
1 Introduction 
 

The Permian sedimentary strata form a part of the thick 
Precambrian  to  Recent  sedimentary succession  in  the 
Upper  Indus  Basin,  Pakistan  (Kummel,  1970).  The 
Permian succession is represented by the Nilawahan and 
Zaluch  groups  exposed  in  the  Salt,  and  Trans-Indus 
Surghar and Khisor ranges (Kazmi and Abbasi, 2008; 
Shah, 2009; Fig.  1).  The Permian Tethyan carbonate-
siliciclastic successions, exposed in the Salt Range and 
Trans-Indus  ranges  bear  sedimentological  and 
paleontological  similarities  with  time-equivalent 
successions from Arabia, Turkey and Iran (Stephenson et 
al., 2013; Ghani, 2017; Ahmad et al., 2018; Jafarian et al., 
2018).  In  addition,  the  Permian  succession  represents 

prolific  hydrocarbon-bearing  reservoirs  in  the  Middle 
East, Arabian Peninsula, and the Persian Gulf, which are 
represented by the Khuff, Akbarah, Unayzah, Dalan and 
Gharif  formations  (Stephenson  et  al.,  2013).  The 
hydrocarbon  prospects  of  these  regions  have  been 
extensively  studied  (e.g.,  Egeran  and  Tasman,  1951; 
Edgell, 1977; Stephenson et al., 2003; Martin et al., 2008; 
Stephenson and Al-Mashaikie, 2010; Stephenson et al., 
2013).  In  Pakistan,  the  Permian  succession  has  been 
studied  for  biostratigraphy,  paleogeography,  and 
sedimentology (Jan et al.,  2009; Shah, 2009; Jan and 
Stephenson,  2011;  Ahmad  et  al.,  2015);  however, 
diagenetic and reservoir studies have not been conducted. 
The current research focuses on unveiling the reservoir 
potential  of  the  Pakistani  Upper  Permian  Chhidru 
Formation (CFm). 

This study mainly uses porosity as a key indicator of 
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reservoir  assessment  in  terms  of  its  type,  origin  and 
amount. Different diagenetic products and their respective 
processes are recognized and used to propose a diagenetic 
model for the Changhsingian CFm. 
 
2 Geological Settings 
 

During the Early Permian, the Indian Plate occupied a 
paleo-position close to the Arabian Plate (Martin et al., 
2008; Jan et al., 2009; Stephenson et al., 2013). Rifting 
during the Late Permian created a space for warm waters, 
which  created  a  condition  suitable  for  carbonate 
deposition along the southern edges of Indian and Arabian 
plates (Angiolini et al., 2003). The late Paleozoic–early 
Mesozoic rifting resulted in the northwards drift of the 
Indian plate from the Arabian Plate (Metcalfe, 2006). The 
Permian  succession  is  thus  the  last  representative  of 
Pangea, which broke up about 250 Ma ago into Laurasia 
and  Gondwana  (Torsvik  et  al.,  2010).  During  the 
Cretaceous (ca. 130 Ma), the Indian Plate was a separate 
landmass,  which  drifted  northward  and  collided  with 
Laurasia  during  the  early Cenozoic,  forming  different 
tectonic  domains.  The  northwestern  region  formed  a 
compressional Himalayan fold-and-thrust regime, while a 
transgressional Suleiman belt was developed in western 
Pakistan (Jadoon, 1991). The northwestern region consists 
of the following four main tectonic zones: (1) the Main 
Karakoram Thrust  (MKT),  a  suture between Kohistan 
Island Arc (KIA) and the Eurasian Plate; (2) the Main 
Mantle Thrust (MMT), a suture between the Kohistan 

Island Arc and the Indian Plate; (3) the Main Boundary 
Thrust  (MBT),  an  intraplate  thrust  where  Jurassic 
successions  are  thrusted  over  Miocene,  forming  the 
northern border of the Kohat and Potwar fold-and-thrust 
belts in the Potwar plateau; and (4) the Salt Range Thrust 
(SRT), a southernmost thrust bringing the Precambrian 
strata over the Pleistocene deposits of the Punjab Plain 
(Tahirkheli, 1979; Yeats and Lawrence, 1982). The region 
is famous for hydrocarbon generation and in production 
since yearly 20th century (Amir et al., 2017; Ahmad et el., 
2019) 

The SRT exposed a complete sedimentary succession 
from Precambrian to Neogene in its hanging wall exposed 
in  the  Salt  Range  area  (Fig.  1).  The  Carboniferous–
Permian Gondwanan glaciation, followed by Late Permian 
rifting and deglaciation, created a favorable setting for 
deposition  of  carbonate  sediments  (López-Gamundí, 
2010). In Pakistan, the Late Permian mixed carbonate-
siliciclastic setting was established in the northwestern 
portion of the depositional basin represented by the CFm. 
This formation shows a thickness variation of 40–80 m 
throughout the Upper Indus Basin, exposed in the Salt 
Range and the Trans Indus Basin. 

 
3 Materials and Methods 
 

A  total  of  47  samples  were  collected  from  three 
different outcrops of the CFm, including 15 samples from 
the Nammal Gorge, 16 from the Zaluch Nala, western Salt 
Range and 16 from the Gula Khel Gorge, Surghar Range 

 

Fig. 1. Regional geological map of the Salt and Surghar ranges, NE Pakistan, showing location of studied 
sections (after Kazmi and Rana, 1982).  
See upper inset figure for the location of study area; and lower inset diagram of stratigraphic succession in the Salt and Trans-
Indus, i.e., Surghar, Khisor ranges (after Gee, 1989).  
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(Fig.  1).  In  the  field,  outcrop-scale  sedimentological 
features such as bedforms, texture, formational and facies 
contacts and lithological variations were recorded. Thin 
section  preparation,  Scanning  Electron  Microscopy 
(SEM), Energy Dispersive X-ray Spectroscopy (EDX) and 
X-Ray Diffraction (XRD) analysis were conducted at the 
National Centre of Excellence in Geology, University of 
Peshawar, Pakistan.  

Thin sections were studied for petrographic features, 
and to understand the detailed diagenetic evolution and 
reservoir  quality  assessment.  The  petrographic  studies 
were conducted at the Centre of Excellence in Mineralogy, 
University of Balochistan, Quetta. For model composition, 
point  counting,  a  semi-automatic  classification method 
based on JMicroVision software was employed to estimate 
the porosity. The samples are housed in archives of Centre 
of Mineralogy (CEM), University of Balochistan, Quetta, 
Pakistan. 
 
4 Results and Discussion 
 
4.1 Petrography of the Chhidru Formation 

The CFm is divided into four microfacies (Ghani, 2017; 
Fig.  2)  based  on  Folk’s  (1959)  classification.  These 
microfacies include: (i) siliciclastic mudstone microfacies 
(CMF-1),  (ii)  siliciclastic  bioclastic  wackestone  to 
packestone  microfacies  (CMF-2),  (iii)  siliciclastic 
bioclastic  grainstone  microfacies  (CMF-3),  and  (iv) 
graywacke (calcareous) sandstone facies (CMF-4). 

