION

Drilling problems caused under the uncontrolled geopressure
conditions can lead to well abandonment, which costs billions of
dollars to the oil and gas industry (Baouche et al., 2020; Agbasi
et al., 2021). Exploration companies are putting great efforts in
getting a better pore pressure prognosis for enhanced pre-drill
planning to reduce non-productive time owing to geopressure-
related problems (Villacastin, 2012). Pore pressure prediction and
fluid flow assessment are critically examined during the
development of hydrocarbon fields, especially in the well
planning phase (Najibi et al., 2017; Abdelghany et al., 2021;
Radwan and Sen, 2021). According to a survey of 2520 wells
drilled in the Gulf of Mexico, shallow water flow, kicks, lost
circulation, and gas flow accounted for more than 24 percent of
total drilling time. This was solely due to inaccurate prediction of
pore pressure and fracture gradient (Dodson et al., 2004).

Overpressure is generated when the formation fluid is unable
to escape out of pores at a rate to maintain equilibrium with the
column of formation water (Udo et al., 2015). As a result of this,
the formation is overpressured at a particular depth when the
fluid pressure in pores is higher than hydrostatic pressure
(Figure 1). In impermeable rocks, such as shale, retained pore
fluids must support the total overlying rock column and result in
the generation of abnormal pressures (Nwankwo and Kalu, 2016).
The mechanisms causing overpressures include, compaction
disequilibrium, gas cracking/hydrocarbon generation,
aquathermal expansion, compression due to tectonics,
transformation of clay minerals (e.g., illitization), hydraulic
head, and hydrocarbon buoyancy (Yassir et al., 2002;
Gutierrez et al., 2006; Zhang, 2013). The majority of abnormal
pressure events involving compaction disequilibrium have been
observed in geologically younger basins with rapid sedimentation
(Satti et al., 2015). Examples for these cases include U.S. Gulf

Coast, Beaufort Sea, Niger Delta, Mackenzie Delta, Adriatic Sea,
North Sea, Mahakam delta, Malay Basin, Nile Delta, Eastern
Venezuelan Basin (Trinidad), and the Potwar Basin of Pakistan
(Heppard et al., 1998; Law and Spencer, 1998; Nelson and Bird,
2005; Morley et al., 2011).

For many years, abnormally high pressures have posed
significant drilling and completion problems in oil and gas
wells of Pakistan. The principal areas of abnormally high
pressure are located in the Makran basin (offshore) in the
south and the Potwar Basin (onshore) in the north-central
part (Law et al., 1998). The Potwar Basin (Figure 2) is the
principal oil-producing basin of Pakistan where Paleogene and
older carbonate and sandstone formations acts as major
reservoirs (Kadri, 1995; Craig et al., 2018). Abnormally high
formation pressures are reported in Neogene rocks of Potwar
Basin, specifically within Murree Formation of Miocene age
(Kadri, 1991). Pressures as high as lithostatic are reported,
which are difficult to avoid because of the inability to predict
overpressure zones (Malick, 1979; Kadri, 1991).

The depth of overpressured zones in the eastern Potwar is
reported as shallow as 290 m (Malick, 1979). Highest pressures
are reported in wells drilled along the crests of anticlines, in the
eastern part of the basin (Kadri, 1991). Pressure gradients in the
northern and eastern parts of Potwar Basin are as high as 0.9 psi/
ft, while southern part showed slightly lower values ranging from
0.7 to 0.8 psi/ft (Malick, 1979). At shallow depths, pressures close
to lithostatic are observed, for example, half of the wells in the
Adhi Oil Field are prematurely abandoned due to high pressures.
In Dhulian oil field, high pressure water sands are encountered at
shallow depths of 610–915 m in Chinji Formation. Likewise,
Dakhni, Khaur, and Chak Naurang fields possess the same
issue; however, Balkassar oil field exhibit relatively lower
pressure gradients despite having structural complexity (Afzal
and Rasool, 2000).

As most of the wells in Potwar Basin are drilled on the basis of
structural geometries, it remains uncertain whether there is a
relationship between structural deformation and overpressuring
(Law et al., 1998). Therefore, there is a need to identify the
overpressuring mechanism and depths of those abnormal
pressure zones in order to reduce the number of well
abandonment. In this study, prediction of pore pressures in
structurally controlled compartments is evaluated using the
well log data of multiple oil fields. An attempt is made to
highlight the depths of abnormal pressure zones in eastern
Potwar and to define a consistent way of predicting pore
pressures.

2 GEOLOGICAL SETTINGS

Potwar Basin, part of the Himalayan foreland fold and thrust-
belt, is a major foreland basin of Pakistan on the east of Indus
River (Kadri, 1995). Its northern boundary is marked by theMain
Boundary Thrust (MBT) whereas Salt Range Thrust (SRT) is the
southern limit of Potwar Basin (Aamir and Siddiqui, 2006).
Eastern and western boundaries of the basin are marked by
Jhelum strike slip fault and Kalabagh strike slip fault,

FIGURE 1 | Schematic diagram showing the trend of porosity (A) and
pore pressure (B)with respect to depth in a sedimentary basin. The blue dash
line in (A) represents the normal compaction trend line, and the black solid line
represents the measured porosity. Pore pressure curve showed by the
black line in (B) deviates from the normal pressure curve (blue dash line),
marking the top of the overpressure zone. Vertical effective stress (σe) is
represented by the difference between the pore pressure curve and
overburden pressure (σv) marked by a pink solid line. Porosity reversal in the
overpressure zone marked by black dash line in (A) can be noticed due to
undercompaction of sediment (Zhang, 2013).
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respectively. Soan River which is flowing through the middle of
the Potwar Basin follows its path along the axis of the Soan
syncline (Figure 2).

