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Abstract This study deals with superb fault-controlled,
bedding-parallel dolomite in the shallow marine platform carbon-
ates of the Samana Suk Formation (middle Jurassic), southern
Hazara basin, NW Pakistan. Field observations, petrographic
studies, mineralogical and isotopic analyses, and porosity-
permeability analyses allow to unravel the diagenetic evolution
of documented diagenetic phases and their impact on the reser-
voir behavior. Various diagenetic phases are recognized, which
include (i) two episodes of replacive dolomites (Dol. I and Dol.
10, (ii) initial phase of white calcite cement (WC-I), (iii) saddle
dolomite (SD), (iv) late phase of white calcite cement (WC-
II), and (v) transparent calcite cement (TC). In addition, other
diagenetic features are bedding-parallel stylolites (PBSs),
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cataclastic deformation, and dissolution. Stable C- and O-
isotope signatures confirmt that elevated temperature fluids
resulted in the formation of the various dolomite and calcite
phases. Porosity-permeability studies revealed enhanced po-
rosity in the replacive dolomite (i.e., Dol. I and Dol. II), but
late stage cementation in relation to calcite and dolomite ce-
mentation showed adverse effect on the reservoir quality.
Furthermore, diagenetic alterations (i.e., brecciation and dis-
solution) along faults contributed in the enhancement of res-
ervoir properties.

In conclusion, dolomitization occurred due to the percolation
of Mg-rich fluids along the Haro Fault and its splays. Dewatering
of basinal fluids from the underlying siliciclastic rocks or deep
and hot hydrothermal fluids may be the possible source of
dolomitization.

Keywords Replacive dolomite - O/C isotopic signatures -
Saddle dolomite - Basinal fluids

Introduction

During the last decades, the presence of dolomite associated with
hydrocarbon reservoirs paved the way to extensive studies of
dolomite bodies formed through different processes. Still, addi-
tional input data is needed to better understand the controlling
factors that affect the rock heterogeneities in dolomite geo-bod-
ies. Structurally controlled dolomite represents one of such dolo-
mite that required more in-depth studies to explain associated
replacement processes (Sharp et al. 2010). Various authors syn-
thesized different characteristics of fault-related dolomite bod-
ies, especially unravelling the fluid flow mechanism responsi-
ble dolomitization (Hendry et al. 2015; Martin-Martin et al.
2015; Vandeginste et al. 2014; Sharp et al. 2010; Lopéz-
Horgue et al. 2010; Nader et al. 2009; Davies and Smith
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2006; Gomez-Rivas et al 2014). In addition, relationship be-
tween diagenetic modifications that resulted in various dolo-
mite phases and their impact on reservoir behavior has also
been discussed (Dewit et al. 2012).

The distributions of dolomite geo-bodies generally follow the
trends of the feeding faults (dolomitizing fluid pathway), but
these geo-bodies prefer suitable beds (i.e., dolomitizing fluid
flow along more permeable beds) as they move away from the
fault and hence resulted into bedding-parallel dolomitization, also
referred as ““stratum-bound dolostones” (Martin-Martin et al.
2015; Sharp et al. 2010). In order to understand the development
of various diagenetic phases in the bedding-parallel dolomites
and their effects on the reservoir quality, detailed field analogue
investigations are required. The present study focused on an
excellently exposed fault-controlled, bedding-parallel dolomite
bodies in the middle Jurassic Samana Suk Formation in the
southern Hazara basin (NW Pakistan). This study reports on field
investigations, petrographic studies, isotopic analyses, and
porosity-permeability analyses. The aims of this study are to
understand diagenetic modifications related to the fault-related
Mg-rich fluid migration and to define the diagenetic modifica-
tions on the reservoir quality.

Tectonic setting

The successive processes of rifting and fragmentation of
Gondwanaland resulted in the Paleo-Tethys Ocean during mid-
dle to late Paleozoic, which stretched from the Pacific to the
Mediterranean encompassing India and the northern flanks of
Arabia and Africa (Angiolini et al. 2003; Kazmi and Jan 1997;
Sengor et al. 1988). During late Permian, rifting along the north-
ern margins of the Gondwanaland resulted in a Cimmerian
micro-continent and accompanied back arc basins in the Paleo-
Tethys (Sengor et al. 1988), followed by the opening of the Neo-
Tethys (Van der Voo et al. 1999; Patriat and Achache 1984).
According to Garzanti (1993), seafloor spreading started in the
Indian Ocean during the Valanginian and was subsequently
followed by subduction of Neo-Tethys oceanic crust in middle
to late Cretaceous. The Indian plate underwent an unusual sud-
den acceleration during its northward journey from late
Cretaceous (67 Ma) to early Eocene (50 Ma), about 20 cm/year,
and then dramatically slowed to 5 cm/year during its collision
with Asia (Lee and Lawver 1995; Patriat and Achache 1984;
McKenzie and Sclater 1971). The recognition of two subduc-
tion zones within the Neo-Tethys suggests that India first
collided with the Kohistan-Ladakh Arc at the Makran-Indus
Trench at ca. 65-61 Ma and then with Asia along the
Shyok-Tsangpo Trench at ca. 50 Ma (Burg 2011;
Chatterjee and Scotese 2010; Khan et al. 2009; Ali and
Aitchison 2008; Van der Voo et al. 1999; Reuber 1986).
Chatterjee (2013) summarized the whole tectonic play (i.e.,
sequential rifting of the Indian plate from Gondwanaland and
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its subsequent collisions with the Kohistan-Ladakh Arc and
Asia) into nine major tectonic evolutionary stages. These
include (i) separation of east Gondwanaland from west
Gondwanaland (~170 Ma); (ii) separation of India from
Antarctica-Australia (~130 Ma); (iii) separation of
Madagascar from India (~90 Ma); (iv) collision of India with
Kohistan-Ladakh Arc (~88 Ma); (v) separation of Laxmi
Ridge from India (~70 Ma); (vi) separation of Seychelles
from India (~65 Ma); (vii) acceleration of Indian plate as
an island continent (~65-52 Ma); (viii) initial collision of
India with Asia (~50 Ma); and (ix) indentation, rotational
underthrusting, and oroclinal bending of the Indian plate,
i.e., in relation to the Himalayan orogeny (~10 Ma).