The CMF-1 is dominated by a micrite matrix with 
subordinate silt to fine sand framework with grains of 
quartz, feldspar, mica and some fossils; this facies is 
represented by 14 samples: CN-1, 2, 4, 5, 8, 12, CG-1, 4, 
8, 9, 13, and CZ-1, 4, 10. The CMF-2 is represented by 14 
samples: CN-3, 7, 9, CG-2, 3, 5, 6, 12 and CZ-2, 3, 5, 6, 9, 
11. CMF-3 is represented by 8 samples: CN-10, 11, 14, 
CG-14, 15, and CZ-8, 13, 15. The CMF-4 is dominated by 
quartz,  and  some feldspar  and  mica,  with rare  fossil 
content (Ghani, 2017). This facies is represented by 11 
samples CN-6, 13, 15, 16, CG-7, 10, 11, and CZ-7, 12, 14, 
16, (Fig. 2). 

Overall,  the  framework  grains  of  the  CFm  are 
dominated by quartz and bioclasts, such as echinoderm, 
bryozoan, green algae, fusulinid, brachiopod, gastropod, 
pelecypod and other unidentified fossils. Rare feldspars 
and micas are also present in thin section (Fig. 2) and in 
the respective XRD data (Figs. 3, 4). The matrix is almost 
exclusively micrite whereas various types of pore-filling 
cements, both ferroan and non-ferroan calcite, are present. 
Monocrystalline quartz, very few feldspar grains and fossil 
fragments dominate the sandy grainstone and sandstone 
microfacies and quartz-wacke to sandstone facies. The 
quartz grains are angular to sub-rounded and well sorted 
(Fig.  2).  Diagenetic  features,  such  as  micritization, 
fracture-filled calcite cement, neomorphism, dissolution, 
compaction and microstylolites have been observed (Figs. 
10, 11). There are floating pointed grains in the matrix of 
all microfacies, but in CMF-4 microfacies, grains are more 
prominent. In all facies, the quartz grains show a variation 
from fine-  to  coarse-grained  and  feldspar  is  fine-  to 
medium-grained. 

Overall, the petrography shows that the CFm is grains-
dominant with a majority of calcite, quartz and biota; the 
matrix is mainly micritic with some cement, with a few 
feldspars,  muscovite,  and  pore  spaces.  The  allochems 
contain  poorly  to  well-preserved  fossils  of  various 
invertebrates and some unidentified bioclasts (Fig. 2). The 
micritic matrix also contains sparry calcite and ferroan 
calcite cement. 
 
4.2 Clay mineralogy using XRD and EDX analyses 
4.2.1 XRD results 

The XRD results of 11 samples from different facies 
(Figs.  3–5)  represent  a  multi-mineral  system.  XRD 
provided information on the rock mineral(s) composition 
and clay typing. The system represents a mixed carbonate-
siliciclastic setting. Data show presence of calcite, quartz, 
feldspar, dolomite, ankerite, siderite, montmorillonite and 
kaolinite  in  different  samples  of  the  studied  outcrop 
sections. The Gula Khel Section samples, i.e., CG-2 (Fig. 
4e), CG-5 (Fig. 4f) and CG-7 (Fig. 3d), consist of calcite, 
quartz,  feldspar,  dolomite,  siderite,  ankerite,  illite  and 
kaolinite  (Fig.  5).  Similarly,  the  Zaluch Nala  Section 
samples, i.e., CZ-2 (Fig. 4c), CZ-7 (Fig. 3c), CZ-12 (Fig. 
3e)  and  CZ-15  (Fig.  4d),  consist  of  calcite,  quartz, 
feldspar, siderite, illite and kaolinite (Fig. 5). Likewise, the 
Nammal Gorge Section samples, i.e., CN-2 (Fig. 3b), CN-
4 (Fig. 3a), CN-09 (Fig. 3b) and CN-11 (Fig. 4a), consist 
of calcite, quartz, feldspar, ankerite, siderite, illite and 
kaolinite (Fig. 5). All samples studied are dominated by 
carbonate (calcite) content except for sample CZ-7 of the 
Zaluch  Nala  Section,  which  is  dominated  by  clastic 
sediments,  predominantly  quartz  with  subordinate 
feldspar. The ankerite and dolomite are present in very 
few samples and their percentages are also quite low. 
Siderite is present in several samples with relatively higher 
percentages. Illite is present in all samples with quite low 
percentages. Kaolinite is also present in several samples. 

Calcite, quartz and feldspar are the framework grains of 
the mixed carbonate-siliciclastic sediments/rock. Calcite, 
dolomite, ankerite and siderite are most probably different 
types of carbonate cements. Calcite and dolomite mostly 
form as pore-filling cements while siderite is mostly found 
as scattered crystals, nodules and spherules in the rock 
(Morad,  1998).  In  addition,  ankerite  also  occurs  in 
fractures and the vugg pore-filling phase (Győri et al., 
2020). 

Dolomite is usually formed in a mixed marine-meteoric 
environment (Badiozamani, 1973; Awais et al., 2020). 
Similarly,  siderite  is  reported  to  form from reducing, 
sulphate-free pore waters of a marine and mixed marine-
meteoric  nature  (Moore  et  al.,  1992;  Morad,  1998). 
Ankerite is reported to develop in association with clay 
mineral transformation and/or formed by replacement of 
dolomite (Hendry et al.,  2000; Schmid, 2004). During 
burial  (medium  to  deep),  the  cations  of  iron  and 
manganese  are  liberated  during  diagenesis  of  clay-
minerals  (i.e.,  smectite  to  illite  transformation)  in 
siliciclastic rocks and accommodated as replacement and 
cement phases of dolomite and ankerite (Győri et al., 
2020). Clay minerals montmorillonite and kaolinite can be 
mechanically infiltrated or diagenetically formed (Morad 
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et al., 2000). Kaolinite may be formed by alteration (i.e., 
dissolution and replacement) of feldspar or diagenetically 
formed (Ma et al., 2018). 

 
4.2.2 SEM-EDX results 

The SEM-EDX analysis  of  some spots of different 
samples  from the  CFm demonstrated  the  presence  of 
different clay minerals, such as chlorite, illite, kaolinite 
and feldspar, in association with quartz and calcite (Figs. 6
–9). 

Chlorite, illite and kaolinite are present (Fig. 6d-001) 
with quartz and a minor amount of calcite (Fig. 6d-002, 7e
-001). Illite, kaolinite, montmorillonite and calcite were 
found (Fig. 7e-002). Fig. 8e (i.e. 001) shows presence of 
quartz, calcite (minor quantity) and montmorillonite and 
Fig. 8e (i.e. 002) shows presence of illite, quartz and 
calcite  (in  minor  quantity).  Fig.  9e  (i.e.  001)  shows 
presence of quartz and calcite in minor quantities. Fig. 9 
(i.e. 002) indicates calcite only. 