The complex structural deformations in Potwar, resulted
due to the collision of Indian and Eurasian plates, started in
early-to-middle Eocene age (Stoneley, 1974). Since the
beginning of collision, about 2,000 km of crustal shortening
has been occurred within Eurasia (Patriat and Achache, 1984).
SRT, a low dipping thrust fault underlying the Potwar Basin,
transported the whole sedimentary succession in south
direction along a decollement formed in the Salt Range
Formation of Precambrian age (Lillie et al., 1987; Jaumé and
Lillie, 1988). Disharmonic folding in sedimentary section
relative to the underlying basement rocks has created salt-
cored anticlines, which are separated by broader synclines.
The structural axis of the basin trends in an east-northeast
direction, nearly parallel to the Soan syncline (Pennock et al.,
1989).

Potwar Basin is comprised of siliciclastic, carbonate, and
evaporitic sequences from Precambrian to recent age with an
average thickness of about 9000 m. Sedimentary succession of
Cenozoic Era (Table 1) includes Paleogene rocks of the marine
environment whereas Neogene and Quaternary rocks are of
terrestrial molasse deposits (Shah, 2009). Thickness of
Paleogene rocks ranges from 240 to 300 m while sediments of
Neogene rocks are as thick as 6,400 m (Fatmi et al., 1984). The
molasse deposits of Neogene include the Rawalpindi Group of

Miocene age and the Siwalik Group of Miocene-to-Pleistocene
age (Qayyum et al., 2021). The Murree Formation of Miocene age
acts as a regional seal in the basin for the reservoirs of Eocene
formations. However, this formation is also reported as the
youngest oil-producing reservoir in Khaur oil field of Potwar
Basin (Wandrey et al., 2004).

The stratigraphy and sedimentology of the Rawalpindi and
Siwalik groups have been studied extensively (Pilbeam et al., 1977;
Johnson et al., 1986; Burbank and Raynolds, 1988). These rocks
are mainly composed of fluvial deposits including the sand, silt,
conglomerate, and shale facies (Amjad et al., 2019). The rocks of
Infracambrian age, eroded due to uplifting of Himalayas, are
identified as the provenance of these sedimentary units (Khan
et al., 1986). Due to the high rate of uplifting, the sediments
derived from these thrust sheets, deposited at a very rapid rate
along the northern margin of Potwar Basin (Wahid et al., 2021).
The rate of sedimentation for the deposition of Siwalik sequence
ranges from 50 to 125 in/1,000 yr and each lithological unit
within the Rawalpindi and Siwalik groups show variable
thicknesses and are highly lenticular (Raynolds and Johnson,
1985).

3 MATERIALS AND METHODS

Potwar Basin is a major hydrocarbon-producing area, having
multiple active oil and gas production fields. Multiple seismic

FIGURE 2 | Generalized structural map of Potwar and Kohat basins with major oil and gas fields. Study area (eastern Potwar) is highlighted by light blue polygon
covering the fields used for investigation of pore pressure predictions. Major faults are running in NE–SW direction in these hydrocarbon producing fields (Wandrey et al.,
2004).
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transects and number of wells from nine different oil fields of
eastern Potwar are evaluated for the pore pressure prediction in
Murree Formation. The seismic data includes 2D migrated lines
along with navigation data while log data consisted of gamma ray
(GR), sonic (DT), resistivity (RES), and density (RHOB) curves.
Subsurface geometries are outlined to map structural
compartments, and geohistory analysis is performed to
determine the subsidence level and the sediment influx rate in
the study area. The abnormal pressure zones are predicted using
the log data, and the overpressuring mechanism is proposed by
integrating structural compartments and burial history analysis.

Methodology workflow adopted for pore pressure prediction in
eastern Potwar is given in Figure 3.

3.1 Subsurface Structural Geometries
The Neogene sediments deposited in Potwar Basin experienced a
high rate of sedimentation followed by the uplifting due to
tectonic activity. In order to understand the overpressure
mechanism, structural geometries of eastern Potwar needs to
be delineated. The seismic data are used for demarcating
subsurface structure focusing on the Cenozoic tectonic events.
A number of 2D seismic transects, covering major oil and gas

TABLE 1 |Generalized stratigraphic column of Cenozoic Era for Potwar Basin. A total of four groups, including Makarwal group of Paleocene age, Chharat group of Eocene
age, Rawalpindi group of Miocene age, and Siwalik group of Miocene-Pleistocene age. Murree Formation, included in the Rawalpindi group of Miocene age, is
investigated for the determination of abnormal pressure zones (Shah, 2009).
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FIGURE 3 | Technical roadmap of research study showing adopted methodology workflow for pore pressure prediction in eastern Potwar.
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fields of eastern Potwar are interpreted to mark the structural
compartments. The top Murree, top Eocene (base of Murree/top
of Chorgali Formation), and basement horizon along with
existing faults are marked on seismic profiles. The depth
structure map of Murree Formation is generated, and on the
basis of major thrust geometries, the area is divided into
three zones.

3.2 Geohistory Analysis
Geohistory analysis is the term commonly used for the study of
burial history (subsidence and uplift) and related processes
including decompaction/compaction. One of the major
components which control the pore pressure is the
compaction of sediments. The burial history plot is generated
and the porosity computed from the logs is used to determine the
porosity reduction rate for the lithologies. The pore pressure
curve is computed to relate it with the subsidence level,
sedimentation rate, and porosity reduction with increase in
burial depth. The fundamental input data required for the
burial history plot, includes stratigraphic sequence, formation
thicknesses, hiatus, formation tops, ages of deposition, lithologies,
and petroleum system information.

The data of total seven events, including six formations and a
hiatus during Oligocene age, is utilized for geohistory analysis
(Table 2). The end age for each event is assigned according to
Haq et al. (1987) model, and the lithological information is added
on the basis of stratigraphic information and log results. The
petroleum system parameters include seal, reservoir, and source.
Themajor focus of the study is to evaluate the pressure conditions
within Murree Formation (regional seal); therefore, the burial
history plot is generated up to reservoir formations of Eocene age.
Measured data including bottom hole temperature (BHT),
porosity, pressure, and mud weight information is obtained
from the wells.

In this study, a relationship between the compaction and
porosity is generated using BasinMod software. The software
uses the porosity-effective stress compaction method for
computing the porosity reduction trend with depth. The fluid
flow model for the compaction of sedimentary basins relates that
porosity is governed by compaction (Wangen et al., 1990). Using
the porosity-effective stress compaction method, simulation is
performed for pressure prediction and porosity reduction rate of
Murree Formation in Qazian-1X well with respect to time during
its depositional history.