The study area forms the southern extremity of the Hazara
Basin, which is part of Himalayan foreland fold and thrust belt
(Fig. 1). This resulted from continent-continent collision be-
tween Indian and Eurasian plates during Ypresian times
(Rowley 1996; Coward et al. 1988; Yeats and Hussain 1987,
Calkins et al. 1975). The area is highly deformed and the rock
exposures represent Indian plate sedimentary stack from north
of the Main Boundary Thrust (MBT) to the south of Panjal
Fault (PF). A north-south compressional regime is depicted by
the presence of east-west trending major structures (e.g., MBT
and PF) and other local faults in the study area and its
surroundings (Fig. 1). The study area is situated in the
footwall of Nathia Gali Thrust (NGT) in the southwest
portion of the Hazara Basin, being part of the western
Hazara Range (Coward et al. 1988; Fig. 1). Structurally,
the area is highly deformed due to the Himalayan orogeny
(Fig. 1). A number of thrust faults branching from the
main Haro Fault are present in the area. These include
Kohala Fault, Palaka Fault, Bahamala Fault, Koimera
Fault, Koinara Fault, and Hazara/NGT (Fig. 1).

During the Mesozoic, the Hazara Basin was an important
depocenter at the northern margin of the Neo-Tethys, where
thick sediment accumulation occurred (Chaudhry et al. 1998;
Shah 1977). Afterward, thick shallow water carbonate plat-
form deposits (oolitic-pelletoidal shoals) from Toarcian to
Callovian Samana Suk Formation deposited in the Hazara
Basin (Chaudhry et al. 1998; Shah 1977). A restricted envi-
ronment prevailed after the deposition of Samana Suk
Formation and resulted into the deposition of mid-outer shelf
Chichali Formation (consisting of condensed, pyrite-rich, and
belemnite black siltstone) elsewhere in the Hazara Basin,
whereas the Samana Suk Formation exhibited an unconform-
able contact with the Chichali Formation elsewhere in the
Hazara Basin. In the Upper Cretaceous (Cenomanian), rapid
northward drift of the Indian plate from Madagascar resulted
in deepening of the Hazara Basin and subsequent deposition
of the Kawagarh Formation (Ahsan and Chaudhry 2008).
Later on, collision between India and the Kohistan Island
Arc resulted in a sea-level regression during the Upper
Eocene, and hence, a marginal marine and evaporitic



Arab J Geosci (2016) 9: 405

Page 3 of 18 405

72° 73°

D Alluvium
Il PatalaFm

[l lockhartFm

Hangu Fm

Il Kawagarh Fm

[ tumshiwal Fm

74° 75° 76°
37°

36°

35°

34°

33°

Fig. 1 a Geological map of the NW Himalayan fold and thrust belt. b Inset shows the location map of the study area and studied sites (red stars). Note
that Nathiagali Fault (NF) is represented as Nathaigali Thrust (NGT) in the inset map

environment prevailed in the Hazara Basin, resulting in the
deposition of early to middle Eocene Kuldana Formation
(shales, marls, and gypsiferous layers) and subsequent depo-
sition of the Murree Formation. In Fig. 2, a simplified strati-
graphic column is shown illustrating the stratigraphy of the
southern Hazara Basin.

Methodology

Extensive outcrops of the Samana Suk Formation are exposed
in the Khanpur area (i.e., along Taxila-Haripur road). Detailed
field investigations of the carbonate succession in the study
area were carried out. Systematic as well as random sampling
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of various calcite and dolomite phases was done. Multiple
sections were studied and sampled so as to cover the whole
stratigraphic interval as good as possible. Sampling density is
mainly governed by observed features. In total, 139 collected
samples represent the limestone, various dolomite phases, and
calcite cement. Dolomite and limestone are easily differenti-
ated on the basis of clear color contrast at the outcrop. The
rock samples were cut and polished and then stained with
Alizarine Red S and K-ferricyanide solution (Dickson 1966).
Different dolomite phases, calcite phases, and the original
limestone are distinguished based of stained samples.
Eighty-four thin sections were prepared at the Hydrocarbon
Development Institute of Pakistan (Islamabad) and studied for
petrographic observations using conventional microscopy
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(Olympus CX31 along with DP-21 camera attachment).
Cathodoluminescence microscopy was performed in the
Institute of Geology, Jagiellonian University, Krakow (Poland),
using an optical microscope cathodoluminescence stage
(CL8100 MKS) with operating conditions of 12—17-kV gun
potential, 350-600-p1A beam current, and 0.05-Torr vacuum.
Bulk mineralogy, percentage composition, and dolomite
stoichiometry of the selected samples were resolved by carry-
ing out X-ray diffraction (XRD) analyses of selected 18 pow-
dered samples using PANalytical X Pert PRO X-ray diffrac-
tometer (Cu-Ko radiation ~45 kV, 40 mA). The scan speed
was set at 0.2°0 min ' and sampling interval at 0.001°0 per
step. The dolomite stoichiometry was calculated by using
Lumsden’s equation (1979) to the measured d;4 spacing
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(M = 333.3 x d spacing — 911.99) and expressed as mol%
CaCOs. Stable oxygen and carbon isotope analyses (5'°0
and 5'°C) of 37 selected samples of different dolomite, calcite
cements, and host limestone were carried out in the Isotope
Application Division, Pakistan Institute of Nuclear Science
and Technology, Islamabad (Table 1). All stable isotope values

are reported in per mill (%o) relative to Vienna Pee Dee
Belemnite (V-PDB) by assigning a 5'°C value of +1.95%o
and a 6'%0 value of —2.20%o to NBS19. The carbonate pow-
ders were reacted with 100 % phosphoric acid (density >1.9;
Wachter and Hayes 1985) at 75 °C in an online carbonate
preparation line (Carbo-Kiel—single-sample acid bath)