Chlorite is documented by the presence of peaks of 
silicon (Si), aluminum (Al), magnesium (Mg) and iron 
(Fe) (Fig. 6d). The illite spectrum reflects presence of Si, 
potassium (K) and aluminum (Al) peaks (Figs. 6d, 8e). In 

Fig. 6d and 7e (i.e., 002), the peaks of Al and Si are quite 
close and hence there is a probability for the presence of 
kaolinite (Welton, 2003). Montmorillonite is confirmed by 
peaks of Si, Na, Ca and Al (Figs. 7e-002, 8e-001). The 
EDX spectrum of quartz is reflected by peaks of Si and O 
(Figs. 6d-002, 7e, 8e, 9e-001). The EDX spectrum of 
calcite is reflected by the presence of peaks of Ca, C and 
O (Figs. 6d-002, 7e, 8e, 9e). Chlorine (Cl) in a couple of 
EDX spectrums might show contamination from nearby 
grains (Figs. 6d, 8e). Sodium (Na) (Fig. 6d-002) might 
show contamination from feldspar. There is also presence 
of trace quantities of Fe, manganese (Mn) and titanium 
(Ti) in one of the EDX spectra, which is dominated by 
illite (Fig. 8e-002). There is some phosphorus (P) (Fig. 9c-
02), but the absence of phosphorus-based minerals in the 
EDX and other data, shows that possibly this might have 
come from apatite as contamination. 

These clay minerals are mostly formed by alteration of 
micas and feldspars (Khan et al., 2018; Worden et al., 
2018). In sandstones, the commonly occurring authigenic 
clay minerals include chlorite, illite, kaolinite, mixed layer 
illite–smectite and smectite (Khan et al., 2018; Ma et al., 
2018; Shehzad, 2019). Likewise, authigenic clay minerals 

 

Fig. 2. Photomicrographs represent microfacies of the Chhidru Formation (based on Ghani, 2017).  
1–Siliciclastic mudstone microfacies (CMF-1); 2–siliciclastic wacke-packstone microfacies (CMF-2); 3–siliciclastic grainstone microfacies 
(CMF-3); 4–quartz-wacke sandstone microfacies (CMF-4). Locations: a–Gulakhel Nala; b–Zaluch Nala; c–Nammal Gorge; Q–quartz.  
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encountered  in  mixed  siliciclastic  carbonates  includes 
kaolinite and illite (Lü et al., 2017). Montmorillonite is a 
precursor for different clay minerals such as chlorite and 
illite (Dunoyer De Segonzac, 1970; Sánchez and Galán, 
1995).  Lack  of  montmorillonite  reflects  considerable 
burial experienced by some rocks (Dunoyer De Segonzac, 
1970).  Illite can also be formed by transformation of 
kaolinite (Zhang et al., 2007). 

 
4.2.3 Clay typing and its impact on reservoir 

Clay minerals can occupy different areas in a reservoir, 
for example, detrital, matrix in intergranular pores, pore 
filling by authigenic clay minerals, grain coatings, pore-
lining rims, and as cements (Zamanzadeh et al., 2011; 
Baiyegunhi et al., 2017; Khan et al., 2018; Ma et al., 2018; 
Duan et al.,  2020). The presence of clay minerals in 
different  forms  in  sandstones  negatively  influences 
reservoir quality (Khan et al., 2018; Shehzad, 2019). Such 
minerals occupy pore spaces up to a significant level, 
thereby reducing the porosity (Shehzad, 2019). 

In the CFm, almost all of the identified clay minerals 
are reported from micropores, thereby demonstrating their 
occurrence  as  pore-fillings  and  hence  reducing  the 
porosity  of  the  CFm.  Sometimes,  clay  mineral 
anthogenesis  (chlorite  coatings)  can  preserve  primary 
porosity (Bjørlykke and Jahren, 2012), but this feature is 
missing in the studied CFm. There are certain possibilities 
for the occurrence of clay minerals in the micropores of 
the CFm samples. They might have been mechanically 
infiltrated or formed during diagenesis, i.e., clay mineral 
anthogenesis. The clay mineral presence has not only 
affected  the  porosity  negatively  but  has  also  been 
predicted to have a negative impact on the permeability of 
the CFm mixed siliciclastic carbonates. Contrarily, the 
clay  minerals  might  lead  to  pore  development,  for 
example,  when  clay  minerals  form  by  alteration  of 
feldspar  and  hence  porosity  is  generated  during  this 
process (Baiyegunhi et al., 2017; Yuan et al., 2019). 

According to Baiyegunhi et al. (2017) and Ma et al. 
(2018), clay minerals (i.e., chlorite, illite, kaolinite, mixed-
layer illite/smectite and smectite) are found as pore-lining 
rims, pore-filling materials and partially grain-coating in 
the Permian Ecca Group sandstones of South Africa and 
Permian Shiqianfeng sandstones of the Bohai Bay Basin 
of China, respectively. Clay minerals reported as cements 
and/or  pore-filling  and  pore-linings  and  reducing  the 
reservoir quality have also been noticed in the Permian 
Faraghan Formation of Iran and Ridge Sandstone of India 
(Zamanzadeh et al., 2011; Khan et al., 2018). 
 
4.3 Diagenetic fabric 

The CFm has undergone different diagenetic processes 
of micritization, various stages of cementation, calcite 
vein filling,  neomorphism,  dissolution and compaction 
fractures,  e.g.,  stylolite.  These  diagenetic  features  are 
commonly controlled by grain composition, its texture and 
presence or absence of micritic mud matrix. 

 
4.3.1 Micritization 

One  of  the  key  signatures  of  a  marine  diagenetic 
environment is micritization (Khalifa, 2005; El Ghar et al., 

 

Fig. 3. XRD results of samples from the Chhidru Formation.  
The system represents a mixed carbonate-siliciclastic setting: (a) CN-04 is 
83.2% calcite, 16.8% quartz with some kaolinite and illite; (b) CN-02 
shows 92.4% calcite, 7.6% quartz and ~1.3% illite; (c) CZ-07 is a clastic-
dominant facies with 94.9% quartz, 20% feldspar, 5.1% calcite with 5% 
kaolinite and 2% illite; (d) CG-07 shows 92.4% calcite, 7.6% quartz, with 
feldspar, illite, kaolinite and ankerite present as traces; (e) CZ-12 has 87.8% 
calcite, 7.6% quartz with some kaolinite, illite, feldspar and siderite.  
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2015). Optically, micrite is a uniform mass of translucent 
to opaque and very fine-grained calcite, which is mostly 
formed by degradation of skeletal and non-skeletal grains 
at the sediment–water interface by endolithic algae, fungi 
and bacteria (Adams and MacKenzie, 1998; Tucker and 
Wright,  2009).  The  preliminary diagenetic  phenomena 
preserved in all  samples have texturally modified the 
CFm. This process of micritization is either selective, i.e., 
micritization  of  bioclasts  and  formation  of  micrite 
envelopes  or  intense,  i.e.,  destroying  complete  grains 
(Figs. 10a–g). Such selective micritization is observed in 
all four microfacies of CFm but is more prominent in the 
limestone  microfacies  of  the  siliciclastic  mudstone 
microfacies  (i.e.,  CMF-1),  the  siliciclastic  wacke–
packestone  microfacies  (CMF-2),  and  the  siliciclastic 
grainstone  microfacies  (CMF-3)  (Figs.  2,  10).  It  has 
affected skeletal grains, preserved in the form of micrite 
envelopes  (Figs.  10f,  g),  and,  at  certain  intervals, 
obliterated the internal structure of skeletal grains (Fig. 
10c),  while  in  some  grains  micritic  mud  has  been 
deposited as internal depositional material (Figs. 10a, b, c, 
f, g). The intensity of selective micritization varies from 
partial, on the skeletal grain, such as the micrite envelope, 
to severe, i.e., completely obliterating the initial fabric 
(Figs. 10d, e). Petrographically, intact cores of the skeletal 
and  partial-to-severe  distorted  cores  of  the  skeletal 
structure are enclosed by micritic envelopes. 