The transient heat flow method is selected for the generation
of thermal data. A total of four boundary parameters are used for
the basin modeling, which includes sea level, sea depth, paleo-
surface temperature, and heat flow. The sea level history is
generated using Haq et al. (1987) model for paleo sea level
changes, which indicated a maximum of 230 m increase in the
sea level during the Eocene time and followed by the reduction of
sea depth up to 0 m at present. Location of the study area with
respect to tectonic plates (hemisphere and plate name) is added in
the software and well location is given as the latitude for
calculation of temperature data. With respect to geological
ages, software computes the paleo-surface temperature with
values ranging from 18 to 26°C. Heat flow is computed from

the BHT data and the temperature curve generated by the
software is calibrated with the BHT data to check and verify
the results. The present day heat flow value computed is 55.117
(mW/m2).

3.3 Pore Pressure Prediction FromWell Log
Data
Pore pressure is determined using the well data by calculating the
overburden pressure, hydrostatic pressure, and normal
compaction trends in the area. The initial concept for deriving
pore pressure from the well data using the shale properties was
provided by Hottmann and Johnson (1965). Analyzing the DT
values in the Neogene shales of southern Louisiana Gulf Coast
and upper Texas, they noted that the porosity in the sediments
decreases with depth. This decrease in the porosity is considered
as a function of burial depth and termed as the “normal
compaction trend” whereas the fluid pressure generated under
this normal trend is said to be the hydrostatic pressure
(Hottmann and Johnson, 1965). In case of presence of any
abnormal compaction within the sediments, log curves will
deviate from the normal trend line. Within abnormally high
pressure zones, values of DT and porosity in shale will become
high as compared to the normal compaction trend.

Terzaghi’s and Biot’s effective stress law provides the basis for
the pore pressure prediction (Biot, 1941; Terzaghi et al., 1996).
According to their theory, the fluid pore pressure is the function
of the total stress and vertical effective stress. These terms can be
expressed by the following relation:

p � σv − σe

α
, (1)

where p is the pore pressure, σv is the overburden stress, σe is the
vertical effective stress, and α is the Biot effective stress coefficient.

Formation density log can be used for calculating the
overburden stress whereas vertical effective stress can be
correlated by the difference between the pore pressure curve
and overburden pressure. Figure 1B provides detail for these
parameters including the formation pore pressure, hydrostatic
pressure, overburden stress, and the effective stress with respect
to the depth. The basic methodology involving the quantification
of pore pressure from the variations of rock properties is based on
the log response of DT and RES curves (Mouchet and Mitchell,
1989; Bell et al., 2002; Sayers, 2006).

Impermeable clays play a very vital role in generating
overpressuring conditions as the fluids have difficulty in escaping
from impermeable layers withmechanical compaction. Shale intervals
aremarked by drawing shale baseline using theGR curve to determine
the corresponding shale values in porosity or the DT curve. A gamma
ray trend (GRT) line is drawn on the GR log curve to separate the clay
points from the non-clay ones. Clay and sand facies evaluation is then
carried out using multi-mineral model based on the porosity log data.
These clay and sand facies intervals are correlated with the porosity
and pressure curves in order to demarcate the abnormal pressure
intervals within Murree Formation.

As the density log is not recorded on the non-reservoir
intervals, due to which RHOB is not available against the total

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 9034055

Amjad et al. Overpressures Induced by Compaction Disequilibrium

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


thickness of the Neogene strata drilled in the wells. Those
intervals where density log is unavailable, the bulk density
curve is computed using Gardner’s equation (Gardner et al.,
1974), which is given as:

ρb � A ×VB
p , (2)

where ρb is bulk density of the rock interval, Vp is the
compressional wave velocity, A is the coefficient (typically
0.23), and B is the exponent (typically 0.25). Sonic porosity is
calculated using the transit time computed by the DT curve.
Value of the transit time is directly proportional to porosity which
shows that if there is increase in the travel time of wave, the rock
will be having high porosity (Rider, 1996). The formula used for
calculating sonic porosity is given as follows:

φS � ΔT − ΔTma

ΔTf − ΔTma
, (3)

where φS is the sonic porosity, ΔTma is travel time of sound wave
in the rock (47.6 μs/ft limestone, 55 μs/ft sandstone, 75 μs/ft
shale), ΔTf is the travel time in fluid (185 μs/ft), and ΔT is the
value of the DT curve. Once porosity is calculated, overburden
pressure is computed using the bulk density values from the
density log, which is the overall pressure exerted by the lithostatic
column from surface up to the zone of interest (Plumb et al.,
1991). Equation used for the calculation of overburden pressure
in psi units is as follows:

OB � ∫z

0
ρ(z) × g × dz, (4)

where OB is the overburden pressure, g is gravity acceleration,
and z is the depth. The pressure exerted by the weight of a column
of water starting from the surface to the depth z is the hydrostatic
pressure (HP) (Batzle and Wang, 1992; Bjorlykke, 2010).
Equation used for the calculation of hydrostatic pressure in psi
units is as follows:

HP � ∫z

0
ρf × g × dz, (5)

where ρf is the density of fluid (1.09 g/cm3).
Defining a normal compaction trend is one of the key stages in

pore pressure prediction. Sediments subjected to normal
compaction would experience a decrease in porosity at the
same time as pore fluid is expelled (mechanical compaction).
During burial, increasing overburden is the prime cause of
porosity reduction and fluid expulsion. If the sedimentation
rate is low, fluids within the pore space can escape, resulting
in normal compaction. If this is the case, then, porosity decreases
at a predictable rate with increasing depth, referred to as the
normal compaction trend (NCT) (Bowers, 1995). Eaton’s method
is based on empirical methodology, which utilizes the ratio of the
recorded value of DT or RES curve to the value of same on the
NCT curve (Eaton, 1975). Equation used for the calculation of
pore pressure in psi units is as follows:

PP � OB − (OB − HP) × (NCT
ΔT

)
3

, (6)

where PP is the pore pressure (psi) and NCT is the normal
compaction trend line.

