
Reservoir quality and facies
modeling of the early Eocene
carbonate stratigraphic unit of
the Middle Indus Basin, Pakistan

Perveiz Khalid  1*, Muhammd Irfan Ehsan1,
Shahzada Khurram1, Irfan Ullah2 and Qazi Adnan Ahmad3

1Institute of Geology, University of the Punjab, Lahore, Pakistan, 2Department of Geology, Bacha Khan
University Charsadda, Charsadda, Pakistan, 3College of Energy and Mining Engineering, Shandong
University of Science and Technology, Qingdao, China

The early Eocene carbonate reservoir, Sui Main Limestone (SML), is the largest

gas reservoir in Pakistan. In the Qadirpur area, more than 30 wells have been

drilled, some of which have been declared dry or abandoned due to poor

reservoir characteristics or facies variation. The aim of this work is to re-evaluate

the reservoir characteristics and facies identification of Sui Main Limestone by

using petrophysical analysis and rock physics modeling in the Qadirpur field in

the Middle Indus Basin of Pakistan. The reservoir characterization of carbonate

rocks is difficult because of their complex pore networking. Thewell data on five

exploratory wells drilled in this gas field are used. The log-derived porosity varies

in a very large range of 2%–36%, with an average of 14%–34%. The average

porosity of the clean carbonate intervals is 10%–14% and thus has the capacity

to accumulate hydrocarbon. The high porosity value indicates the presence of

micro-fractures in Sui Main Limestone. These micro-fractures and secondary

pores are well interconnected and allow the pore fluids to communicate. The

secondary porosity is mainly due to the presence of vuggs and fractures in Sui

Main Limestone. The volume of shale varies from 11%–38% in the wells. The net

pay zones have hydrocarbon saturation in the range of 40%–70%, which is

mainly gas. Using wireline log response, the formation is divided into three

facies: limestone, shale, and shaly limestone. This comprehensive work may

help improve the prediction of the reservoir quality in heterogeneous carbonate

reservoirs and optimize field development.
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Introduction

Of the sedimentary rocks, carbonate (limestone and dolomite) holds more than 50%–

60% of the conventional oil and gas reservoirs in the sedimentary basins of the world

(Rohel, 1985; Kargarpour, 2020; Bashir et al., 2021). However, predicting reservoir quality

at an inter-well scale (Lai, 2019), identifying high-permeability zones with high porosity
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(Choquette and pray, 1970; Bohnsak, 2020), and preparing well-

defined reservoir characteristics within petrophysical parameters

(Nelson 2001; Lucia 2007) are among the major issues associated

with carbonate reservoirs (Kelleys and Wallis 1991).

Petrophysical analysis of carbonates is a challenging task:

different techniques have been used to determine their

petrophysical characteristics (Wang et al., 2016; Bashir et al.,

2021; Salifou et al., 2021; Aboubacar et al., 2022). Porosity and

permeability are the primary petrophysical parameters that

define the reservoir characteristics of sedimentary rock.

However, carbonates have a very heterogeneous porosity at

various scales, ranging from micro-pores to large vuggs; this

makes it difficult to construct petrophysical models (Hartmann

and Beaumont, 1999; Lucia, 1999). Carbonate reservoirs have a

multiple-porosity system (Lai, 2019) that is entirely different

from sandstone reservoirs, and this has a heterogeneous impact

on the petrophysical parameters of reservoirs (Wang et al., 2016;

Muzzullo, 1992). Porosity and permeability are not directly

interrelated in this heterogeneous and complex petrophysical

environment (Westphal, 2005). The porosity and permeability of

carbonate rocks largely depend on depositional structures and

their environment (Garcia-Del-Cura, 2012; Khan et al., 2022).

Early Eocene Sui Main Limestone (SML) is a proven gas

reservoir in Pakistan and is characterized by complex lithology

and complicated pore systems (Khan et al., 2016; Siddiqui, 2016).