Intensive micritization can be cardinal to a completely 
structureless skeletal body so that the original morphology 

 Fig. 4. XRD results of samples from the Chhidru Formation.  
All sections possess a multi-mineral system consisting of calcite, quartz, 
feldspar, kaolinite, siderite, ankerite, illite, and some dolomite. (a) CN-11 
mostly consists of 95.3% calcite and 4.7% quartz; (b) CN-09 consists of 
75.1% calcite and 24.9% quartz; (c) CZ-02 has 95.2% calcite and 4.8% 
quartz; (d) CZ-15 is 73.7% calcite and 26.4% quartz; (e) CG-02 has 
83.4% calcite and 16.6% quartz; (f) CG-05 consists of 85.7% calcite and 
14.3% quartz.  

 

Fig. 5. Relative mineralogical abundance from XRD results 
of all three sections.  
The graph shows that the studied samples are carbonate-dominated with 
rare clastic rich samples. The table shows quantities of the different 
minerals.  
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of the skeletal grain is difficult to establish (Tucker and 
Wright, 2009). Some CFm samples show structureless 
micritic  bodies,  i.e.,  micritization  has  completely 
obliterated the initial particle (Figs. 10a, d, e). 

 
4.3.2 Neomorphism 

Neomorphism represents the procedure of replacement 
and recrystallization of original carbonate constituents. 
Since carbonate sediments are a mixture of calcite and 
aragonite minerals, the term recrystallization cannot be 
used  because  mineralogical  change  may  occur  in 
carbonate  sediment  recrystallization.  The  process  of 
neomorphism occurs in the presence of water, normally in 
fine-grained carbonate rocks (Tucker and Wright, 2009). 
The  calcitization of  aragonite,  dolomite  and  evaporite 
minerals are common neomorphic processes in carbonate 
rocks (Tucker and Wright, 2009). 

Aggrading  neomorphism,  i.e.,  recrystallization  into 
larger grain size, is observed in the CFm siliciclastic 
mudstone,  siliciclastic  wackestone  and  silicicclastic 
grainstone microfacies. The conversion of micritic matrix 
to  microspar  and  sparite  is  the  result  of  aggrading 
neomorphism  (Figs.  10a,  b,  i)  and  with  advanced 
neomorphism, blocky cement was formed (Fig. 10g). The 
aggrading  neomorphism  represents  marine  to  burial 
diagenesis;  it  affects  all  three  types  of  the  carbonate 
lithofacies, i.e., mudstone, wackestone to packstone and 

grainstone  (Figs.  10a,  b,  g,  i).  The  micritic  matrix 
experienced  well-established  larger  blocky  calcite, 
followed by a decrease towards the boundaries (Fig. 10g). 

 
4.3.3 Compaction 

Mechanical compaction is one of the main reasons for 
porosity reduction and chemical compaction because it 
may reduce the porosity by dissolving the point contacts. 
Chemical  compaction  may  increase  the  porosity  by 
stylolite formation (Fig. 10e) and dissolution seams (Fig. 
10h) (Vandeginste and John, 2013). The compressional 
and  extensional  fractures  and  dissolution can also  be 
produced by tectonic activities (Tucker and Wright, 2009). 
Both chemical mechanical compaction is noticed in the 
CFm. The compactional changes are divided into two 
types: the mechanical compaction exhibits closer packing, 
contact, pores and fractures, observed in all four facies of 
the studied formation (Mahboubi et al., 2010); chemical 
compaction is clear in the CFm silicicclastic mudstone, 
siliciclastic  wackestone  and  siliciclastic  grainstone 
microfacies.  Microstylolites,  stylolite  (Figs.  14d,  e,  f), 

 

Fig. 6. Photomicrographs, SEM and EDX-based microporos-
ity  and  elemental  composition of  selected  points  of the 
Chhidru Formation samples. 
(a) Photomicrograph of interested zone; (b–c) SEM photomicrographs 
showing microporosities; (d) graph 001, 002 and table represents the 
elemental composition of the selected points in photomicrograph b. The 
number of CEM, University of Balochistan collection are given as below 
(a) MZK-2009-C1A; (b) MZK-2009-C1B; (c) MZK-2009-C1C; (d) MZK
-2009-C1D; (e) MZK-2009-C1E.  

 

Fig. 7. Photomicrograph from the petrographic microscope, 
SEM and EDX based micro-porosity and elemental composi-
tion of the selected points. 
(a) Photomicrograph obtained from petrographic microscope of the inter-
ested zone; (b–d) SEM photomicrographs showing micro porosities; (e) 
graph 001, 002 and table represents the elemental composition of the 
selected points in photomicrograph d. The number of CEM, University of 
Balochistan collection are given as below (a) MZK-2009-C2A; (b) MZK-
2009-C2B; (c) MZK-2009-C2C; (d) MZK-2009-C2D; (e) MZK-2009-
C2E.  
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wispy seam (Fig. 14h) and solution seam (Figs. 14d, f, h, i, 
l) are also present. 

 
4.3.4 Cementation 

Cementation is the process in which supersaturated pore
-fluids precipitate cement in the absence of any kinetic 
factor that prevents precipitation. The generic types of 
cement  in  carbonate  rocks  are  high,  low-Mg calcite, 
aragonite  and  dolomite,  which  precipitate  in  cavities 
between grains depending on the rate of carbonate supply/
precipitation and composition of pore-fluids (Tucker and 
Wright,  2009).  Marine,  meteoric  and  deep  burial 
cementation signatures are observed in the CFm (Fig. 11). 
The identified cement types between the grains and within 
cavities  include  blocky (Figs.  11a,  b,  e),  isopachous 
fibrous cement  (11d),  granular  mosaic  (Fig.  11f)  and 
poikilotopic (Figs. 11h, i). 

The isopachous fibrous calcite cement is a high Mg-
calcite and shows a low rate of sedimentation (Tucker and 
Wright, 2009). The CFm cement diagenetic history started 
from this  type  of  cement.  Isopachous  fibrous  calcite 
cement is seen in the three limestone facies of CMF-1, 
CMF-2 and CMF-3 (Figs. 11d). It is usually formed in a 

marine phreatic environment as a thin cement rim (Melim 
et al., 2002; Vincent et al., 2007). 

