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JlnareHeTHYeCKH M3MEHEHHbIe KapOOHAThl HanOosee MPEACTABUTENbHBI CPEN TOPHBIX MOpoj. MHoro-
(ha3Has TOITOMUTH3AIMS — HAHOOJIee PacIPOCTPAHEHHBIH 13 ATUX MporeccoB. CpeaHEIOPCKUE KapOOHATHI CBUTHI
Camana Cyk (CCMC) HHTEHCHBHO JIOJIOMHTH3UPOBAHEI B pa3pe3e Kaxu B npenenax 6accetina Huzammyp. ['mas-
HOH IeJIbI0 HACTOSIIIIETO MCCIIEI0BAHNS SIBISIETCS H3ydIeHHE STOI MHOTO(A3HO JOTOMUTH3AINHN 1 OIIPE/ICIICHUE
€e BO3BMOXKHBIX MeXaHM3MOB. [loieBble nccieoBaHus BKIIIOYAIOT KaK BMEIIAIONINE M3BECTHSKU (OOIHMTOBBIC,
coJieprKallye NCKOMIaeMble OCTaTKH U MacCHUBHBIE), TaK M JJOJIOMUTHL. J[OJIOMUTOBBIE Tella 3aleraroT Kak mapai-
JIETBHO CIOUCTOCTH, TaK M MEPECEKAIOT €€. YCTAHOBICHBI PA3IMYHBIE THIIBI JOIOMUTOB Ha OCHOBE LIBETOBBIX
KOHTPACTOB: TEMHO-CEpbIe 3amMernaroniie 1o1oMuTsl (RD), cBeTiIo-cepbie JOTOMHUTEI, KOPHIHEBATHIE U )KEITOBA-
ThIe JosoMHTEL [ToMmMo 3amentatomeli (asbl, B ITOJIEBBIX YCIOBUSX TAKKEe OIPEACIICHBI 3aII0JHECHUE ITYCTOT U
TPEILHH, IEMEHTHUPYIOIIIE CeIOBUAHBIE 10oMUTHI (SD) 1 nementupyromue kanbuurossie Teaa (CC).

[erporpaduyeckue uccien0BaHus TOKA3BIBAIOT CIOXKHYIO nuareHeTHdeckyro ucroputo CCMC ot npu-
HOBEPXHOCTHOTO JIMareHe3a, BKII0Yasi MUKPUTU3ALMIO, HEOMOP(DH3M, a TAK)KEe HECKOJIBKO CIEAYIOIIMX PAa3HO-
BHIHOCTEHN 10710MHUTOB. RD1 — OT OueHb MenKko- 10 Menko3epHucToro, RD2 — ot cpenne- 1o rpybo3epHHCTOTO,
OT TUnuAnOMOpdHOTro 10 KceHomophHoro, RD3 — ot rpybo- 10 o4eHbp rpy003epHUCTOTO IUIaHAPHBIH ayTo-
MopdHbIH, 30HaMBHEIN, RD4 — rpy6o3epHUCTHI ayToMOpdHBIH 10 rumuuoMopdHoro xenesucroro. Kpome
TOTO, IEMEHTHPYIOIINE CEUIOBUIHBIE TOJIOMUTEI SD 00pa3yroT KpyHmHbBIE KPHUCTAJUIBI, H30THYTBHIC T'PaHU C
BOJIHHCTBIM ToracanueM. LlemenTupyrommue kanbunToBbie Gasel Bkimouaor: CCl — rpaHyssipHbI MO3auyHbIH,
CC2 — nBoitnukoBbli, CC3 — 3anonustomuii Tpemmusl, CC4 — 5kene3ncThli KalabLuT.

3Ha4yeHust cTabUIBHBIX H30TOIOB u3BecTHsIKA (8180: 0T —7.13 %o 10 —0.73 %0 V-PDB u 813C: ot —0.05 %o
10 1.32 %o V-PDB) yka3bIBaioT Ha JEMIETHPOBAHIE OTHOCHTEIBHO IOPCKOM MOPCKOT curHatypsl. MHOTO(a3-
ubie 1ooMutbl RD1-RD4 u 3uauenust st SD (8'80: o1 —8.65 %o 10 —3.16 %o 1 6'3C: —3.56 %o 10 +2.09 %o0)
yKa3bIBalOT Ha MHOro(asHyr nonomurusaimio. 3HadeHus st C1-C3 (8'%0: ot —11.07 %o 10 —8.97 %o u 8'3C:
ot —2.14 %o 10 +0.76 %o) yKa3bIBalOT Ha BBICOKO JEIUICTUPOBAHHBIC 3HaUYeHUs 380 U COOTBETCTBYIOT THIPO-
TEpMaIbHOMY UCTOYHHKY.