Log-based pore pressure prediction using Eaton’s method is
adopted in this study for the delineation of overpressure zones
within Murree Formation. Predicted pore pressure (PPP) values
have to be calibrated with the measured pore pressure data
(Mahmood et al., 2021). As Murree Formation is considered
as a regional seal for the reservoir rocks of Eocene age in the
Potwar area, due to which the availability of drill-stem test (DST)
or repeat formation test (RFT) data is very rare. In all producing
oil fields, companies record DST or RFT data in the reservoir
intervals only. The Qazian-1X well is the only well in which DST
is recorded in the Murree Formation, which indicates that the
pressure gradients in the target formation are as high as 0.81 psi/ft
(Law et al., 1998). In rest of the wells, only static pore pressure
data are recorded against the drilled thickness of Murree
Formation. Pressures recorded during the DST are used for
calibrating the PPP values in Qazian-1X well. A total of four
DST depths are recorded in Qazian-1X well within Murree

TABLE 2 | Input parameters used for the generation of burial history plot and pressure simulation in Qazian-1X well. Geohistory analysis is performed up to Eocene age using
data of total seven events (six formations and a hiatus). Lithologies of each formation are mentioned as per stratigraphic information and log results whereas petroleum
system components are assigned according to the literature. End age is assigned according to Haq et al. (1987) model. Depth, BHT, porosity, pressure, and mud weight
information is obtained from the well data.

Event
name

Event
type

End
age
(my)

Depth
(m)

Petroleum
system

Lithology BHT
(°C)

Porosity
(v/v)

Pressure
(psi)

Mud
weight
(g/cm3)

Chinji Formation Formation 14 0 — Clay 49.44 0.36 412.54 1.62
Kamlial Formation Formation 16 1,031 — Sandstone 60 0.26 3091.63 1.86
Murree Formation Formation 20 1,199 Seal Sandstone 71.11 0.19 4500 2.14
Oligocene Hiatus 25 — — — — — — —

Chorgali
Formation

Formation 35 2,062 Reservoir Limestone 78.33 0.02 2643.09 1.91

Sakesar
Limestone

Formation 41 2,107 Reservoir Limestone 80 0.08 2236.61 1.91

Nammal
Formation

Formation 49 2,181 — Limestone 80.56 0.04 3296.85 1.91
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Formation. Pressure data of these four depths are given in
Table 3.

4 RESULTS

4.1 Subsurface Structural Geometries
Interpreted seismic sections of selected profiles passing through
the wells are shown in Figures 4–7. Two horizons (top Murree
and top Eocene) are marked on the seismic data, and the depth
structure map of top Murree is generated (Figure 8). Based upon
the dominating geometries and structural style, the study area is
categorized into three different zones.

1) Zone-1 (south eastern part) - Duplex based repeated thrust
sheets

2) Zone-2 (northern part) - Decoupled salt-cored anticlines

3) Zone-3 (south western part) - Triangular zone dominated
region

4.1.1 Zone-1 (South Eastern Part)—Duplex Based
Repeated Thrust Sheets
The zone-1 comprises of Kal, Rajian, Qazian, and Missa Keswal
oil fields (Figure 8). Structural configuration in the Rajian area
shows the presence of duplex based repeated thrust sheets
formed by Domeli thrust and a basal decollement due to SRT
(Shakir et al., 2019; Sajid et al., 2021). The hanging wall in these
structures is further deformed by several low angle imbricates
and lag faults resulting into a duplex geometry with
stacked thrust sheets. Consequently, duplication of
Cambrian-to-Miocene sequence with increasing overburden
from east to west is observed on the interpreted seismic
section (Figure 4).

Toward east, Qazian and Missa Keswal wells are drilled on a
pop-up geometry (Abid et al., 2019). This pop-up structure
resulted from north dipping splay (F4) of Domeli thrust and a
back thrust (F5) termed as Qazian Fault (Figure 5). The nature
of Domeli thrust shows a steeply dipping reverse fault at shallow
depths, to a gentle and low angle fault at basal level near SRT.
This represents a positive flower geometry that could be the
result of its proximity with Jhelum Strike Slip Fault to the
east. At Rajian 3A well, the north dipping Domeli thrust is

TABLE 3 | DST data of Murree Formation recorded in Qazian-1X well. A total of
four DSTs are recorded in Murree Formation encountered in Qazian-1X well
on the basis of oil shows observed during drilling (Law et al., 1998).

Well DST # Depth (m) Pressure (psi)

Qazian-1X 1 1409.09 3757
2 1462.43 3844
3 1530.401 4073
4 1632.204 4230

FIGURE 4 | Interpreted seismic section of line 925-GJN-10 of Rajian field in zone-1 of the eastern Potwar study area. Marked horizons include top Murree (green)
and top Eocene (purple) along with fore thrusts (Salt Range Thrust, Domeli thrust, and F2) and back thrust faults (F1 and F3) in different colors. Duplex based repeated
thrust sheets are present in the area and Rajian-03A well has been drilled on the top sheet.
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bisected by a south dipping F1 back thrust, forming a passive
roof duplex.

4.1.2 Zone-2 (Northern Part)—Decoupled Salt-Cored
Anticlines
Several pop-up structures bounded by parallel, east–west
running reverse faults are interpreted in this zone (Figure 8).
The subsurface structural framework is controlled by basement
decollement (SRT) characterized by normal faulting ramp
structures at the Eocambrian level. These ramps provided
base for the propagation of boundary faults (F7, F8, F12, and
F15) and their respective opposite dipping faults (F9, F10, F11,
F13, and F14) forming pop-up geometry with the salt core.
Interpreted seismic section in Figure 6 also represents the
subsequent southward shift of deformation creating a
synclinal structure with increase in the thickness of Miocene
sediments while less overburden at the core of Adhi anticlinal
structure.