Blocky calcite cement is one of the most abundant types 
in the CFm. This type of cement is clearly seen in facies 
CMF-1 and CMF-2 represented by samples CN-1, CN-6, 
CG-2,  CG-3  and  CZ-4  (Figs.  11a,  b,  e,  h)  in  the 
Siliciclastic Mudstone, Siliciclastic Wacke–Packstone and 
Siliciclastic Grainstone microfacies. Two phases of blocky 
calcite cement are found in the formation: in the first, the 
cement is well-established and observed in intra-skeletal 
pores and molds of dissolved grains (Figs. 11b, e, h). This 
type of diagenetic feature represents the meteoric-phreatic 
diagenetic realm (Khalifa et al., 2009; El Ghar et al., 
2015); the second phase is where cement has filled the 
fractures  (Fig.  11a)  and  shows  undulatory  extinction, 
which is an indicative feature of burial diagenesis realm 
(Vincent et al., 2007). The blocky calcite of these two 
stages is non-ferroan low magnesium calcite as indicated 
by the XRD results (Figs. 3, 4). The larger crystal size of 
the blocky calcite cement is due to uniform cementation in 
pores filled with supersaturated water (Tucker and Wright, 
2009). 

Granular mosaic cement is rare in the CFm and found in 

 

Fig. 8. Photomicrograph obtained from the petrographic mi-
croscope, SEM and based microporosity and elemental compo-
sition of the selected points. 
(a) Photomicrograph obtained from the petrographic microscope of the 
interested zone; (b–d) SEM photomicrographs showing micro porosities; 
(e) graph 001, 002 and table represents the elemental composition of the 
selected points in photomicrograph c. The number of CEM, University of 
Balochistan collection are given as below (a) MZK-2009-C3A; (b) MZK-
2009-C3B; (c) MZK-2009-C3C; (d) MZK-2009-C3D; (e) MZK-2009-C3E.  

Fig. 9. Photomicrograph obtained from the petrographic mi-
croscope, SEM and EDX to find the microporosity and ele-
mental composition of the selected points. 
(a) Photomicrograph obtained from the petrographic microscope of the 
interested zone; (b–d) SEM photomicrographs showing micro porosities; 
(e) graph 001, 002 and table represents the elemental composition of the 
selected points in photomicrograph c. The number of CEM, University of 
Balochistan collection are given as below (a) MZK-2009-C4A; (b) MZK-
2009-C4B; (c) MZK-2009-C4C; (d) MZK-2009-C4D; (e) MZK-2009-
C4E.  
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sample  CZ-12  of  the  Siliciclastic  Wackestone  and 
Sandstone microfacies. (Fig. 11f). The granular mosaic 
cement-filled  pores  between  skeletal  and  siliciclastic 
grains having sub-hederal crystal form precipitated in a 
meteoric phreatic environment (Mahboubi et al., 2010; El 
Ghar et al., 2015), and is usually associated with green 
algae and skeletal allochems. 

The poikilotopic cement occurs between the siliciclastic 
grains and bioclasts in the CFm (Figs. 11h, i). This cement 
usually develops large crystals due to slow growth in a 
relatively deep burial diagenetic environment, but here in 
the CFm, the crystal size is small, which reflects the 
availability of less space for cement precipitation. The 
poikilotopic cement is formed in a deep burial diagenetic 
environment (Ahr, 2011). The CFm poikilotopic calcite 
(Fig. 11i) formed in the late stage of cementation, as 
confirmed by textural relationship. 

 
4.3.5 Dissolution 

Undersaturated  pore  fluids  and  burial  pressure  can 
cause dissolution of carbonate sediments and cements in 
limestone. The process of dissolution is mainly controlled 
by mineralogy, pore-fluid saturation and burial pressure 
(Tucker and Wright, 2009). The vuggs and cavities are 
formed as a result of a dissolution process that can take 
place soon after deposition as well as after uplift of rocks 
(Tucker and Wright, 2009). Dissolution has affected rocks 
throughout the CFm, but is presented in the wackestone 
and packstone facies. There are two stages of dissolution 

recognized in the CFm: firstly, dissolution of metastable 
minerals and intergranular cements occurred, which is a 
distinctive feature of a marine meteoric environment. This 
dissolution is observed in all four CFm facies. It occurs 
when the metastable grains and intergranular cement are 
dissolved due  to  undersaturated pore fluids and,  as a 
result, biomoldic porosity is created (Fig. 14), which is 
later  filled  partially  or  completely  by  blocky  calcite 
cement  (Fig.  11a);  the  latest  stage  of  dissolution  is 
represented  by  destruction  of  intergranular 
microcrystalline  cement  and  generation  of  the 
microporosity (Figs. 11k, l). In the CFm mud-supported 
microfacies, micrization has been affected by this type of 
dissolution (Figs. 6–9). 

 
4.3.6 Fractures 

Fractures  are  the  discontinuities  produced  by  the 
process  of  mechanical  diagenesis  and  deformational 
events (Nelson, 2001). The most popular reservoir in the 
world  are  brittle-fractured  carbonate  rocks,  which are 
formed at a shallow burial pressure depth (Roehl and 
Choquette, 2012). Petrographic studies show that the CFm 
samples with a relatively high clastic content are affected 
by fracturing (Fig. 11). Since the samples were collected 
from the hanging wall of the Salt Range Thrust (SRT), 
these fractures are associated with the deformation of the 
SRT hanging wall strata during fault translation and fold 
development (Figs. 11g, j). The majority of these fractures 
are filled with calcite (Figs. 14c,  d)  while  a few are 

 

Fig. 10. Photomicrographs showing diagenetic features of the Chhidru Formation. 
(a) Intense micritization (M), bioclastic micritization (Bmic) and shell neomorphism (Neoagg) of gastropod fossil; (b) neomorphism (NeoAgg) and 
bioclastic micritization (Bmic) of gastropod fossil; (c) fracture filled (FF) and bioclastic micritization (Bmic); (d) fracture filled (FF), intensive 
micritization (M) and stylolite (SS); (e) intense micritization (M) and stylolite (SS) in micrite; (f) bioclastic micritization (Bmic) in green algae 
and green algae cross cut by stylolite (SS); (g) neomorphism (Neoagg) and micritic envelope (Menv) in bioclasts; (h) solution seam (S) and to 
left side, converted into wispy seam (WS); (i) neomorphism (NewAgg) in bioclast and solution seam (S) highlighted by blue dye.  
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unfilled (Fig. 14g). 
 

4.4 Diagenetic environments 
The signature of the metastable and stable sediment 

deposition, their lithification and other diagenetic phases 
are preserved in almost every rock until the process of the 
weathering and metamorphism demolish the rock strata 
(Esrafili-Dizaji  and  Rahimpour-Bonab,  2010).  The 
transformation  of  the  metastable  sediments  to  stable 
minerals can take place in different environments from 
marine depositional through meteoric to burial diagenetic 
(Fig. 12; Tucker and Wright, 2009). The CFm has been 
modified in different diagenetic environments (Fig. 12). 