[Tonessle, neTporpaduueckue U reOXMMHYECKUE JaHHBIE MO3BOJAIOT CAENAaTh BBIBOJ YTO BO3MOXKHBIM
HCTOYHHKOM MarHUSI JUISl THAPOTEPMATIBHBIX JOIOMHUTOB ObllIa aKTHBAIIXS PA3IIOMOB U TPEIIHH BO BPEMST aKTHB-
HBIX TEKTOHHYECKHUX JIBIDKEHHUH B PETHOHE, YTO MOXKET OBITH CBS3aHO C aKTUBALMEH W PEaKTUBAIHEH CHCTEMBI
HaaBuros Kaxu.

Honomumei, ceuma Camana Cyk, cpedHas opa, nempozpagus, cmaduivhvle u30monwvl

DETAILED INVESTIGATION OF DOLOMITES IN THE MIDDLE JURASSIC SAMANA SUK FORMATION,
KAHI SECTION, NIZAMPUR BASIN, NW HIMALAYAS, PAKISTAN

A. Kamal, M.M. Shah, H.U. Rahim, T. Zafar, R. Khalil, M. Shahzeb

Diagenetically modified carbonate rocks are more common in the rock record. Among these modifica-
tions, multiphase dolomitization is the most common process. The Middle Jurassic carbonates of the Samana
Suk Formation are extensively altered by the dolomitization process in the Kahi section, Nizampur Basin. The
primary objective of this study is to investigate this multiphase dolomitization and to elucidate its possible
mechanism.

Field investigation shows both host limestone (oolitic, fossiliferous, and massive) and dolomites. Dolo-
mite bodies are of both beddings: parallel to and crosscutting the bedding planes. Different types of dolomites
were recognized on the basis of color contrast as dark gray replacive dolomite, light gray dolomite, brownish
dolomite, and yellowish dolomite. Along with the replacive phase, void- and fracture-filling cementing saddle
dolomite and cementing calcites are recognized in the field. Petrographic studies show the complex diagenetic
history of the Samana Suk Formation from near-surface diagenesis, including micritization, neomorphism, and
several varieties of dolomites. These varieties are as follows: RD1 is very fine- to fine-grained dolomite; RD2
is medium- to coarse-grained and anhedral to subhedral dolomite; RD3 is coarse- to very coarse-grained and
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planar euhedral zoned dolomite; and RD4 is coarse-grained euhedral to subhedral ferroan dolomite. In addi-
tion, cementing saddle dolomite SD consists of large crystals with curved faces showing sweeping extinction.
Cementing calcite phases are as follows: CC1 is granular mosaic; CC2 is twin; CC3 is fracture-filling; and CC4
is ferroan calcite. The stable isotope values of limestone (880 is —7.13 to —0.73%o0 V-PDB, and '3C is —0.05 to
1.32%0 V-PDB) show depletion with respect to the Jurassic marine signature. The values of multiphase dolo-
mites RD1-RD4 and SD (8'30 is —8.65 to —3.16%o, and 3'3C is —3.56 to 2.09%o) indicate multiphase dolomiti-
zation. The CC1-CC3 values (5'30 is —11.07 to —8.97%o, and 8'3C is —2.14 to 0.76%o) indicate highly depleted
values of 3'80, showing hydrothermal origin. From field, petrography, and geochemistry data, it is deduced that
a possible source of Mg for hydrothermal dolomites is activation of faults and fractures during active tectonic
regime in the area and might be related to activation and reactivation of the Kahi Thrust system.

Dolomites, Middle Jurassic, petrography, stable isotopes, Samana Suk Formation

INTRODUCTION

Mineral dolomite is a double carbonate of calcium and magnesium having a rhombohedral crystal struc-
ture (Sibley and Gregg, 1987; Gregg et al., 2015). De Dolomieu in 1791 (de Dolomieu et al., 1981) was the first
to discover and describe the rock as chiefly consisting of mineral dolomite. Mineral dolomite is the essential
constituent of carbonate rocks bearing the identical name “dolomite.” The chemical formula of dolomite is
CaMg(CO,),. Well-ordered stoichiometric dolomite consists of 50% mineral dolomite and 50% mineral calcite
having alternate layers of Ca*~COj —Mg2—CO3 —Ca" (Machel and Mountjoy, 1986; Warren, 2000).