These characteristics create interpretational problems for

petrophysicists (Ahmed, 2017; Gu, 2017; Hussain, 2017;

Senosy, 2020), thus making it difficult to develop production

and field development strategies for reservoir and production

engineers. Although geochemical analyses of reservoir rocks

FIGURE 1
Location map of the study area in regional context along with major tectonic distribution of Pakistan (Siddiqui 2004).
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taken from the Indus Basin of Pakistan show that the major

discoveries of oil and gas are from Cretaceous reservoirs, Sui

Main Limestone, a basal formation of the Ghazij Group of the

early Eocene, is the country’s most prolific gas reservoir. The

largest gas field in Pakistan, with more than 5 trillion cubic feet

(TCF) of reserves, was discovered in 625-m-thick SML in

Baluchistan in 1952 (Eaton, 1975); more than 20 TCF of

recoverable reserves have been identified in 14 discoveries in

the country (Khan et al., 2016; Siddique, 2016). Sui Main

Limestone is widely distributed across various sedimentary

basins in Pakistan, especially in the Indus and Baluchistan

basins, which are gas-producing rock units along with Sui

Upper Limestone. However, this important reservoir has no

outcrop exposure in Pakistan. The second largest gas-

producing carbonate rock in the country is Habib Rahi

Limestone. SML in the study area, the Qadirpur gas field,

(27°55′– 28°09′ N, 69°11′– 69°31′ E),falls in the Middle Indus

Basin (Figure 1) and belong to a low-permeability carbonate

reservoir with high microscopic heterogeneity. This is attributed

to its depositional environments and the subsequent

diagenetic modifications such as compaction, cementation,

and dissolution, as well as various degrees of dolomitization

(Siddique, 2016).

The exploration and production history of the Middle Indus

Basin started after the independence of Pakistan in 1947. The

Qadirpur gas field has been extensively developed by different

exploration and production companies (Shah, 2009). More than

30 wells have been drilled in this field, although the majority were

drilled dry and declared abandoned due to low permeability and

low inter-connected porosity. On the basis of wire-line log data

from two wells, Ali et al. (2005) studied the reservoir potential of

the sedimentary strata present in this area. In 2013, Jadoon et al.

(2013) identified the hydrocarbon potential of Habib Rahi

Limestone, which acts as a reservoir rock in the Mari gas

field. Recently, Khan et al. (2016) performed a petrophysical

study of the Eocene reservoir rock units in the Qadirpur area

using wireline logs data. These studies marked different net pay

zones in Habib Rahi Limestone and Sui Main Limestone.

However, they did not identify different types of heterogeneity

in the Eocene stratigraphic unit, so its reservoir characteristic is

not well understood. No one has hence paid attention to the

lithofacies classification of the largest carbonate reservoir in

Pakistan; this study will cover this research gap. The results of

this work will be helpful for understanding the heterogeneous

behavior of SML in the Central Indus Basin. One of the objectives

of this study is to identify and mark different lithofacies in this

carbonate reservoir, which will be helpful in reducing the risk of

drilling dry or abandoned wells. The seismic characteristic of

SML on seismic reflection data is well established. As is clear

from Figure 2 on the seismic section, the top of SML is the best

markable horizon, with positive high amplitudes in the study area

and in the Middle Indus Basin.

The present study aims to recognize and describe the

lithological heterogeneities and investigates the well-log

FIGURE 2
Interpreted 2D seismic time section. Sui Main Limestone is marked a reflector along with major faults.
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response in the Eocene carbonate stratigraphic unit

encountered in five sparsely drilled wells. Facies analysis is

a powerful tool for predicting the depositional environment

and settings of a formation; this aids in understanding its

reservoir character and its petrophysical parameters. The

facies is the observable attribute of a sedimentary rock that

reflects the depositional environments (Deaton, 1983;

Xuanjun, 2015; Baioumy, 2016; Khalid et al., 2020). The

reservoir quality variation within the lithology was

evaluated using facies modeling, including lateral and

vertical facies variation in SML. This comprehensive work

may help improve the prediction of the reservoir quality in

heterogeneous carbonate reservoirs using well logs.