 
4.4.1 Marine diagenetic environment 

The  dominant  composition  of  the  CFm mudstone, 
siliciclastic wacke–packstone and grainstone microfacies 
is Mg-calcite derived from bryozoan fossils, aragonite 

from  bivalves  and  gastropod  and  clastic  grains  that 
indicate  a  shallow marine  environment  of  deposition 
(Ahmad et al., 2015). In phreatic marine settings, pores are 
filled by marine water and shallow marine diagenetic 
alteration can occur (Flügel, 2010). The diagenesis of the 
studied formation started from a marine to a submarine 
environment,  which  is  indicated  by  the  micritization, 
existence of deposited minerals and bioclastic grains and 
non-ferroan isopachous fringes cement (Figs. 12, 13). The 
micritization takes place at the sediment–water interface 
and is induced by the endolithic algae, fungi, and bacteria 
(Adams and MacKenzie,  1998).  The micritization and 
isopachous fibrous calcite cements observed in the CFm 
are noticeable diagenetic features of a marine environment 
(Figs. 10, 11). 

 
4.4.2 Meteoric environment 

A  meteoric  diagenetic  environment  is  the  most 

 

Fig. 11. Photomicrographs of diagenetic features in the Chhidru Formation. 
(a) Blocky-type cement precipitated after dissolution of bioclasts; (b) gastropod fossil neomorphosed to blocky cement; (c) continuity of dissolution of 
bioclast from the bottom and converted to dissolution seam on the left side; (d) outer edge of echinoderm plate covered by isopachous fibrous calcite 
cement; (e) whole echinoderm plate neomorphosed to blocky cement; crystal size is large in the center and decreases towards the margin; (f) granular 
mosaic cement observed in Zaluch Gorge Section; (g) chronological order of features noticed for aggrading type of neomorphism blocky cement (b) in 
bioclast followed by brittle fracturing; (h) blocky calcite cement in bioclast and to left top is poikilotopic cement; (i) poikilotopic type of calcite cement; 
(j) fractured rock; (k) and (l) show dissolution of metastable minerals.  
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important  one  to  enhance  the  reservoir  properties  of 
carbonate  rocks  and  can be  divided  into  vadose  and 
phreatic zones (Tucker and Wright, 2009). The diagenetic 
features  of  the  water-filled  phreatic  zone  can  be 
differentiated from the water- and air-dominated vadose 
zones.  The  phreatic  zone  cement  is  indicated  by the 
growth of larger crystals towards the center of the pore 
and low Fe content (Tucker and Wright, 2009). 

The neomorphism of the metastable minerals,  mold 
dissolution,  initial  stage  blocky cement  (Phase-I)  and 
granular mosaic cement are indications of the meteoric 
phreatic and vadose diagenetic environments (Mahboubi 

et  al.,  2010;  El  Ghar  et  al.,  2015).  The  aggrading 
neomorphic alteration, ranging in size from micro-spar to 
blocky cement, effects all the CFm carbonate lithofacies 
(Figs.  10a,  b,  i,  11g),  suggesting  meteoric  phreatic 
environments (Fig. 12). 

 
4.4.3 Burial diagenetic environment 

Burial diagenetic signatures such as mechanical and 
chemical compaction have been recognized. The most 
pronounced features in the CFm are chemical compaction, 
as indicated by stylolites. Mechanical compaction is rarely 
noticed; however, it is extensively preserved in the quartz 

 

Fig. 12. Diagenetic model of the Chhidru Formation representing different diagenetic stages, ranging from 
shallow burial, micritization and cementation, medium burial, dissolution, deep burial, neomorphism, stylo-
litization and mechanical compaction.  

Fig. 13. Paragenetic sequence of the Chhidru Formation showing different diagenetic processes with their 
respective environment.  
D.E.–diagenetic environment.  



Acta Geologica Sinica (English Edition), 2021, 95(6): 2120–2137 2131     

wacke  sandstone  facies.  The  phase-II  blocky  calcite 
cement (Fig. 10a), which shows undulatory extinction and 
precipitated  poikilotopic  cement  (Fig.  11i)  is  the 
diagenetic cement type of the burial environment (Ahr, 
2011) present in the CFm. 

 
4.5 Paragenetic sequence of diagenesis 

The paragenetic sequence of the CFm includes marine, 
marine-meteoric,  meteoric  and  burial  diagenetic 
environments (Fig. 13). The CFm sequence starts from 
micritization and non-ferroan isopachous fringes type of 
cement formed in a marine phreatic environment. The 
regular  non-destroyed  micrite  envelopes  imply  that 
micritization occurred prior to the onset of compaction. 
Mold  dissolution,  fracture-filled  calcite  cement  and 
granular mosaic cement are formed, respectively, in a 
meteoric  vadose  diagenetic  environment.  The  next 
diagenetic phase was neomorphism of metastable minerals 
and blocky cement (i.e. Phase-I) in a meteoric phreatic 

diagenetic  environment.  Once  the  burial  increased  to 
shallow to intermediate, mechanical compaction, blocky 
cement (i.e. Phase-II) and poikilotopic cement formed and 
the chemical compaction (i.e. stylolitization) are the last 
diagenetic signatures observed in the CFm formed in a 
deep burial environment (Figs. 12, 13). 
 
4.6 Diagenetic  controls on reservoir quality  in the 
Chhidru Formation 

In  contrast  to  siliciclastic  rocks,  carbonates  seldom 
possess  any  dominant  primary  porosity,  particularly 
carbonate lithofacies that contain micritic mud that infills 
both  intergranular  and  intragranular  pore  spaces.  The 
reservoir  properties  of  carbonate  rocks  are  commonly 
credited to secondary diagenetic processes (Tucker and 
Wright,  2009;  Amel  et  al.,  2015).  Such porosity and 
permeability  enhancing  processes  include  dissolution, 
fracturing, and dolomitizaation. 

The formation/CFm is primarily dominated by lithifying 

 

Fig. 14. Photomicrographs showing the reservoir quality of the Chhidru Formation. 
(a–b) Dissolution in bioclast forming moldic type of pore (MP); (c) moldic type (MP) of pores and fracture created in pre-existing miner-
als; (d) wispy type (WS) of dissolution in chemical compaction; (e) high-amplitude stylolite (SS) formed due to chemical compaction in 
the siliciclastic grain stone facies; (f) wispy type of solution seam formed in siliciclastic grain stone facies; (g–h) moldic porosity  that 
may act for good effective porosity; (i) siliciclastic grain stone facies effected by wispy type  solution; (j–k) moldic porosity (MP) in left 
bottom corner; (l) wispy (WS) type of porosity formed in siliciclastic wacke-stone facies.  
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cement and inter/intragranular porosity ascribed probably 
to the dissolution of cement (Fig. 14). The secondary 
porosity of fractures, stylolites and moldic pores mostly 
related to dissolution of cements are present (Figs. 10, 11). 
Most  of  the  primary  porosity  of  intergranular  and 
intragranular  is  probably  destroyed  by  cementation. 
Diagenetic  processes  are  mainly  responsible  for  the 
generation of the secondary porosity. The predominant 
type of porosity is dissolution, fracture and stylolites, but 
inter-particle and intra-particle porosity is also observed in 

some  thin  sections  (Fig  15).  The  dissolution  and 
cementation are observed and confirmed by SEM-EDX. 
The  EDX  graph  further  displays  the  elemental 
composition of silicon (Si), oxygen (O) and carbon (C) at 
point 001 (i.e., pink curve) and point 002 (i.e., blue curve) 
(Figs. 6–9). 