Table 1  Table showing part of the database used in the present studies

Serial no. Section name Sample no. Rock type §'%0%o (V-PDB) 5'3C%o (V-PDB) Ca stoichiometry ~Porosity (%) Permeability (mD)
1 Duhamaka DM-1 LS —4.1 1.2

2 DM-3 WC-1 -12.94 0.6

3 DM-4 Dol. IT -9.76 1.21

4 DM-5 Dol. IT —6.48 1.77 49.5

5 DM-6 Dol. IT —8.81 0.95 50.8 3.24 0.05
6 DM-7 Dol. IT -9.15 1.23

7 DM-8 A LS =52 0.78

8 DM-9 Dol. I —4.86 0.98 49.2

9 DM-10 Dol. I —4.51 1.05

10 DM-11 Dol. I -5.12 1.1

11 DM-12 Dol. IT —6.17 2.14 3.57 0.08
12 DM-13 WC-I —-13.59 1.4

13 DM-14 LS —4.8 0.5

14 DM-16 SD -12.17 1.2 49.2

15 DM-17 Dol. II -7.23 2.07 50.2 3.52 0.09
16 DM-18 Dol. II —9.54 2.05

17 DM-21 Dol. I 50.2 10.33 1.36
18 DM-23 Dol. II -8.95 224 50.4

19 DM-29 Dol. IT -9.12 2.31

20 Khui Mera KM-3 Dol. I —5.84 2.37

21 KM-7 Dol. IT —-10.18 1.77

22 KM-9 Dol. IT —8.45 1.04

23 Suraj Gali SG-2 SD —12.43 1.45 49.8 441 417
24 SG-5 Dol. IT 50.5 3.14 0.58
25 SG-10 Dol. IT -10.12 1.69 3.77 1.21
26 Kharala KR-1 Dol. I -5.72 1.77

27 KR-4 Dol. I 49.2 541 8.97
28 KR-6 TC —4.42 -2.18

29 KR-8 Dol. I 5.63 5.18
30 Bestway BW-2 Dol. I -3.93 1.98 49.9 5.68 4.86
31 BwW-4 Dol. IT =7.12 1.5

32 BW-7 Dol. II —6.85 1.45 51.5

33 BW-8 Dol. II —6.18 1.27 513 4.56 1.15
34 BW-10 Dol. I -3.91 0.95 50.1 3.47 7.56
35 BW-11 Dol. I -3.96 1.65

36 BW-13 Dol. I —4.24 1.1 49.2

37 BW-14 WC-II —8.56 0.72

38 BW-18 Dol. IT —6.14 —0.4 50.5

39 BW-21 Dol. IT =721 1.09 51.1

40 BW-22 WC-II —6.94 1.1

41 BW-24 Dol. II —6.52 1.25 50.7
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connected to a Finnigan MAT 252 mass spectrometer.
Dolomite isotopic composition values are corrected by frac-
tionation factors given by Rosenbaum and Sheppard
(1986). Back-scattered electron microscopy along with
energy-dispersive X-ray spectrometry was carried out in
the Geosciences Advance Research Lab, Islamabad
(Geological Survey of Pakistan).

To determine the petrophysical properties, standard helium
porosity and Klinkenberg permeability measurements were
performed in the Geology and Reservoir (G&R) Labs of Oil
and Gas Development Company Limited (OGDCL), where
12 samples representing various facies were measured from
plugs (~5 cm in length and ~3 cm in diameter) using standard
porosity-permeability measuring instrumentation (core-
measuring sampler-100) under net pressure of 1000 psi.

Results
Field observations

Field investigations revealed interbedded limestone and dolo-
mite in the studied sections. The thickness of the host limestone
and dolomite is variable in different sections, which ranges from
a few meters to tens of meters (Fig. 3a). The host limestone is
clearly differentiable from the dolomite as it gives off-white
color in contrast to dark grey colored dolomite (Fig. 3a, b).
Sharp contact between the off-white colored limestone and the
dark grey colored dolomite is observed (Fig. 3b, ¢). Limestone
shows thin to medium bedding near the contact with the dolo-
mite, whereas dolomite mostly destroys primary sedimentary
features (e.g., bedding planes). In the study area, two distinct
types of matrix dolomite are recognized on the basis of color
contrast. These include (i) dark grey colored dolomite (Dol. I)
and (ii) light grey colored dolomite (Dol. II; Fig. 3d, e). The
latter locally occur next to each other. Furthermore, pore-filling,
coarse to very coarse crystalline calcite mostly occurs in Dol. L.
It is notable that white calcite (WC) post-dates matrix, dark grey
colored dolomite (Dol. I; Fig. 3f). In addition to two phases of
matrix dolomite, yellowish-white colored dolomite cement
phase (saddle dolomite (SD)) mostly occur as veins and vug
fillings in the matrix dolomite (Fig. 4a—d). This dolomite ce-
ment mostly occurs in the pore spaces of dark grey colored
dolomite (Dol. I; Fig. 4a, b). In addition, vug-filling dolomite
cement (SD) also occurs in light grey colored dolomite (Dol. II;
Fig. 4c). On the basis of surface texture, it is noteworthy that
dark grey colored, replacive matrix dolomite (Dol. I) exhibited
coarse crystalline affinity as compared to light grey colored
dolomite (Dol. II; Fig. 4).

The average thickness of majority of dolomite cement (SD)
veins is 3 cm, although veins as thick as 10 cm are also ob-
served (Fig. 4e). It is observed that vein-filling dolomite cement
mostly originated from vug-filled dolomite cement, since these
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dolomite pockets are the main source from which majority of
white dolomite veins radiate, diverge/spread, and follow
existing fracture pattern (Fig. 4d, e). Cross-cutting relationship
and pore fillings within the white dolomite, which gives brown-
ish appearance on weathered surface, indicate that late stage,
white calcite post-dates white dolomite cement (Fig. 4d, e).

In addition to the above mentioned diagenetic phases, other
distinct features observed in the study area include brecciation,
dolomite-filled burrows, and stylolites (Figs. 3d, g and 4d).