Geology and tectonic setting

The geological and tectonic settings of Pakistan are very

complex as the country is situated at the collision zone of the

Indian and Eurasian plates. The greater Himalayan fold and

thrust belt and the Suleiman fold and thrust belt originated after

the subduction of the Indian plate beneath the Eurasian plate,

beginning 65 m.y.a (Powell, 1973; Malik, 2003). According to

Jadoon et al. (2013), the northwest Himalayan fold and thrust

belt is formed by the Himalayan orogeny whereas the Suleiman

fold and thrust belt is the result of a transpressional regime. The

Salt Range and Trans-Indus Ranges occupy the extreme south of

the Himalayan fold and thrust belt (Jume, 1973; Farid, 2018). As

FIGURE 3
Generalized stratigraphic column of the Middle Indus Basin (after Kadri, 1995; Khalid et al., 2014).
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a result of this ongoing collision, a significant number of basins

and valleys have been developed in Pakistan in association with

foreland folds and thrust structures (Kazmi, 1997) clearly visible

in the Salt Range, Potwar Plateau, and the Suleiman fold and

thrust belt—depicted in Figure 1. Different geological blocks are

sandwiched between these folds and thrusts, indicating major

subdivisions in the collision zone (Tahirkheli, 1979; Yeats, 1984).

The Indus Basin of Pakistan is one of the largest basins

developed under the action of the Himalayan orogeny. Based on

its structural style, depositional settings, and rock types, this basin is

divided into three parts: the Upper Indus Basin, Middle Indus Basin,

and Lower Indus Basin (Figure 1). The whole basin is filled with a

variety of sediments from Precambrian to recent ages deposited in

various depositional cycles as depicted in Figure 3. The study area is

situated at the southernmargin of theMiddle Indus Basin, where the

Jacobabad and Mari-Khandkot Highs separate it from the Lower

Indus Basin. These highs are the outcome of the Gondwana rifting

that started in the Mesozoic era (Besse, 1988; Wandrey, 2004;

Wasimuddin, 2005). The Indian Shield rocks formed the eastern

boundary, whereas the axial belt formed the western boundary of the

Middle Indus Basin. The geological structures and sedimentary

strata above the basement rocks thin toward Khairpur-Jacobabad

High. Middle Eocene Habib Rahi Limestone is well exposed in the

eastern margin of the Khairpur-Jacobabad High, whereas the

western flank of this anticlinal structure is covered by the

alluvium of the Indus Plain (Raza, 1984). The study area

comprises the northeastern flank of Khairpur-Jacobabad High

and the east of Mari-Kandhkot High. Eastward-tilted normal-

fault blocks, stratigraphic pinch-outs, and over-thrusted structures

are the dominant geological features of the study area (Kazmi, 1979).

In the Middle Indus Basin, sedimentary strata from the

Cretaceous up to the Oligocene are present (Kadri, 1955). The

rock units encountered in different wells and observed from seismic

sections along with depositional gaps are presented in Figure 2. The

oldest rocks are Precambrian, which are exposed in the southeastern

side of Tharparkar. Previous data revealed that the thickness of the

sediments increases in the westward of the Indus Plain whereas it

thins out to the east. In foredeep area the sedimentary succession is

of maximum thickness. Rocks belonging to the Tertiary Period are

well developed and form the Kirthar and Laki Ranges, whereas the

rest of Sindh Province is covered by alluvium of variable thickness,

except in the Ganjo Takkar, Kot Diji, and Rohri areas, where Eocene

limestone is well exposed. However, Ordovician, Silurian, Devonian,

and Carboniferous rock is not present in the Middle Indus Basin,

whereas Permian sediments composed of sandstone interbedded

with shale and dolomite are encountered in some wells drilled in the

area. The thickness of these sediments varies from 300–450 m. An

angular unconformity separates the Permian from Triassic.