Porosity was calculated through image processing using 
Jmicrovision Openware Software (Fig. 15). The porosity 
of the overall CFm is moderate to very low, but CMF-4 
facies exhibited moderate to high porosity in all three-

 

Fig. 15. The stratigraphic column and calculated porosity of the Chhidru Formation at Gula Khel Gorge, Zaluch Gorge and Nam-
mal Gorge, Pakistan.  
The black color shows the microporosity estimated from the SEM, photomicrograph; other colors represent dissolution (red), fracture (blue), stylolitic 
(orange), interparticle (violet), and intraparticle (yellow) porosities. Sample’s locations and number of are shown from three sections in the Chiddru Forma-
tion: Nammal Gorge, Zaluch Nala and Gula Khel Nala.  
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studied sections (Figs. 2, 15). The average porosity of the 
CMF-2, CMF-3 and CMF-1 is 2.65%, 3.25% and 3.96%, 
respectively. In the moderate to high porosity zones, CMF
-4, the average porosity is 7.14%. 

The microporosity investigated through SEM of the 
selected samples from all facies of the three sections also 
indicated low porosity in facies CMF-1, CMF-2, CMF-3, 
but promising porosities in the CMF-4 facies (Figs. 6–9). 
The CMF-1, CMF-2 and CMF-3 facies show average 
microporosity  of  4.8% ,  5.0%  and  5.3%  respectively, 
whereas  the  CMF-4 facies  show higher  than average 
microporosity of 10.7%. 

 
4.7 Porosity model 

Significant  reservoir  properties,  i.e.,  porosity  and 
permeability, depend on the depositional fabric, such as 
composition,  texture  and  fabric  of  the  sediment.  The 
derivative mode of porosity is divided into three types: 
depositional processes, diagenetic routes, and mechanical 
fracturing (Ahr, 2011). A triangular diagram is used to 
plot these three-porosity modes; Siliciclastic Mudstone 
and  Siliciclastic  Wacke  to  Sandstone  are  placed  into 
diagenetic-dominated  and  fracture-dominated  ends, 
respectively,  whereas  the  porosities  of  Siliciclastic 
Wackestone  and  Siliciclastic  Grainstone  facies  are 
controlled by both, diagenesis and fracturing (Fig. 16). 

The depositional characters are sedimentary structures, 
texture and mineral composition of the original deposited 
rock and the porosity created by the processes of re-
precipitation,  dissolution  and  replacement  is  termed 
‘diagenetic porosity’. This type of porosity can change 
mineralogical  composition,  texture  and  fabric  of  the 
original deposited rock. Diagenetic porosity may be purely 
diagenetic or depositional and fracture porosity will be 
enhanced by the diagenetic process. This diagenesis can 
enhance or reduce the porosity of the rock. 

Nelson  (2001)  classified  fractures  as  surface, 
contractional,  regional,  tectonic  and  morphological 
fractures. Morphological fractures are further subdivided 
into open, deformed, mineral-filled and vuggy fractures. 
Most  importantly,  the  matrix  pores  contribute  to  the 
fracture porosity, because if matrix pores are very low or 
not connected with fracturing then it these pores may be 
useless.  Open,  mineral-filled  and  vuggy  fractures  are 
observed in all CFm four facies (Figs. 11, 16). 

 
4.7.1 Diagenetically enhanced porosity 

Diagenetic agents of recrystallization, dissolution and 
replacement  of  diagenetic  process  enhance  porosity 
(Walter, 1983). The diagenetic process of neomorphism 
and  chemical  compaction  have  enhanced  the 
microporosity of the CFm. The dissolution process is a 
diagenetic process of unconformities, soil regions, karst 
topography and exposed places (Ahr, 2011). Replacement 
normally reduces the porosity of the carbonate rock, but 
microcrystalline  microporosity  is  observed  in  samples 
examined under the SEM (Figs. 6, 9). 

 
4.7.2 Diagenetically reduced porosity 

Cementation, micritization and compaction along with 
neomorphism (recrystallization and replacement) are the 

main diagenetic agents of porosity reduction. Compaction 
takes  place  as  a  result  of  overburden  and  tectonic 
activities, and may create stylolites, which can increase in 
mud-supported rock and normally stops the flow in a 
reservoir, but post-stylolitic diagenesis can enhance the 
reservoir characteristic (Dawson, 1988). A few stylolites 
in the siliciclastic mud stone facies of the CFm are limited 
in lateral extension (Fig. 10d) and may have reduced the 
reservoir quality. Neomorphic recrystallization reduces the 
porosity  but  neomorphic  stabilization  (normally  Mg-
calcite  and  aragonite  stabilization)  can  improve  the 
porosity. The change of original mineral and fabric in the 
replacement process can drop the reservoir properties, i.e., 
porosity and permeability, of the rock. From depositional 
site to deep burial environment,  cementation can take 
place in all diagenetic environments. 

The paragenetic sequences of the studied rocks allow to 
decipher the succession of events and their effects on the 
porosity evolution through time. The first cement that 
reduced porosity is the fibrous isopachous marine type. As 
sediments were gradually buried, fracture generation was 
accompanied by formation of poikilotopic cement on the 
one hand and by dissolution on the other. 

 
5 Petroleum Prospects of the Chhidru Formation 
 

The oil potential of the CFm can possibly be fed by 
several  underlying  source  rocks,  primarily  the 
Precambrian Salt Range Formation, which is a proven and 
potential source rock in the Upper Indus Basin (Kadri, 
1995). The second source for the CFm is the Cambrian 
Khewra, Kussak, Jutana and Khisor formations, which 
contain shales rich in organic matter; certain evidence has 
already been reported reflecting hydrocarbon generation in 
the Cambrian shales (Kadri, 1995). Moreover, the shale of 
the  underlying  Early  Permian  Dandot  and  Sardhai 
formations and limestone and shales of the Zaluch Group 
also qualify as source rock parameters in several locations 

 

Fig. 16. Genetic classification model for the Chhidru Forma-
tion, showing the effect of depositional, diagenetic and defor-
mational agents.  
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in the Trans-Indus ranges (Kadri, 1995). The CFm shows 
alternate beds of sandstone and limestone and shales, all of 
which  show  the  potential  of  reservoir 
compartmentalization (Ahmad et al., 2015). In terms of 
seal  rocks,  the  upper  Triassic  Mianwali,  Tredian and 
Kingriali formations have some shale members, which can 
act as a seal for the CFm (Kadri, 1995). Additionally, the 
CFm top is marked by an unconformity, where there is 
probability for the development of a cemented surface and 
hence for the formation of a stratigraphic trap (Farid et al., 
2018). 