Petrography and mineralogy
Petrographic observations

Microscopic examination of precursor limestone, various
dolomite, and calcite phases were performed to establish
a detailed paragenetic sequence of various diagenetic
phases in relation to field observations. In order to achieve
this objective, conventional, cathodoluminescence, and
back-scattered electron microscopy was carried out on
the selected thin sections. Dolomite phases are differentiated
on the basis of shape and size of crystals using the classifica-
tion scheme of Sibley and Gregg (1987).

The studied sections display oolitic limestone, medium
to coarse crystalline dolomite (Dol. I), fine to medium
crystalline dolomite (Dol. II), pore-filling, coarse crystal-
line SD cement, first phase of white calcite (WC-I), second
phase of white calcite (WC-II), and transparent calcite (TC),
respectively. Moreover, other diagenetic alterations that in-
clude dedolomitization, brecciation, and stylolites are also ob-
served in the studied rocks.

i. Limestone

The studied oolitic limestone texture ranges from wackestone
to grainstone. It is evident that initial phase of calcite cement
(Cal. I) mostly bordered oolitic grains (Fig. 5a). The oolitic lime-
stone is intensely fractured and contained calcite cement (Cal. 1)
that post-date dolomite cements (Dol. 1?; Fig. 5a). Bedding-
parallel stylolites are observed in the studied limestones.

ii. Replacive dolomite

Dolomitization process mostly obliterated the primary sed-
imentary structures of the host limestone but rarely preserved
oolitic structures (Fig. 5b). The sharp contact between the host
limestone and the dolomite observed in the outcrop is found
also at the thin section scale (Fig. 5¢).

Medium to coarse crystalline, planar dolomite (Dol. I)

Euhedral to subhedral, medium to coarse crystalline,
and planar dolomite (Dol. I) forms the first phase of
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Fig. 3 Field observations
showing the distribution of
dolomite geo-bodies. a
Panoramic view of bedding-
parallel dolomite bodies in the
study area. Inset shows the close-
up view of interbedded dark grey
colored dolomite and off-white
colored limestone. b, ¢ Sharp
contact between dark grey
colored dolomite and white
colored limestone. d, e Sharp
contact between dark grey
colored dolomite (Dol. I) and
light grey colored dolomite (Dol.
1). f Pore-filling white calcite
(WC-]) in dark grey colored
dolomite (Dol. I). g In light grey
colored dolomite (Dol. II),
fracture-filled white calcite (WC-
I) cementing dark grey colored
dolomite (Dol. I) brecciated clasts

dolomitization (Fig. 5a, b). Such replacive phase was
initiated from the fractures in the host limestone,
followed by complete replacement (Fig. Sa, b). In addi-
tion, sharp contact between the host limestone and Dol.
I is observed (Fig. 5c). Dol. I also show sharp contact
with the second phase of dolomitization (Fig. 5d) and
exhibited cloudy cores surrounded by clear cemented
rims (Fig. 5Se, g). Intercrystalline pore spaces and frac-
tures are mostly filled by white calcite (Fig. 5f, g),
whereas late stage vugs are mostly occluded by coarse
crystalline, nonplanar dolomite termed as saddle type

(SD; Fig. 5e). Selective dedolomitization of Dol. I
emerged from the interaction of initial phase of calcite
with the Dol. I, which resulted in the partial alteration
of bordered dolomite as observed in Fig. 5g, whereas
the core remained unchanged (Fig. 6g, h). In addition,
initial corrosion may have led to the complete dissolu-
tion of the pre-existing dolomite crystals, which may
contribute toward the porosity enhancement of these do-
lomite bodies (Fig. 6g). Late stage percolation of calcite-rich
fluids resulted in the brecciation and cataclastic deformation of
Dol. I (Fig. Sh).
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Fig. 4 Field observations of
dolomite bodies. a, b Pore-filling
yellowish white colored dolomite
cement (SD) in dark grey colored
dolomite (Dol. I). Close-up view
of the pore-filling dolomite
cement in dark grey colored
dolomite (Dol. I). ¢ Vug fillings of
brownish weathered colored
saddle dolomite (SD) in light grey
colored dolomite (Dol. II). d
Large vug partially cemented by
saddle dolomite and then filled by
white calcite (WC-II) post-dates
already filled dolomite cement
(SD) in matrix dolomite (Dol. I). e
White calcite (WC) vein post-
dates fracture-filled dolomite
cement (red arrow) vein in matrix
dolomite (Dol. 1)

e

Fine to medium crystalline, planar to nonplanar dolomite
(Dol. II)

Pervasive planar to nonplanar dolomite (Dol. II) displays
sharp contact with the initial phase dolomite (Dol. I; Fig. 5d).
This dolomite phase shows marked textural difference (i.e.,
fine crystalline and nonplanar) from the initial phase of dolo-
mite Dol. I (Fig. 5d). This replacive dolomite phase (Dol. II)
occurred before the initial stage of calcite emplacement as
calcite mostly occurs as veins and fracture fillings in Dol. 1T
(Fig. 3g). In addition, both replacive dolomite phases pre-date
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calcite cement phases (Fig. 6a). Pore-filling SD cement is
mostly in contact with Dol. I and Dol. II (Fig. 6f).

i. Dolomite cement
Pale-yellow coarse crystalline SD

Milky white to pale-yellow coarse to very coarse crystal-
line, curve-shaped dolomite (SD) mostly occurs as pore-filling
cement in the earlier discussed dolomite phases (i.e., Dol. 1
and Dol. II; Fig. 4a, b, d). Where vuggy porosity was present
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Fig. 5 Photomicrographs
showing the petrographic
description of studied limestone
and dolomite. a Initial phase of
matrix dolomite pre-dates late
stage calcite cementation in
oolitic limestone. b Inherited
oolites preserved in the
dolomitized limestone. ¢ Back-
scattered electron microscopic
observations show clear contrast
between dark grey colored
dolomite and light grey colored
limestone. d Coarse crystalline
dolomite (Dol. I) exhibiting sharp
contact with fine crystalline
dolomite (Dol. II). e Coarse
crystalline, planar dolomite
(Dol. 1), note that borders are
partly calcitized (vellow arrow).
f, g Cathodoluminescence
petrography showing calcite
fillings in intercrystalline pore
spaces of coarse crystalline
dolomite (Dol. I) whereas close-
up view of the intercrystalline
calcite cement. h Back-scattered
electron microscopic studies
showing dolomite clasts (Dol. I)
in white calcite (WC)

SEl  20kV WD19mm SS50

100pm

Dol. 1

BEC 10kV WD9mm  SS51 x430 S0pm

in the matrix dolomite (Dol. I and Dol. II), saddle dolomite =~ The outlines of these dolomite crystals are not always well
crystals largely occupy these open spaces (Figs. 4c,d and 6e, f).  defined due the partial replacement or assimilation by WC-I.