4.1.3 Zone-3 (South Western Part)—Triangular Zone
Dominated Region
This region is characterized by triangular zones between a fore thrust
and back thrust at a deeper level. Southern hanging wall of F16 is
thrusting more relatively to footwall with north verging displacement,

indicating comparatively less overburden pressure of Miocene and
younger sediments. Minwal/Joyamair oil fields are exploited for the
production of hydrocarbons from these triangular zones (Figure 7).
Amirpur-01 well is also targeted for the hydrocarbon exploration by
drilling a triangular zone on the eastern folded limb of Minwal
structure (Ashraf et al., 2016; Shakir et al., 2020).

4.2 Geohistory Analysis
The burial history plot of Qazian-1X, including the formations
of Eocene-to-Pleistocene ages, is generated to illustrate the
burial depth from Nammal Formation to Chinji Formation
(Figure 9A). Murree Formation is the first stratigraphic unit
deposited in the newly formed basin after the collision of Indian
and Eurasian plates and marks the start of the depositional
sequence of Neogene sediments. This thick sequence of fluvial
sands experienced a very high rate of sedimentation and an
abrupt increase in the subsidence rate during Early Miocene
times (24–20 my). More than 500 m of sediments subsidence
with extreme rate of sediment influx resulted in abrupt increase
of pore pressure. The subsidence curve shown in the burial plot
depicts that the subsidence event was followed by the normal
compaction trend in the Late Miocene time, which continues
until recent ages.

In order to compare the changes in the porosity and pressure
values with respect to time and burial depth, crossplot of porosity

FIGURE 5 | Interpreted seismic section of line 994-GNA-09 of Qazian field (zone-1). Structural geometry shows repeated thrust sheets with a pop-up structure
bounded by faults F4 and F5 on the top sheet. Qazian-1X well is drilled on the pop-up anticlinal structure formed by F4 and F5 faults.
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FIGURE 6 | Interpreted seismic section of line SOX-S88-08 (zone-2) showing salt-cored anticlinal structures of Pindori (left), Bhangali (middle), and Adhi (right)
fields. Murree Formation lies at a greater depth in Pindori-03 well whereas it is encountered at a very shallower depth in Adhi-07 well.

FIGURE 7 | Interpreted seismic section of line POL-93-MN-08 of Minwal field in zone-3. Triangular zone is interpreted in the area at a deeper level where Murree
Formation forms pop-up geometry at a very shallow depth.
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and pressure with respect to geological ages is prepared for Murree
Formation. Relationship of porosity and pore pressure with
lithostatic pressure for Murree Formation is shown in Figure 9B.
This pressure plot is generated to show the rate of increase of pore
pressure during the depositional history in response to burial depth.
Pressure values are plotted on the left vertical axis, porosity on the
right vertical axis, and age in million years is plotted on the x-axis of
the crossplot. It can be observed that computed pressure initiated
from 0 psi at the start of deposition around 25my, showing a sharp
increase until 20 my and increased up to 3300 psi at present. This
marks a drastic increase in lithostatic and PP during the same time,
which represents a sudden drop in the subsidence curve at Qazian-
1X well location (Figure 9B).

4.3 Pore Pressure Prediction From Well
Logs
4.3.1 Prediction and Calibration of Pore Pressure in
Qazian-1X Well
Different methods can be used for the pore pressure prediction
using wireline log data. However, calibration of these predicted
pressure values with actual measured pressure data is mandatory
for the validation of results (Mahmood et al., 2021). PPP values
using Eaton’s method needs validation with the measured
pressure data for the selection of Eaton’s index (2.7 for
Qazian-1X well). DST data of Murree Formation in Qazian-1X
well are used to calibrate the PPP values (Table 3). This
calibration enhanced the accuracy level of the adopted

methodology which is then further implemented on other
wells drilled in the study area.

For further validation, relationship of PPP with DT is tested
with regression analysis to enhance the confidence level regarding
the selection of Eaton’s index and the normal compaction trend.
The crossplot between PPP (x-axis) and DT (y-axis) is generated
for Murree Formation, in which the volume of clay was used in
the color bar to show the variation of clay percentage with respect
to PP (Figure 10). Data represented by the red dots indicates
upper sand facies with low clay percentage and yellow to green
color dots represents the middle and lower part of the formation
having relatively higher percentage of clay. The data are also
differentiated into overpressure (blue) and underpressure (green)
intervals with the colored polygons. Linear regression analysis
shows good correlation with r 86% and r-squared value of 74%,
validating the accuracy for the computed PPP values.

Detailed analysis of PP within Murree Formation in Qazian-
1X well is shown in Figure 11. Four tracks are used for displaying
the results, where track 1 shows the GR curve in red color used for
marking the shale baseline. Scale of the GR log is used as 0–150
API. Track 2 displays the sonic transit time curve in
microseconds per feet along with the normal compaction
trend (NCT) with a scale of 40–240 μs/ft. Computed facies for
sand and clay intervals are plotted in track 3, whereas track 4
displays complete results of pressure curves.

The GR color filled curve plotted in the correlation track divided
the formation into three parts. The upper part of the formation
(yellow color fill; 1199–1650m) showed lowGR values, whereas an

FIGURE 8 | Depth structure map of Murree Formation with interpreted faults trending in northeast to southwest direction. The area is divided into three different
zones on the basis of structural geometries, that is, duplex thrust sheets in zone-1 (red polygon), salt-cored anticlines in zone-2 (blue polygon), and zone-3 (green
polygon) is comprised of triangular zone (Minwal and Joyamair) and broad box fold (Balkassar) geometries. Murree Formation lies at a very shallow depth (red color fill) in
zone-1, intermediated depth (green color fill) in zone-3 and deepest depth (blue color fill) in zone-2.
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increasing trend is shown inmiddle (green color fill; 1650–1900m)
and lower parts (blue color fill; 1900–2062m), reaching up to
80–100 API values. Facies track demarcate the clean sands in the
upper part of Murree Formation with very little amount of clay.
Porosity (SPHI) computed from DT shows very high values in this
sand interval (sonic track). This high porosity sand interval in
Murree Formation is marked as the overpressure zone (purple
color fill), as shown in the PP track of Figure 11.