The mineral gains much attention, because dolomite hosts most of the hydrocarbon reservoirs and eco-
nomic minerals, e.g., Mississippi Valley-type Pb and Zn deposits (Warren, 2000; Navarro-Ciurana et al., 2023).
More than 50% of the whole world carbonate reservoirs are made up of dolomite (Zenger et al., 1980; Davies
and Smith, 2006; Sharp et al., 2010). The processes of dolomitization are still an enigma amongst carbonate
geologists (Morrow, 1982; Land, 1985; Machel and Mountjoy, 1986; Hardie, 1987; Budd, 1997; Arvidson and
Mackenzie, 1999; Warren, 2000). During the past few decades, the origin of the mineral dolomite has remained
a topic of intense debate amongst geoscientists. Most of present researchers agree on the secondary origin of
dolomite and suggest that massive dolomites formed from the replacement of precursor limestone and rarely
exist in nature as primary precipitated dolomite (Dickson, 1990; Morrow, 1990; Purser et al., 1994). In dolomi-
tization processes, the precursor limestone is replaced by dolomite owing to the interaction of host rock with
fluids of varying compositions in different diagenetic realms (Land, 1985; Machel and Mountjoy, 1986; Hardie,
1987; Vasconcelos and McKenzie, 1997; van Lith et al., 2002; Machel, 2004; Gasparrini et al., 2006; Dewit et
al., 2012, 2014; Martin-Martin et al., 2013, 2015; Rahim et al., 2020, 2022). Fluids that are responsible for
dolomitization are considered to be normal marine water (Saller, 1984; Carballo et al., 1987; Mazzullo, 2000),
modified marine water (Baker and Kastner, 1981), marine water mixed with meteoric waters (Land, 1972;
Magaritz et al., 1980; Cander, 1994), marine water mixed with salt brines (Meyers, 1991), and lacustrine water
mixed with basinal brines (Machel, 2004). Most of these secondary dolomite bodies are either vertical or bed-
ding-parallel and/or are mostly associated with some major faults (Nader and Swennen, 2004; Nader et al.,
2007; Shah et al., 2010, 2012, 2016; Swennen et al., 2012; Dong et al., 2013; Navarro-Ciurana et al., 2016;
Koeshidayatullah et al., 2020).

The Samana Suk Formation (SMSF) is present in the outcrops of the Nizampur Basin, Kala Chitta Range,
Margala Hill Range, Hazara Basin, Salt Range, and Trans-Indus Range. The formation also contains dolomites
in the Hazara Basin (Shah et al., 2016, 2020; Rahim et al., 2020, 2022; Shahzeb et al., 2024). However, there
is no study of the dolomites of the Nizampur Basin. The proposed research aims to describe the types of dolo-
mite and its formation mechanism through field, petrography, and isotopic study of a well-exposed succession
of the Middle Jurassic SMSF in the Nizampur Basin, NW Pakistan. We identify the occurrence and distribution
of dolomite and relative timing of different dolomite phases and propose a dolomitizing model for the Middle
Jurassic SMSF.

GEOLOGIC SETTING

The Kabhi section lies in the Nizampur Basin (Fig. 1). It is a part of the Himalayan fold-and-thrust belt
situated in the foothill of the northwestern Himalayas of Pakistan (Fig. 1a). In the north, the Nizampur Basin is
bounded by the Attock-Cherat Ranges and the Peshawar Basin (Fig. 15; Burbank, 1982; Yaseen et al., 2021;
Salam et al., 2024). The northeastern side of the Nizampur Basin is bounded by the Kherimar Hills and the
Gandghar Ranges (Fig. 1a; Talent and Mawson, 1979). The Attock-Cherat Ranges surround the Nizampur Ba-
sin on the southern side and combine with the Kala Chitta Ranges (Yeats and Hussain, 1987). On the western
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side, it is bounded by the Kala Chitta Hills. The Main Boundary Thrust (MBT) defines the southern boundary
of the basin and thrusts the rocks of the Kala Chitta Ranges over the Kohat Plateau (Fig. 15; McDougall et al.,
1993; Salam et al., 2024).

The movement along these two major thrusts caused intense compressional deformation and shortening
in the study area due to its presence near the MBT (Fig. 15; Ghauri et al., 1991). The majority of the strati-
graphic units in the study area are folded and thrusted. Owing to this intense deformation, the local-scale thrust
faults and various large and small local-scale folds are also observed (Fig. 1¢).
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Fig. 1. a — Regional tectonic lines delineating different tectonic features; b — regional tectonic map of the
NW Himalayas (modified after (DiPietro and Pogue, 2004)).