Where the dolomite is in contact with calcite, it commonly Some centimeter-sized elongate irregular “curve-shaped”
consists of corroded boundaries of dolomite crystals (Fig. 6g).  pale-yellow dolomite crystals (CSD) are in contact with
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Fig. 6 Petrographic observations
of the dolomite rocks. a
Limestone-dolomite sharp
contact, whereas late calcite
cements (WC-I and WC-II) post-
date early dolomite cement. Red
arrow shows stylolite post-dating
calcite cements. b Dodecahedral
grains of pyrite (red arrow)
pushed apart by white calcite
(WC-I). ¢, d White calcite (WC-I)
post-dating dolomite cement
(Dol. II). Late stage telogenetic
calcite (TC) marks the last
diagenetic event of the
paragenetic history. e Irregular
contact between coarse crystalline
dolomite (Dol. I) and coarse
crystalline dolomite (SD). f Sharp
contact between fine crystalline
dolomite (Dol. II) and coarse
crystalline dolomite cement (SD).
Furthermore, white calcite (WC-
1I) filled intercrystalline pore
spaces in SD. g, h Plane polarized
(PPL) and CL photomicrograph
showing calcitized dolomite
(white and red arrows) in WC-I,
whereas late stage calcite (WC-1I)
post-dates these early phases.
Dissolution porosity is evident as
dolomite crystals dissolved out
(vellow arrow)

replacive coarse crystalline dolomite (Dol. I) and fine to me-
dium crystalline dolomite (Dol. II; Fig. 6c, d). Such very
coarse crystalline dolomite consists of planar to nonplanar,
coarse crystalline dolomite that shows undulose extension
characteristic of saddle dolomite (Fig. 6e; Radke and Mathis
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1980; Searl 1989). These crystals developed here symmetri-
cally along the openings within the matrix dolomite Dol. I and
Dol. II. The long axes of these crystals are commonly perpen-
dicular to the wall with the matrix dolomite, but at contacts
between the coarse crystalline dolomite and the matrix
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dolomite, they form curvilinear semi-spherical or rosette-like
aggregates (Fig. 4c, d). The curve-shaped outline in two di-
mensions may relate to the saddle-like nature of these crystals
(Fig. 6f). Commonly, the curve-shaped crystals are composite
and grade into massive coarse crystalline dolomite SD
(Fig. 6f). Bedding-parallel stylolites cross-cut the curve-
shaped dolomite, outlining the contacts between the different
dolomite types. From the description above, it is clear that the
SD locally appears as a cement product.

ii. Calcite phases

Three phases of calcite cement are recognized that mostly
occur as pore filling and associated with faults, fractures,
and vugs. Out of these three calcite phases, two distinct
calcite phases are differentiated on the basis of cleavage or
deformational twining characteristics that include (i) multi-
directional cleavage-twinned calcite (WC-I) and (ii) unidi-
rectional cleavage-twinned calcite (WC-II; Fig. 6¢c, d).
Various authors contributed toward the understanding of
paleostress estimation using cleavage-twinned calcite
(Lacombe 2010; Lacombe et al. 2007; Ferrill et al. 2004,
Gonzales-Casado and Garcia-Cuevas 1999). In the present
studies, above mentioned technique helped in discerning two
distinct calcite phases (WC-I and WC-II). Multidirectional
twinned calcite (WC-I) mostly pre-dates unidirectional
twinned calcite (WC-II; Fig. 6a, h).

First phase of calcite cementation (i.e., WC-I) chiefly oc-
cludes intercrystalline pore spaces within the Dol. I (Fig. 5f,
g). Subsequently, dedolomitization of the outer rimmed dolo-
mite is more frequent as compared to the core of the dolomite
crystals (Fig. 6h). In addition, brecciated clasts of Dol. I in the
WC-I indicate late stage origin (Fig. 5h). It is observed that
dodecahedral crystals of pyrite up to 2 mm in diameter oc-
curred along the margins of pore-filled calcite (WC-I; Fig. 6b).
The second phase of calcite cement (WC-II) largely occurs as
pore fillings in SD, whereas matrix dolomites (Dol. I and IT)
also contain such calcite as veins and fracture fillings (Fig. 6d,
f). Based on cross-cutting relationship, WC-II post-dates WC-
I and matrix dolomite (Fig. 6h). Furthermore, late stage TC
post-date all the calcite and dolomite phases (Fig. 6d).

Mineralogical studies

Back-scattered electron microscopy (BSEM) in conjunction
with energy-dispersive X-ray spectrometry (EDX) helped in
differentiating calcite, dolomite, and other diagenetic minerals
(Fig. 7a). As discussed in the earlier section, limestone, dolo-
mite, and calcite are differentiated on the basis of color con-
trast. Furthermore, EDX studies revealed that light grey color
represents calcite engulfing dark grey colored brecciated do-
lomite clasts (Fig. 7b). In addition, Fe-bearing dodecahedral

minerals (possibly pyrite) are associated with initial stage of
calcite WC-I (Fig. 7c).

Dolomite stoichiometry

According to Reeder (1991), the crystal lattice of an ideal
dolomite is composed of alternating layers of Ca and Mg,
separated by layers of carbonate ions that represented stoi-
chiometrically as Ca Mg(CO3),. Powdered dolomite samples
were analyzed for X-ray diffraction studies in order to deter-
mine the stoichiometry of the dolomite. The composition of
the analyzed samples of dolomite mostly ranges between 75
and 100 % dolomite, and the Ca content varied between 49.2
to 51.5 mol% CaCOs; (Table 1).