Undercompaction of strata in the top part of the formation is
indicated by the deflection of DT from the NCT line, which marks
the overpressure conditions as shown by the PPP curve
(Figure 11). DST data of Qazian-1X well are also recoded in
this top interval at four different depths. Black diamonds plotted on
the PP track indicates the measured pressure values of DST record
mentioned in Table 3. The middle and lower part of the formation
shows high percentage of clay volume ranging between 20 and
40%. Porosity values decreases drastically in the highly compacted

middle part and underpressure conditions in these clay rich sands
indicates that the strata followed a normal compaction trend.
Lower most part of Murree Formation in Qazian-1X well shows
relatively high porosity and clay percentage. This clay rich interval
exhibits high pressure values, except a few meter interval at the
depth of around 2015m where the pressure, porosity, and clay
percentage values dropped.

The computed FP curve indicates the maximum pressure limit
applied on the strata in order to fracture the rock, resulting in fluid
losses and borehole instability (Sen andGanguli, 2019). Overpressure
conditions in the upper part of Murree Formation shows minimum
difference between the PPP and FP curves. As these high pressure
intervals have to be drilled with high mud weight, there is a very vital
chance of inducing fractures in the formation. Thismakes the drilling
process very critical in these high pressure intervals. In the middle
and lower part of the formation, FP values are sufficiently high
enough from the PPP values making easier drilling conditions.

FIGURE 9 |Burial history plot (A) and the effect of lithostatic pressure on porosity and pore pressure (B) of Murree Formation in Qazian-1X. In (A) Subsidence curve
(red) depicts the increase in the burial depth during Miocene age resulting from the high rate of sedimentation of Neogene molasse deposits. In (B), an abrupt increase in
pore pressure and decrease in porosity can be observed between 25 and 20 my due to the high rate of sedimentation and increase in lithostatic pressure. Porosity of
Murree Formation decreased from 0.46 (initial porosity) to 0.23 (current porosity) due to overburden pressure with an increase up to maximum pressure of about
3200 psi.
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4.3.2 Pore Pressure Prediction in Eastern Potwar
Log-based PP analysis is conducted on 19 wells of nine different
fields in eastern Potwar, using Eaton’s method. After testing the
accuracy of the pressure in Qazian-1X well, pressure prediction is
carried out on other wells to generate a regional subsurface
pressure behavior of Murree Formation. The parameters
including the normal compaction trend and Eaton’s index are
selected for individual wells by calibrating the predicted pressure
with the static pore pressure data. The normal compaction trend
is marked on the basis of the DT curve in each well, and Eaton’s
index is selected by calibration with the measured pressure.

Predicted pressure values also show abnormal pressure
conditions within structural compartments of Murree Formation.
Once the pressure values are computed throughout eastern Potwar,
the isomap layer for PPP is generated in order to see the variations of
pressure conditions in the study area (Figure 12). Pressure values are
ranging between 2400 and 5510 psi values. It is also very important
to note the trend of porosities in the overpressure zones. In most of
the wells, where overpressure intervals are identified, porosity values
are high, showing that the sediments have not followed a normal
compaction trend due to high sediment influx. On the other hand,
those intervals where underpressure/normal pressures are observed,
the NCT line overlies the DT curve (with low values), representing
that the sediments have followed a normal compaction trend with
less porosity values.

4.3.2.1 Pressure prediction in zone-1
The zone-1, which is dominated by duplex structures with
repeated thrust sheets, depicts a variable trend of pressure.
Missa Keswal and Qazian oil fields, where average depth of

Murree Formation is about 1200 m, have moderate to high
pressure values ranging between 3500 and 4500 psi. Wells
drilled in these fields have penetrated the top most thrusted
sheet forming a pop-up structure, which can be classified as open
fold (Figure 5). PPP values in Missa Keswal-03 well show a very
consistent pressure trend from top to bottom with exception of
only a few meter interval of normal/hydrostatic pressure
(Figure 13). Murree Formation is dominantly composed of
sand facies with low clay percentage (12–18%) and porosity
values ranging between 8 and 18%. About 60 m interval in
lower part of the formation, an increase in the clay percentage
is observed with a decreasing porosity trend.

However, in Rajian (Figure 4) and Kal oil fields, gentle folding
exists within the top thrusted sheet of Murree Formation. This
gentle folding supports hydrostatic pressures ranging between
2400 and 2700 psi values within the sand facies at a shallow depth
of 770 m. Computed results of Rajian-03A well (Figure 14A)
show a very smooth trend of clay volume with an average value of
about 30%. The formation shows dominating sand facies having
underpressure conditions of pore fluids in top interval up to the
depth of about 2500 m. In lower part of the formation, two
intervals of about 120 m each, at the depth of 2750 m and 3000 m,
exhibits overpressure conditions. Porosity values in Rajian-03A
well are ranging between 12 and 20%. These results show that the
formation follows the normal compaction trend due to less
overburden in this area.

4.3.2.2 Pressure prediction in zone-2
Highest pressure conditions are evaluated in zone-2 (northern
part of study area), mainly controlled by the salt-cored anticlines.
Pindori and Bhangali oil fields show a very consistent
overpressuring trend throughout Murree Formation. Average
depth of the formation in the Pindori area is about 2400 m,
contributing the highest overburden pressures coupled with the
salt tectonics. Increased overburden stresses and close folding in
Pindori area (Figure 6) contributed in the generation of
overpressure conditions within Murree Formation. Pindori-03
well shows clean sand facies in the upper part whereas clay
percentage is high in middle part and in lower most part at the
depth of around 3900 m (Figure 14B). The porosity curve shows
a decreasing trend with respect to depth, and the formation bears
very low porosities (0.5–1.5%), below 3600 m.