However, Cretaceous to recent rocks are encountered in these

wells. The SML is sandwiched in shales of Ghazij (upper lying)

and Ranikot formations (lower lying). SML is normally uniform,

brown-gray to creamy white, and features massive limestones,

originating as a reef-bank type deposit. The source rocks in the

Middle Indus basin are Mughalkot, Sembar, Ranikot, Ghazij, and

Sirki shales. In some parts of the Indus Basin, Ghazij formation

shales act as a cap rock for SML and Sui Upper Limestone, whereas

Habib Rahi Limestone is capped by the Sirki shales (Kadri, 1955;

Kazmi, 1997). The study area lies on the southern margin of the

Middle Indus Basin which exhibits a transtensional regime; its

structural geometry is strongly influenced by the Suleiman fold

and thrust belt.

Methodology

The use of wireline logs is common in petrophysical analysis

and reservoir characterization (Khalid et al., 2015; Chatterjee, 2016;

Ghazi et al., 2016; Das, 2017; Singha, 2017; Khalid et al., 2018). For

petrophysical analysis and facies modeling, a complete suite of

wireline logs, including self-potential, neutron porosity, bulk

density, gamma ray, and deep and shallow resistivity, were run

in five wells. Q-01, Q-03, Q-05, Q-12, and Q-15 were selected based

on data quality, the spatial distribution of wells, and the log response.

Preliminary processing of the data and calibration with geological

information were performed before the interpretation of the wireline

logs. Gamma-ray (GR) and spontaneous potential (SP) logs were

used for the differentiation of various lithologies and shale content.

Bulk density from the density log and photo-electric effects from the

photo-electric log (PEF) were used to estimate lithology and facies in

SML in all wells. Porosity is an important parameter in petrophysical

analysis; in carbonate reservoirs, pore type is generally classified on

the basis of time of deposition and porosity evolution (Das, 2017).

The primary porosity in carbonates is substantially reduced by

cementation and compaction during post-depositional diagenesis

(Kazmi, 1997), so, in most carbonates, the existing porosity is the

secondary porosity (Khalid, 2018). This is computedwith the help of

neutron, density, and sonic logs using the following equations

(Wylin, 1956; Asquith, 1982; Carin, 1986; Rider, 1996).

φD � ρmatrix − ρ log( )
ρmatrix − ρfluid( )

(1)

φN � 1.02 × φN log( ) + 0.0425 (2)
φe � φT 1 − Vsh( ) (3)

φT � φN + φD( )
2

(4)

φs �
ΔT log − ΔTmatrix( )
ΔTfluid − ΔTmatrix( )

(5)

where φD = porosity from density log, ρmatrix = density of matrix,

ρ log = density from log tool, ρf luid = density of the reservoir fluid,

ϕN = porosity from neutron log, ϕT = total porosity, ϕe = effective

porosity, ΔT = sonic transit time, and ϕs = porosity derived from

sonic log.

The natural radioactive material in the formation is

measured from the GR log, which is taken as a lithological
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FIGURE 4
(A) Petrophysical analysis of the Sui Main Limestone encountered in well Q-01, (B) Petrophysical analysis of the Sui Main Limestone
encountered in well Q-03, (C) Petrophysical analysis of the Sui Main Limestone encountered in well Q-05, (D) Petrophysical analysis of the Sui Main
Limestone encountered in well-Q-12, (E) Petrophysical analysis of the Sui Main Limestone encountered in well -Q-15.
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FIGURE 4
(continued)
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log (Khalid et al., 2021). The volume of shale (Vsh) was

calculated using the relationships proposed by Clavier

(1977), Stieber (1970) and Larionov (1969), based on the GR

log and GR index (IGR). Porosity was computed by the

combination of neutron and density logs. Therefore, to

achieve a high level of confidence in porosity measurements,

a combination of logs such as neutron-density and sonic-

density logs (Khalid et al., 2015) was used to determine the

total porosity in the SML. The average total porosity (ϕT) is
estimated by considering the mean of the neutron porosity and

density porosity by using Eq. 4.