Structurally, the Potwar Plateau has experienced thin-
skinned deformation and hence presents mostly structural 
traps (Kadri, 1995). The stratigraphic level of the Permian 
CFm has been dissected by different faults (Farid et al., 
2018). Moreover, the interval of Permian succession on 
the surface is also undulated but very gently and, as such, 
faults can enhance the overall porosity and permeability of 
the CFm in the subsurface (Farid et al., 2018). 

 
6 Discussion on Regional Correlation 
 
6.1 Respective potential facies 

During late Permian time, due to a similar geographic 
location of the Arabian and Indian platforms, an analogous 
depositional setting was developed (Jan et al., 2009), from 
which the Upper Permian CFm and the upper part of 
Khuff Formation developed similar facies. Similar to the 
CFm, the Khuff Formation facies are alternate carbonates, 
sandstone, and shale (Al-Aswad, 1997). The extensive 
Permian  platform  of  Arabia  shows  an  increasing 
siliciclastic content towards the depositional shelf in the 
south. In Pakistan, the shelf geometry shows a deepening 
towards the north. There is a close similarity between 
facies of the Indian and Arabian upper Khuff Formation. 
In the Khuff Formation, the Khuff-C Member, which is 
mainly grainstone and siliciclastic facies, is an excellent 
reservoir (Alsharhan and Nairn, 1994). In the CFm, the 
same  grainstone–packstone  and  sandstone  facies  are 
potential reservoir facies. 

 
6.2 Reservoir comparison 

Reservoir  properties  like  porosity  and  permeability 
show that the Khuff and Dalan formations in Persian/
Iranian basins, show an average porosity range of >10% in 
offshore fields and <4% in inner Persian/Iranian basins. 
The porosity trends show a prominent drop in average 
porosity toward the basin (Esrafili-Dizaji, 2010). In the 
Permian succession, the porosity values of the Arabian 
Plate (Khuff Formation) are higher than in Persian basins 
(Dalan Formation). As per permeability, the Permian of 
Iran, Qatar and Bahrain show good results compared to 
Arabian successions. Both porosity and permeability of 
the Khuff Formation of the UAE are insignificant (Esrafili
-Dizaji, 2010). 

In comparison, the porosity of the CFm (i.e., 0–15%) 
shows variable results in different parts of the basin. The 
CFm reservoir properties increase to north of the basin. In 
overall comparison, the Arabian Khuff and Persian/Iranian 
Dalan formations share the same reservoir properties with 
the CFm.  

6.3 Diagenesis sequences and porosity variation 
Diagenesis greatly affected the reservoir properties of 

the Khuff Formation on the Arabian plate (Moradpour et 
al., 2008). In the early stage of diagenesis, deposition 
occurred in an open marine setting. Different diagenetic 
processes such as micritization, cementation and early 
stage dolomitization are common in the Khuff Formation 
whereas the CFm hosted cementation, compaction and 
neomorphism. At this stage, the primary porosity of both 
formations was destroyed. 

In  a  shallow  marine  diagenetic  setting,  different 
processes  like  drusy  and  blocky  cement,  dissolution, 
neomorphism and aragonite stabilization are key elements 
of meteoric diagenesis in the Khuff Formation. In the CFm, 
blocky cements  are  present  in  almost  all  carbonates. 
Poikilotopic cement occurs very limitedly between grains 
of quartz. 

In  a  deep  burial  late  stage,  porosity  by means  of 
fractures produced represent the main reservoir assets. 
Dissolution  and  dolomitization  are  the  second  main 
porosity factors at this stage. Compaction and cementation 
are involved in decreasing porosity at this stage, and, 
produces secondary porosity in the Khuff Formation. 

According to Ehrenberg et al. (2007), cementation and 
compaction greatly affected the limestone and dolomitic 
facies.  The  secondary  porosity  is  also  affected  by 
anhydrite. In the Khuff Formation, inter-particle, inter-
crystalline, fenestral and moldic porosities are the main 
type of porosities (Enos and Sawatsky, 1981; Schmoker 
and  Halley,  1982).  The  porosity in  the  CFm is  also 
secondarily  formed  due  to  diagenetic  processes  like 
dissolution, stylolites and fractures. The predominant type 
of porosity is dissolution, fracture and stylolitic, but inter-
particle  and  intra-particle  porosity  is  observed.  The 
diagenetic  events  destroyed  primary  porosity  and 
produced secondary porosity. 
 
7 Conclusions 
 

The  Chhidru  Formation  (CFm)  consists  of  four 
depositional facies, i.e. siliciclastic mudstone microfacies 
(CMF-1), siliciclastic wacke–packstone microfacies (CMF
-2),  siliciclastic  grainstone  microfacies  (CMF-3)  and 
quartz-wacke  to  sandstone  microfacies  (CMF-4).  The 
CMF-4 and CMF-3 facies show some potential reservoir 
zones, whereas CMF-1 and CMF-2 represent poor zones 
for reservoir potential. 

The formation is significantly influenced by diagenetic 
processes that have obliterated the reservoir properties, 
particularly in carbonate microfacies CMF-1, CMF-2 and 
CMF-3.  The  major  diagenetic  agents  involved  are 
micritization,  cementation,  dissolution,  neomorphism, 
compaction  and  fracturing.  Diagenetic  processes  of 
marine,  meteoric  and  burial  environments,  such  as 
cementation,  compaction  and  neomorphism  have 
destroyed the primary porosity. 

The porosity in the CFm is mainly secondary, formed 
due to diagenetic processes like dissolution, stylolites and 
fractures. The blocky type of cement (phase-I and II) is 
observed in almost all carbonate samples of the CFm, and 
forms what is the main cause of low porosity in the 
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carbonate  facies.  Poikilotopic  cement  occurs  very 
limitedly between grains of quartz and other minerals. The 
predominant type of porosity is dissolution, fracture and 
stylolitic, but inter-particle and intra-particle porosity are 
observed in some intervals, mostly in CMF-4 facies. The 
overall average porosity is 2% to 7% in all three studied 
sections of the CFm but the CMF-4 facies has the highest 
porosity. The CMF-2 facies has lowest porosity in the 
Zaluch  Gorge  and  Nammal  Gorge  sections  with  an 
average of 2% to 3%, but in the Gula Khel section, CMF-2 
facies porosity is better than CMF-3 facies. In the Gula 
Khel Section the  lowest  porosity is  in CMF-3 facies 
having  average  of  1.8% to  2.7%.  In  terms  of  intra-
formation comparison, the CMF-1 facies has an average 
porosity of 3% to 4.5%. Among the three studied sections, 
the Nammal Gorge Section porosity is highest, and the 
Gula  Khel  Gorge  Section  has  lowest  porosity.  The 
microporosity results show the highest porosity in CMF-4 
facies and lowest porosity in CMF-1 and CMF-2 facies. 

Overall,  the Chhidru Formation has a  low porosity 
except  in  one  sandy  facies,  CMF-4.  Diagenesis  has 
destroyed primary porosity but produced some secondary 
porosity. 
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