4.3.2.3 Pressure prediction in zone-3
The south western part of the study area encompasses the
Minwal, Amirpur, and Balkassar oil fields. This area is mainly
dominated by triangular zones in the Minwal (Figure 7) and
Amirpur fields, excluding the Balkassar oil field, which is marked
by the box fold geometry. Pressure conditions in these triangular
zones are moderately overpressured in the Minwal and Amirpur
fields. Minwal-02 well shows comparatively high clay percentage
throughout the formation ranging between 30 and 40%
(Figure 14C). Top of Murree Formation in Minwal-02 well is
at 856 m depth and shows good porosity values in upper part
under hydrostatic pressure conditions. With increase in depth,
the porosity curve shows a decreasing trend under relatively high
pressure condition in the lower part of the formation. Thickness

FIGURE 10 | Relationship of predicted pore pressure (PPP) and sonic
transit time (DT) in Qazian-1X. Pore pressure is predicted for Murree Formation
using sonic log-based Eaton’s method, resulting in the identification of
overpressure and underpressure zones. Regression analysis is
performed after plotting PPP (x-axis) against DT (y-axis) with volume of clay
(color bar), to validate the selection of Eaton’s index and normal compaction
trend line. Green polygon represents the underpressure zone, and blue
polygon represents overpressure zone. Regression curve (red line) shows the
relationship of PPP and DT with r (0.8612) and r-squared (0.7417) values.
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of Murree Formation in the Balkassar oil field is about 800 m and
is composed of clean sand facies with very good porosities, which
follows a normal compaction trend.

4.3.3 Overpressure Induced by Compaction
Disequilibrium
The relationship between acoustic velocity and vertical effective
stress in overpressured wells of the Qazian and Pindori oil fields
is generated for the identification of the overpressuring
mechanism (Figure 15). Facies analysis in Murree Formation
shows clean sand intervals at the top and relatively clay rich

sands in the middle and lower part. The inconsistent porosity
trend represents that the rock is having a variable grain size
and clay percentage, controlling the permeability of the rock.
A rock with good permeability would easily dissipate the
overpressures under a normal compaction trend as compared
to low permeability clay rich sands (Talinga and Reine, 2021).
Depositional and burial history of Murree Formation
(Figure 9A) indicates a time span where high rate of
sedimentation was followed by the subsidence. This type of
depositional history creates compaction disequilibrium causing
undercompaction of sediments.

FIGURE 11 | Porosity, facies, and predicted pore pressure results of Murree Formation in Qazian-1X well along with calibrated DST data. Plotted data include the
gamma ray curve in correlation track (COR); sonic log curve, normal compaction trend line, and porosity in sonic track; predicted facies including clay and sand in facies
track; hydrostatic pressure (HP) in black color, overburden pressure (OB) in blue color, predicted pore pressure (PPP) in red color, fracture pressure (FP) in green color,
and DST data (black diamond symbols) plotted in pore pressure track. Clean sand facies with high porosities and overpressure zones are identified in top interval of
Murree Formation, showing a very good correlation with measured pressure values of DST data. Middle part of formation shows underpressure conditions with low
porosity and high pressures in the lower most part. FP curve depicts crucial drilling conditions in upper part as the PPP values are very close to FP curve, whereas middle
and lower part displays easier drilling conditions.
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The crossplot between the acoustic velocity and vertical
effective stress is analyzed to identify the compaction
disequilibrium mechanism. Velocity (m/s) is plotted on y-axis,
vertical effective stress (MPa) on x-axis, and PPP values are used
to differentiate the pressure variations with a color bar. The
overpressure zone of Murree Formation is shown by blue color
dots, and green color dots represent the underpressure zone
(Figure 15). With a high sedimentation rate, the fluid escape
from sediments could not maintain pace with the burial depth
causing compaction disequilibrium, which creates overpressure
conditions. High porosities within these overpressure zones also
represent undercompaction of sediments. This resulted in the
decrease of velocity values and low effective stress within Murree
Formation. The decrease of velocity and effective stress is
highlighted with the blue arrow in Figure 15 and marked as
an undercompaction zone. On the other hand, green arrow shows
normal compaction with increase in velocity and effective stress
values.

5 DISCUSSIONS

Eastern Potwar is characterized by compressional tectonics
resulted in fault bounded anticlines and low angle thrusts. The
overall structural deformation is controlled by a basal decollement
(SRT), which is regarded as a splay of main boundary thrust and
distributing the displacement to all linked faults in the sub-
Himalayan region (Aamir and Siddiqui, 2006; Qayyum et al.,
2021). Overpressuring in Neogene sediments is thought to be
caused by tectonic activity linked with the collision of Indian and
Eurasian plates (Sahay and Fertl, 1988). According to Satti et al.

(2021), compaction disequilibrium may also contribute to the
development of high formation pressures in addition to tectonic
stresses. Therefore, it is necessary to understand the tectonics and
structural framework along with the burial history trend ofMurree
Formation for the identification of overpressure zones induced by
compaction disequilibrium.

In order to determine the mechanism of overpressuring in
Murree Formation, structural interpretation, geohistory analysis,
and log-based pore pressure prediction has been carried out.
Geohistory analysis helped in evaluating the sedimentation rate
and burial history depicted an abrupt increase in lithostatic and
pore pressure corresponding to a high sedimentation rate
between the ages of 25–20 my. Sediment compaction
contributes in porosity reduction resulting in high bulk density
due to the increase in overburden stress (Wahid et al., 2021).
According to Zhang (2013), porosity in the rocks is not only
dependent on the depth factor but also influenced by effective
stress. In general, porosity will decrease with burial depth if the
rock follows normal compaction (Chen et al., 2020).

The porosity change with burial depths can be used for
determining the effect of compaction (Bredesen et al., 2019).
Deviations in the compaction curve with decreasing porosity
depicts that mechanical compaction might not be the only reason
for porosity reduction at shallow depths (Puttiwongrak et al.,
2020). Moreover, it cannot always be true that porosity might
have an indirect relation with depth, as porosities may enhance
during diagenetic processes as well (Zhang, 2013). Geohistory
analysis reveals that overpressured zones with high porosities of
Murree Formation demonstrate a low porosity reduction rate
despite varying overburden pressure conditions. Formation fluid
which was trapped in pore spaces during deposition, instigate

FIGURE 12 | Isomap layer of pore pressure predicted in 19wells of eastern Potwar. Pressure variations inMurree Formation shows highest pore pressures in zone-
2, ranging between 5000 and 5500 psi values in Pindori field (red color fill). Rajian field of zone-1 (blue color fill), experiences the lowest pressure conditions, which are
less than 3000 psi values. Murree Formation in Qazian and Missa Keswal fields (northeastern part of zone-1) exhibits high pressures at a shallower depth. Minwal,
Amirpur, and Balkassar oil fields of zone-3 follow the normal compaction trend in most of the drilled interval.
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deviation from the normal compaction. Moreover, computed
pore pressure values from geohistory analysis also showed good
correlation with log-based PPP in Qazian-1X well.