The water and hydrocarbon saturation were computed from

electrical resistivity logs with the help of the well-known Archie’s

equation (Archie, 1942). This works well for shale and

sandstones; however, using Archie’s equation for carbonate

reservoirs is very tricky because of the presence of multiple

porosity systems (Muzzulo, 1992). For limestone, the results

of Archie’s equation depend largely on the value of its

exponent m: the ratio of vuggy and moldic porosity to inter-

particle pores (Ahr, 2008). In vuggy or moldic porosity

reservoirs, the value of m is taken as 3 or 4, whereas in

fractured reservoirs, its value is about 1.

The facies represent both horizontal and vertical variation in a

particular lithology and are very helpful in sequence stratigraphic

interpretations (Lau, 1990; Ngui, 2018). In the next step, facies

modeling is performed using the log suits from well data, GR,

density log (RHOB), and resistivity log (LLD). A plot of LLD vs.

RHOB and GR log is used as the reference log, and maximum and

minimum cut-off values are given against each log suit. The deep

lateral resistivity log has possible non-lithologic effects such as

variable saturation and change in water resistivity (Rw) because

the resistivity log has a logarithmic response to formation and pore

fluids. To overcome this problem, all resistivity readings are

converted to log base-10 to produce a normal probability

distribution of resistivity values for each facies.

Results and discussion

The aforementioned methodology was applied to the wire-

line logs that were run in the SML intervals encountered in the Q-

01, Q-03, Q-05, Q-12, and Q-15 wells drilled in the study area.

The results are divided into the following two parts.

Petrophysical analysis

The specific wireline log suits containing electrical LLD, SP,

neutron porosity log (NPHI), RHOB, sonic log (DT), and GR log

were used to quantify the presence of hydrocarbons in the Sui Main

Limestone and assess the volume of shale and water saturation. The

petrophysical parameters were plotted as eight tracks against depth

in meters. GR, SP, and caliper logs were plotted in Track 2; porosity

logs (density, sonic, and neutron) and PEF logs were plotted in

FIGURE 5
(A) Isopach map showing the total porosity distribution. (B) Volume of shale of Sui Main Limestone in the study area.
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TABLE 1 Quantitative petrophysical interpretation of the Sui Main Limestone reservoir in the Q-01, Q-03, Q-05, Q-12 and Q-15 wells drilled in the study area.

Petrophysical
parameter (%)

Q-01
(1300–1450)
m

Q-03
(1340–1410)
m

Q-05
(1345–1425)
m

Q-12
(1765–1820)
m

Q-15
(1700–1785)
m

Average
value (%)

Cut-
off
value

Shale volume 15 14 36 26 25 23 <30%

Average porosity 22 22 33 18 18 22 >10%

Water saturation 58 54 64 61 65 60 <50%

Hydrocarbon saturation 42 46 36 39 34 40

FIGURE 6
Cross plots between photoelectric absorption factor PeF log and bulk density log indicate major lithology in the Sui Main Limestone (A) for well
Q-01, (B) well Q-03, (C) well Q-05, (D) well-Q-12, (E) well-Q-15.
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Track 3 against depth, whereas all resistivity logs (LLS, LLD, and