Isotope geochemistry
Stable isotope analyses

A total of 37 samples were selected for stable isotope analyses
(5"%0 and 5'C) from various studied sections (Table 1).
Selected samples include limestone and various diagenetic
phases of calcite and dolomite described in the preceding sec-
tion. In order to correlate the stable isotope results of the study
area with known seawater isotopic signatures of the middle
Jurassic carbonates in the region, stable isotopic signatures of
the brachiopod and belemnite samples analyzed from Kachch
mainland (western India) were reported. These show that iso-
topic signatures of carbonates precipitating from Callovian-
Bajocian seawater range from —2.8 to —1.8%o 5'%0 V-PDB
and +0.0 to +1.8%o 5'>C V-PDB, respectively (Fiirsich et al.
2004). Stable isotope signatures of the host limestone show
depleted 5'®0 values (=5.2 to —4.8%o V-PDB), whereas 5'°C
values ranging from +0.5 to +1.2%0. V-PDB (Fig. 8). Such
depleted 5'%0 values indicate that the host limestone is
effected by diagenetic fluids and/or affected by higher temper-
atures as compared to the ambient temperature of the host
rock.

Various diagenetic phases (i.e., replacive dolomite, cement
dolomite, white calcite cement, and transparent calcite) pos-
sess distinct isotopic signatures, which reflect to their origin in
relation to different diagenetic conditions. First phase of dolo-
mitization (Dol. I) shows a less depleted oxygen isotopic sig-
natures (—5.84 to —3.91%0 V-PDB), whereas carbon isotopic
values (+0.6 to +2.37%o0 V-PDB) are within the limit of the
carbonate marine seawater signatures (Fig. 8). Second phase
of dolomitization (Dol. II) exhibited depleted oxygen values
(—10.18 to —6.14%0 V-PDB) and slightly depleted carbon iso-
topic signatures (—0.4 to +1.77%. V-PDB), respectively
(Fig. 8). In addition, pore-filling, dolomite cement (SD) shows
highly depleted oxygen isotope values ranging from —12.17 to
—12.43%o0 V-PDB, while carbon isotope values are within the
limits of marine carbonates (i.e., +1.2 to +1.6%0 V-PDB,;
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Fig.7 BSEM and EDX studies of dolomite and calcite phases. a, b Dark
grey colored brecciated dolomite of Dol. I in white calcite (WC-I). EDS
studies confirm the elemental composition of the brecciated dolomite and

Fig. 8). Furthermore, first phase of calcite cement (WC-I)
displayed even more depleted 5'*0 values (i.e., —13.59 to
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Fig. 8 Detailed paragenetic sequence of the studied dolomite bodies
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white calcite (WC-I). ¢ Pyrite infillings (white colored dodecahedron) in
calcite

—12.94%o V-PDB), although 5'>C values (+0.6 to +1.4%o V-
PDB) are within the range of marine carbonate signatures
(Fig. 8). The second phase of calcite cement (WC-II) present-
ed relatively less depleted 5'*0 values (—8.56 to —6.94%o V-
PDB), whereas &'C values range from +0.5 to+1.1%o V-PDB
(Fig. 8). However, last phase of calcite cement (TC) displayed
less depleted §6'%0 and 6'°C values, respectively (i.e., —4.42
and —2.18), suggesting near-surface meteoric origin.

Reservoir characterization

In order to determine the effect of dolomite development
(phases) on petrophysical properties, standard helium porosity
and Klinkenberg permeability measurements were performed
on the selected plugs representing various diagenetic phases. In
the studied carbonate successions, modifications in reservoir



Arab J Geosci (2016) 9: 405

Page 13 of 18 405

properties resulted from the mineralogical readjustment and
mechanical alterations. Dolomitization on the one hand con-
tributed toward porosity enhancement, but occlusion of pore
spaces also resulted from dolomite cementation. First phase of
dolomite (Dol. T) possesses intercrystalline porosity, which
ranges from 5.68 to 10.33 % and permeability ranges up to
8.97 mD (Fig. 9). Brecciation, cataclastic deformation, and
dissolution associated with dedolomitization of Dol. I may
further enhance the porosity/permeability of such dolomite.
The second phase of dolomite (Dol. IT) exhibited interlocking
pattern/fabrics and contained lesser porosity and permeability
values as compared to Dol. I (Fig. 9). Dol. II shows that po-
rosity values vary from 2.25 to 4.56 %, whereas permeability
values range from 0.05 to 1.21 mD. As evidenced, fracture
intensity is higher in the replacive dolomite as compared to
precursor limestone, which also contributes toward porosity
enhancement. Anyhow, such fracture distribution is not ob-
served on the plug scale.

Coarse crystalline, pore-filling dolomite (SD) largely oc-
curs as vug-filling cement. Saddle dolomite frequently has
occluded the pore spaces in the above mentioned replacive
dolomite (i.e., Dol. I and Dol. II) and thus decreased the po-
rosity and permeability (Fig. 9). At the field observation scale,
macroscopic pores are specifically filled by SD cement
(Fig. 4d). Porosity occlusion related to calcite infilling, where
two phases of white calcite (WC-I and WC-II) mostly destroy
the pore system. Likewise, late stage transparent calcite
further contributes in the porosity reduction of the replacive
dolomite (Fig. 9).

Dolomite samples with high porosity but low permeability
frequently have cemented veins, although macro-pores are
still present. The precipitation of various calcite and dolo-
mite cements has filled the veins and possibly has reduced
permeability considerably, whereas most of the matrix
pores remained open.

The presence of various diagenetic products has greatly
affected the petrophysical properties of the studied carbonates.
Replacive dolomitization, brecciation, cataclastic deformation,
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L —
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z o L :
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Fig. 9 Stable isotope signatures (O/C) showing depleted oxygen isotope
signatures of different dolomite and calcite phases, whereas late stage
calcite exhibited depleted carbon signatures. Note that Jurassic marine
carbonate signatures are given as blue box

and dissolution have increased significantly the reservoir prop-
erties, whereas dolomite and calcite cementation reduced po-
rosity and permeability of the studied carbonates.