The deformation mechanism and structural geometries varies
within eastern Potwar and are generating different level of
stresses affecting geopressures. All major thrust faults are
dipping in the north or northwest direction following the
regional trend of north dipping SRT (Qayyum et al., 2015).
Three different structural geometries aided in generating
overpressure conditions; however, it has to be noted that the
high sediment influx during Miocene time played a very critical
role in retaining pore fluids. As rapid rate of deposition makes
very difficult for pore fluids to escape out of the rocks with
mechanical compaction (Abbey et al., 2020), these molasse
sediments did not follow NCT, resulting in undercompaction
of the strata, followed by the generation of overpressure
conditions.

According to Qayyum et al. (2021), eastern Potwar is affected
mostly by the second phase of deformation initiated in Late

Pliocene-to-recent. The point of agreement lies in the study area
as well, where the presence of major thrust faults are
characterized by NNE-SSW directed compression and near
vertical intermediate principle stress (σ2), indicative of
transcurrent tectonics. Most of the oil and gas fields including
Pindori, Bhangali, Adhi, Missa Keswal, Turkwal, Rajian, and
Balkassar are marked by pop-up structural geometries (Ahmed
et al., 2012; Abid et al., 2019; Sajid et al., 2021); however, opening
and closing of folds varies among these fields. The triangular
zones which have been exploited for the hydrocarbon
productions in Amirpur and Minwal fields (Ali et al., 2015;
Ashraf et al., 2016) exhibits normal pressure conditions.

To analyze the anomalous pressure behavior of Murree
Formation, pore pressure has been initially predicted in
Qazian-1X well, and after calibration of results other wells
were evaluated. Overpressure zones were identified in the
Qazian-1X well in the upper and lower parts of the formation
while the middle part showed the underpressure zone. It is very
critical to observe overpressure zones with high porosity values

FIGURE 13 | Porosity, facies and predicted pore pressure results in Missa Keswal-03 well. Log plot template for input data and computed results is same as used
for Qazian-1X well. Murree Formation show constant sand facies with good porosities and overpressure zones throughout the interval with only few low-pressure zones.
FP curve represent relatively easier drilling conditions in the lower part, as its values are significantly higher than the PPP values.

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 90340515

Amjad et al. Overpressures Induced by Compaction Disequilibrium

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


indicating the undercompaction of sediments. The underpressure
zone in the middle part showed very low porosities with the NCT
line overlying the DT curve. This depicts the sediments followed
normal compaction with a high porosity reduction rate. Borehole
stability depends upon the FP representing maximum pressure
limit for safe drilling (Sen and Ganguli, 2019). Computed FP
showed minimum difference between PPP and FP in the upper
part making the drilling process critical in high pressure intervals.
In the middle and lower parts of the formation, FP values are

sufficiently high enough from the PPP values making drilling
conditions easier.

Pressure prediction was then applied to other wells from nine
different fields, and the same trend of overpressuring has been
observed in Missa Keswal wells of zone-1, adjacent to Qazian-1X
and drilled on the same structure. However, Rajian and Kal fields
having consistent sand facies with intermediate porosities mostly
show underpressure conditions in most of the formations with
minor overpressure zones at the bottom. Zone-2 is marked by the

FIGURE 14 | Facies, porosity, and predicted pore pressure results in Rajian-03A, Pindori-3, and Minwal-2 wells. Plotted data include, predicted facies in facies
track; porosity curve is plotted in sonic track; HP, OB, PPP, and FP plotted in the pore pressure track. In Rajian-03A well (A), Murree Formation is having normal and
underpressure condition within most of the formation except for two zones (at around 2800 m and 3000 m) in the lower part where pressure is increased. Pindori-3 well
(B)mostly represents overpressured conditions in the upper part and converts into normal pressures in lower part. In Minwal-2 well (C), most of the interval depicts
near to hydrostatic pressures with few exceptions in the lower part.
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highest pressures within Murree Formation where Pindori and
Bhangali wells exhibit constant overpressuring although the
formation is buried at a greater depth. Triangular zones in
Amirpur and Minwal fields of zone-3 represent moderate
pressure conditions at shallow depths where Murree
Formation possesses relatively high clay percentage.

Based on the study conducted in eastern Potwar, it is observed
that the overpressuring inMurree Formation is induced due to the
undercompaction of sediments during Miocene time. Presence of
these high pressure zones with good porosities resulted in low
effective stress and velocities. The decrease of these parameters
clearly indicates compaction disequilibrium, and it is believed to be
the major cause of the overpressuring mechanism in this area.

6 CONCLUSION

1) Pore pressure analysis revealed that primarily, overpressuring in
Murree Formation is induced by the compaction disequilibrium
mechanism due to the rapid rate of sedimentation during the
Neogene times. However, generation of these overpressures is
also facilitated by tectonic stresses and structural geometries.

2) As a result of dissimilar deformation styles, the study area
is categorized into three different zones on the basis of
structural geometries. In zone-1, undercompaction of the
sediments induced overpressuring in Qazian and Missa
Keswal fields at shallow depth with more than 4000 psi
pressure.

3) Maximum pressures are identified in the Pindori oil field of
zone-2 (northern part). In Pindori field, Murree Formation
is encountering huge overburden stress at a depth of around
2400 m, and the pore pressure values are exceeding
5500 psi.

4) Triangular zones are delineated in zone-3 of the study area,
including Minwal and Amirpur fields. Murree Formation
experiences moderate pressure conditions with appreciable
difference between the PPP and FP curves. Formation bears
high porosities in this area and the interpreted pressures
depicts favorable drilling conditions.
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