MSFL) were demonstrated in Track 4 and the resistivity of

formation water (RW) was plotted in Track 5. The computed

water saturation, porosity, and hydrocarbon saturation were

plotted in Tracks 6 and 7, respectively. The lithology distribution

of each depth level was plotted in the final track. Different input log

parameters and the output petrophysical parameters of the Sui Main

Limestone encountered in all wells studied are plotted in Figure 4 as a

function of formation depth. A reservoir zonewas considered a proven

potential hydrocarbon zone if it has high LLD values, low GR and SP

values, and highNPHI values inwells Q-01,Q-03,Q-05, Q-12, andQ-

15. Based on high LLD values, overall lowGR, SP, and DT values, and

high NPHI values, the hydrocarbon-bearing zone is marked in each

well. Hydrocarbon gas and brine were identified as pore fluids in the

Sui Main Limestone reservoir interval. Based on the petrophysical

parameter values, a 55-m thick (1330–1385m) hydrocarbon-saturated

limestone interval was identified in Q-01 (Figure 4A) with an average

porosity of 0.22, shale volume of 15%, and hydrocarbon saturation of

about 42%. The gamma-ray log shows low values with much less

deflection; LLD has high values with positive deflection. Thus, the

FIGURE 7
(A) Facies classification in Sui Main Limestone encountered in well Q-01, (B) Facies classification in Sui Main Limestone encountered in well Q-
03, (C) Facies classification in Sui Main Limestone encountered in well Q-05, (D) Facies classification in Sui Main Limestone encountered in well-Q-
12, (E) Facies classification in Sui Main Limestone encountered in well-Q-15 respectively. Based on GR, density and resistivity logs three facies:
limestone, shaly limestone and shale were identified in the formation.
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volume of shale is very low in this interval; therefore, this interval may

be declared a clean carbonate interval saturated with hydrocarbon. A

prolific gas-bearing zone starts about 1362–1410m in Q-03

(Figure 4B) with an average porosity of 0.21, shale volume of 14%,

and hydrocarbon saturation of about 46%. InQ-05, two hydrocarbon-

bearing zones are marked at a depth above 1360m and below 1385m

(Figure 4C) with a slightly higher volume of shale (~36%), high

porosity (~0.33), and low hydrocarbon saturation (~36%). The slightly

FIGURE 7
(continued)
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higher GR values and higher volume of shale indicate that this is not a

clean limestone.However, inwellQ-12, hydrocarbon saturation is very

low due to interbedded shale and clay Figure 4D. Here, the volume of

shale is up to 26%, porosity is about 0.18, and hydrocarbon saturation

is less than 35%. In Q-15, a thick hydrocarbon-bearing zone starts at a

depth of 1730m (Figure 4E) with a low volume of shale (~23%), 20%

porosity, and 40% hydrocarbon saturation. Since sonic log only

measures matrix porosity and not vuggy, moldic, or fracture

porosity, the vuggy porosity was computed by subtracting sonic

porosity from total porosity, which is estimated from density or

neutron log (Asquith, 1982). The overall porosity distribution of

the Sui Main Limestone in the study area is shown in Figure 5A,

which varies from 0.14 to 0.34. It is noted that porosity is high in the

limestone encountered in all wells, which is fractured porosity

produced by a brittle failure under the action of differential stresses.

These stresses were produced under the action of local and regional

tectonics. From the porosity map, it is clear that the porosity of the Sui

Main Limestone is increased in the south and southwest, with a

maximum value of 0.34 (34%) in the Q-05 well. This variation in

porosity is due to the variation in magnitude and direction of the

applied differential stresseswhich are towards the south and southwest.

On its northern side, porosity values are lower due to fewer differential

stresses. On this side, the fractured or vugg porosity seems to be lower

or absent. The clay-mineral distributionmap shows that the volume of

shale in limestone varies from 0.11 to 0.38 (11%–38%) in the study

area. The volume of shale is also higher in the south of the study area

than in the north, as demonstrated in Figure 5B. This shows that, in

the northern part of the study area, the limestone is cleaner

than in the south, where the concentration of clay minerals is

low. The shales are more porous than the limestones, so the

high concentration of clay minerals can increase the effective

porosity of the limestone. However, this contamination of

shale content may decrease the permeability of the limestone

and storage capacity of the net pay zone of the reservoir. The

contours of shale volume are almost parallel to semi-parallel

and follow an east–west trend. The average values of all

petrophysical parameters of the Sui Main Limestone are

presented in Table 1, which shows that it has good

potential as a carbonate reservoir.

Facies and identification

It is important for reservoir characterization to identify different

lithofacies present in the Sui Main Limestone. To identify lithological

variations in this limestone reservoir, lithological cross-plots were

prepared based on the bulk density andPEF logs run in all wells under

investigation. These cross plots are presented in Figure 6 for each

study well. Low-density and high-PEF log responses indicate shaly

contents. For well Q-01, both log values are concentrated near the

limestone trend line (Figure 6A)whereas the values for other wells are

scattered from the limestone trend line to the dolomite trend line.