Discussion

The study area has experienced multiple episodes of tectonic
deformation after the deposition of middle Jurassic car-
bonate successions. This includes the rifting associated
with seafloor spreading during the early Cretaceous,
followed by compression-related tectonics due to the
subduction of Neo-Tethys oceanic crust during middle to late
Cretaceous. Lastly, impact of Indian plate with the Kohistan-
Island Arc (i.e., lower Paleocene), and subsequently followed
by Indian and Eurasian plate collision during early Eocene,
resulted in the present-day configuration (Chatterjee et al.
2013; Burg 2011; Chatterjee and Scotese 2010; Khan et al.
2009; Ali and Aitchison 2008; Van der Voo et al. 1999;
Reuber 1986). In addition, the tectonostratigraphic framework
indicates that these shallow water carbonate platform deposits
experienced burial from the late Cretaceous to early Eocene
when collision of the India-Eurasia resulted in the uplifting of
the area (Ahsan and Chaudhry 2008).

All the E-W oriented thrust faults found in the study area
are the splays of the NE-SW Haro Thrust. It is evident that
Samana Suk Formation (middle Jurassic) is thrusted over
the Cretaceous Kawagrah Formation along most of these
E-W trending splay thrusts (Fig. 1). These E-W oriented
thrust faults may have provided pathways to Mg-rich
fluids from the underlying siliciclastics (Chichali and
Lumshiwal Formations) or from deep basinal fluids into
the overlying studied carbonate successions. Multiple pulses
of Mg-rich fluids may have been responsible for the relevant
dolomite phases.

Diagenetic evolution and paragenetic sequence

A detailed paragenetic sequence of various diagenetic events
has been established on the basis of field observations in con-
junction with petrographic study (Fig. 10). The sharp
limestone-dolomite contacts mostly cross-cutting stratifica-
tion and sedimentary structures (bedding-parallel stylolites)
suggest a late origin for the dolomites (Fig. 3¢). Various gen-
erations of dolomite facies indicate multiple pulses of the
dolomitizing fluids. Above mentioned E-W oriented splay
faults provided pathways to Mg-rich fluids to accumulate
first phase of medium to coarse crystalline dolomite Dol.
I, followed by the formation of fine to medium crystalline
dolomite (Dol. II). Furthermore, bedding-parallel stylolites
(BPSs) documented in the replacive dolomite show burial
conditions, which is also supported by the documentation
of coarse to very coarse crystalline, nonplanar dolomite
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Fig. 10 Porosity-permeability studies of different dolomite phases showing porosity increase in matrix dolomite, whereas saddle dolomite exhibited low

porosity-permeability values

that contains subhedral to euhedral crystals, showing
undulose extinction (typical of saddle dolomite; Fig. 6e).
Later, reactivation of faults resulted in the upwelling of
calcite-rich fluids that resulted in white colored, dull orange
luminescent calcite cement (WC-I) and caused intense brecci-
ation of Dol. I (Fig. 3g). Possible explanation for the fragments
to be “floating” would imply the involvement of very high fluid
velocities, to render medium to coarse crystalline (millimeter to
centimeter) dolomite fragments “buoyant” and an extremely
rapid crystallization to “freeze” them in their floating position
(Fig. 3g). Likewise, post-dolomite calcite cementation resulted
in coarse crystalline, dull orange luminescent calcite (WC-II).
On the basis of above mentioned observations, burial-
associated phases include (i) SD, (ii) white calcite (WC-I),
and (iii) white calcite (WC-II). The occurrence of dodecahedral
crystals of pyrite up to 2 mm in diameter along the margins of
pore-filled calcite suggests that some sulfidic fluids circulated
in the system before the emplacement of WC-I (Fig. 6b). At the
end of diagenetic history, late stage fracture- and vein-filling
transparent, nonluminescent calcites post-date all the diagenetic
phases and exhibit meteoric condition of formation (Choquette
and James 1988; Niemann and Read 1988; Meyers 1991;
Reeder 1991).

Stable isotope analyses of the host limestones close to the
dolomites show depleted 5'%0 values as compared to the
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original marine signatures, implying recrystallization during
dolomitization (Fig. 8). First phase of replacive dolomite (Dol.
I) represents relatively less depleted 5'*0 signatures as com-
pared to Dol. II, suggesting that Dol. II may have formed at
relatively increased temperature as compared to Dol. 1
(Fig. 8). The reported 5'>C values of such replacive dolomites
(Dol. I and Dol. II) are not far from the original marine signa-
ture of the host rocks (i.e., middle Jurassic); thus, the carbon
isotopic composition of the dolomitizing fluids likely was
buffered by the host rock. Furthermore, dolomite (SD)
and calcite (WC-I and WC-II) cements also exhibit highly
depleted 5'%0 values. More depleted oxygen isotopic trend
of dolomite cement SD (i.e., —12.17 to —12.43%0 V-PDB)
may suggest that the fluids originated from greater depths
with higher temperatures than the replacive dolomitizing
fluids. Furthermore, various dolomite phases reveal a
broad range of d'®0O values (i.c., between —12.43 and
—3.91%0 V-PDB), which is consistent with multiphase do-
lomitization and dolomite recrystallization (Nielsen et al.
1994). All the observed diagenetic phases show deviation
toward negative oxygen-isotope signatures, and increased
temperature is the likely source of depleted 5'O values.
Late stage calcite shows depleted 5'°C values and may be
interpreted as resulting from late telogenetic-diagenetic cal-
cite fluids (Fig. 8).
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Multiphase dolomitization model