SML encountered in Q-01 and Q-05 wells are dominantly limestone

with minor argillaceous shaly contents (Figures 6A, C). A detailed

mineralogical analysis is required to determine the concentration of

clayminerals. As demonstrated in the figure, the calcite concentration

is at a maximum in the majority of the depth intervals whereas, at

some depth intervals, it is dolomitic in nature (Figures 6B, D, E). In

these figures, the PEF log values are scattered versus the density log

values. This lithological description is in accordance with Siddique

et al. (2016).

GR, LLD, and RHOB logs were used to determine the facies in Sui

Main Limestone encountered in all five wells. A high GR response

indicates a high volume of shale, whereas a lower GR response

represents some non-shaly clean carbonates or shaly carbonates if

GR values are relatively high. Similarly, the density log gives high-

density values for carbonate intervals but lower values in shale

intervals. The high deflection in LLD (deep resistivity) indicates

shale concentration, and a low value of LLD (deep resistivity)

indicates limestone lithology. Intermediate values of all three logs

against any lithology are interpreted as mixed lithology such as shaly

limestone. The facies analysis of theQ-01,Q-03,Q-05,Q-12, andQ-15

wells is given in Figure 7, where the density log is cross-plotted against

the deep resistivity log. Based on the log response ofGR, resistivity, and

density logs, the Sui Main Limestone is divided into three facies: clean

limestone, shaly limestone, and shales. The low gamma-ray values in

all wells show that the dominant lithology is limestone whereas, at

some depth intervals, the results show that the values of GR log are

assigned to shaly limestone or shale beds. The vertical and horizontal

sequence of carbonate is not uniform. The upper 15–20m interacts

with argillaceous limestone withmarls with very low porosity, whereas

the lower portion is relatively porouswithminor shale beds and a fairly

uniform horizontal lithology. This lower portion contains fractures

filled with calcite and asphaltic material. The shale contents increase

toward the base of SML. The lateral and vertical variation in limestone/

shale indicates variability in depositional environments and

sedimentological conditions. The isopach maps presented in

Figure 6 indicate different depo-centers of the sediments related to

shallow-water shelf carbonates, which were precipitated on a

depositional platform. In the early Eocene, there were rapid

submersion and transgression in the northern side of the study

area, and thick shales with minor beds of limestone were deposited

in the middle to late Eocene. The thickness doubles toward the

northeast of Sui. The high concentration of shales in the lower part

of the Sui Main Limestone indicates a very restricted shallow lagoonal

environment whereas the upper part is deposited in a shallow marine

shoal carbonate environment. From Figures 5–7, a strong correlation

between different facies encountered in these wells is evident.

Conclusion

Pakistan’s largest gas-producing carbonate reservoir, Sui Main

Limestone, was deposited in the early Eocene. Its reservoir potential is

evaluated in the Qadirpur area in the Central Indus Basin of Pakistan.

Petrophysical and facies analyses revealed that this rock was deposited
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in a shallow marine environment. Clean limestone, shaly limestone,

and shales are the main facies of SML identified on the basis of

wireline log response. There is a strong correlation between different

facies encountered in these wells. Porosity ranges from2% to 36%with

an average of 14%–34%,with a coarsening upward trend, showing that

this rock was deposited in more than one depositional cycle. The high

porosity values are due to the presence of micro-fractures and vuggs.

These micro-fractures are well interconnected with hydrocarbon

saturation of up to 70% in the net pay zones, which were marked

in clean limestone facies. The shaly facies has a shale volume of up to

38%. In the southern part of the study area, the limestone is more

porous and permeable than in the north. This increase in porosity is

due to differential stresses which have fractured the limestone. A

Petrographical analysis of the core cutting is recommended to validate

the fracture porosity. This comprehensive workmay help improve the

prediction of reservoir quality in heterogeneous carbonate reservoirs

and optimal field development.
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