In order to incorporate the tectonic history, field observations,
petrographic studies, and isotopic signatures, it is argued that
dolomitization occurred during Cenomanian-Ypresian time
(i.e., after the deposition of Kawagarh Formation and before
the Indian-Eurasian plate collision). This is because of the fact
that similar dolomitization is also observed in the overlying
middle Cretaceous Kawagarh Formation (Shah et al. submit-
ted), whereas late dolomite and calcite phases are associated
with hydrothermal realm (before uplift related to Indian-
Eurasian collision). In particular, initial phase of dolomitiza-
tion (Dol. I and Dol. II) resulted from the activation or reacti-
vation of regional fault (i.e., Haro Thrust) and its splays in the
study areas, which provided pathways for Mg-rich
dolomitizing fluids from the deeper source. This is followed
by further burial of the carbonate succession, which is evi-
denced by the presence of BPSs in the replacive dolomite,
saddle dolomite, and dull orange luminescent calcite phases
pre- and post-dating saddle dolomite. In the second stage,
reactivation of faults resulted in the upwelling of hot and mo-
bile calcite-rich fluids causing cataclastic deformation of Dol.
I (Figs. 4d and 10). There are two possible sources of

Fig. 11 Conceptual diagenetic
model of the dolomite bodies in
studied middle Jurassic platform
carbonates

Maragala Hill Limestone

dolomitizing fluids, which include (i) burial-associated
compactional dewatering of the dolomitizing fluids from
deep basinal siliciclastics (i.e., Datta, Chichali, and
Lumshiwal Formations) along the NE-SW trending Haro
Fault and (ii) deep-sourced, Mg-rich hydrothermal fluids
(Fig. 11). Furthermore, uplifting associated with
continent-continent collision is manifested by the presence
of transparent calcite representing meteoric recharge (Fig. 10).

Reservoir characterization

In general, the texture of the precursor limestone, dolomitizing
fluid composition, and duration of dolomitization are the main
factors that control the extent of dolomitization; thus, dolomi-
tization may create, preserve, or diminish porosity depending
on these stated parameters (Lucia and Major 1994). These
different geometries suggest that the porosity, permeability,
and mineral composition of the host limestone play an impor-
tant role in the distribution, shape, and geometry of the dolo-
mite geo-bodies (Murray and Lucia 1967; Bullen and Sibley
1984).

In the studied rocks, dolomite phase distribution controlled
porosity evolution, which is evidenced by significantly high-
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porosity and high-permeability values in the Dol. I (3.47 to
10.33 % and 1.36 to 8.97 mD), whereas Dol. II exhibited
relatively lower porosity-permeability values (i.e., 3.14 to
4.56 % and 0.05 to 1.21 mD), respectively. This indicates that
intercrystalline and fracture porosities, followed by cataclastic
deformation, contributed toward high-porosity values in Dol.
I, whereas low-porosity values of Dol. II and saddle dolomite
are due to their interlocking nature of dolomite crystals
(Fig. 8). In contrary, saddle dolomite exhibited relatively
higher-permeability values as compared to Dol. II, and it
may be due to the fact that interconnected pore spaces are
clogged by early stage white calcite WC-I (i.e., before saddle
dolomite emplacement). Diagenetic alterations also contribut-
ed toward porosity enhancement in the replacive dolomites. In
addition, dissolution, brecciation, and/or cataclastic deforma-
tion greatly enhanced the petrophysical properties of studied
dolomites (Fig. 3g). Conversely, late stage calcite and dolo-
mite cementation reduced the porosity and permeability.
Higher fracture intensity is observed in dolomite which post-
dates dolomitization.

Conclusions

Present study aims to investigate excellent exposure of fault-
controlled bedding-parallel dolomite bodies in the middle
Jurassic Samana Suk Formation, southern Hazara basin
(NW Pakistan). On the basis of field observations, petrograph-
ic and mineralogical studies, isotopic analyses, and porosity/
permeability studies of the above mentioned dolomite geo-
bodies, following main points are deduced:

1. A comprehensive paragenetic sequence is established,
which helped in understanding the diagenetic evolution
of the various studied dolomite and calcite phases. Initial
phase of replacive dolomitization (Dol. I and Dol. II)
resulted from upwelling of hot Mg-rich fluids along
the activated and/or reactivated splay faults of Haro
Fault. Late phase of dolomitization emanated in SD.
This is followed by the intense brecciation of Dol. I
due to calcite-rich fluids and resulted in white calcite
cement WC-I, followed by corrosion and dedolomitization
of replacive dolomite. Finally, another episode of calcite
cement (WC-II) post-dated calcite and dolomite phases. It
is pertinent to mention that BPSs, calcite cement phases
(WC-I'and WC-II), and dolomite cement (SD) represented
burial conditions. Late stage uplifting resulted in the for-
mation of transparent calcite veins representing meteoric
origin.

2. On the basis of O/C stable isotope signatures, Dol. Il may
have formed at relatively increased temperature as com-
pared to Dol. I, whereas fluids responsible for the forma-
tion of dolomite and white calcite cements emanated from
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deep-buried conditions. Furthermore, the carbon isotopic
composition of the dolomitizing fluids likely was buffered
by the host rock. Besides, calcite (WC-I) and dolomite
cement (SD) cements exhibit highly depleted 5'*O values
as compared to calcite (WC-II). The stable isotope
analyses reveal a broad range of 5'*0 values mainly
between —12.43 and —3.91%. (V-PDB) and justify
multiphase dolomitization. All the observed diagenetic
phases show deviation toward negative oxygen-isotope
signatures, and increased temperature is the likely reason
to explain the depleted 5'*0 values. Other depleted &'°C
values may be interpreted as resulting from late telogenetic
calcite phase.

3. Conceptual dolomitization model suggests that multi-
phase dolomitization occurred in three phases. Initially,
replacive dolomite (i.e., Dol. I and Dol. II) resulted in
the reactivation of faults, followed by burial resulted in
formation of SD and compactional dewatering of calcite-
rich fluids along the NE-SW trending Haro Fault, and its
E-W trending splays resulted in the accumulation of WC-I
and WC-II. Finally, uplifting resulted in the precipita-
tion of calcite related to meteoric origin. The major
contributor to the dolomitizing fluids is probably deep
basinal siliciclastic, in which the trapped marine water
is the likely source for Mg-rich dolomitizing fluids.
Other possible source can be deep-seated hydrothermal
fluids circulated along the reactivated faults.

4. Replacive dolomitization, brecciation, and dissolution
mostly contributed in the increase of porosity and perme-
ability, but dolomite and calcite cementation adversely
affected the reservoir behavior of the studied dolomite
rocks.
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