1 — Cambrian succession; 2 — Mesozoic succession; 3 — Potwar Plateau; 4 — Western Pakistan fold belt; 5 — Higher Himalayan
metasediments; 6 — Higher Himalayan igneous rocks; 7 — Naran Swat area metasediments; § — Kashmir Tethys; 9 — Kohistan Arc
Complex; /0 — a — confirmed fault; b — inferred fault; /7 — geologic contact. The study area is marked with a red star. MFT — Main Frontal
Thrust; MBT — Main Boundary Thrust; JT — Jhelum Thrust; MCT — Main Central Thrust; ¢ — Google Earth image showing different
tectonic features of the study area. The measured section is marked with the box.
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Fig. 2. The stratigraphic column of the Nizampur Basin, modified after (Shah, 2009).

1 —oolitic limestone; 2 — dolomitic limestone; 3 — argillaceous limestone; 4 — nodular limestone; 5 — sandstone; 6 — shale; 7 — carbonaceous
shales; 8 — marl; 9 — siltstone; /0 — unconformity.

Stratigraphically, the Nizampur Basin represents rocks of Triassic, Jurassic, and Paleocene age (Fig. 2).
By the mid-Mesozoic, the northwestern edge of the Indian Plate had been submerged within the Neo-Tethys
Ocean, and this area was an important depocenter for carbonate deposition (Fig. 2; Kazmi and Jan, 1997). The
Middle Jurassic epoch represents a time span for widespread carbonate deposition in shallow ramps and epeiric
seas. This time span predominantly developed in the growth of shallow ooidal-peloidal banks in the Neo-Te-
thys Ocean (Al-Mojel et al., 2018). Such conditions in the Nizampur Basin in the Middle Jurassic (Bathonian—
Callovian) time resulted in the deposition of the SMSF.

The formation is composed of gray to dark gray limestone with subordinate marl and shale intercalation.
Limestone is mostly oolitic, which is the diagnostic feature of formation. In the studied outcrop, the formation
is 104 m thick. The formation has a lower unconformable contact with the Jurassic sandstone of the Datta For-
mation and the upper unconformable contact with Cretaceous shales of the Chichali Formation (Fig. 2).

METHODS

The reconnaissance field work was carried out in the Nizampur Basin to study the dolomitization behav-
ior and its intensity in the SMSF. The Kahi section in the Nizampur Basin was selected based on its accessibil-
ity, excellent outcrop exposure, and high intensity of dolomitization. In the detailed field studies, the formation
was thoroughly examined and sampled from bottom to top. Fifty-six fresh samples of dolomites and limestone
were collected from a 104-m-long section. Sampling was carried out based on textural and lithologic variations
and the diagenetic features. Photography of sedimentary and diagenetic features was also carried out. Diluted
HCI was used in the field to identify and differentiate limestone and dolomites. Finally, a samples description
log was prepared, and the samples were brought to the laboratory.
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The rock samples were cut in the lab, and slabs were prepared. For microscopic analysis, twenty-six rep-
resentative samples were selected for thin sections. Thin sections were prepared in the lab of the Hydrocarbon
Development Institute of Pakistan (HDIP). The Dickson (1966) method for staining was applied on the pre-
pared thin sections. Alizarin Red-S and potassium ferricyanide were used for the staining purposes. With the
help of staining, various calcite and dolomite phases were differentiated. Moreover, the crosscutting relationship
and texture information were obtained. Thin sections were examined using a conventional polarizing micro-
scope (Olympus CX31 with a DP-21 camera) at Quaid-i-Azam University (Islamabad).

For stable carbon and oxygen isotope analysis, different types of dolomite and calcite samples were taken
with the help of a dental drill. Isotope analysis was carried out in the Isotope Application Division of Pakistan
Institute of Nuclear Science and Technology (Islamabad). About 20 mg powder 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) connected to a Finnigan MAT 252 mass spectrometer. The dolomite isotopic composi-
tion values were corrected by the fractionation factors given by Rosenbaum and Sheppard (1986).

RESULTS

Outcrop observations revealed alternate beds of limestone and dolomites having variable thickness
(Fig. 3a). Limestone beds are hard and compact, having off-white to grayish fresh color (Fig. 3b). Dolomite and
limestone are differentiated on the basis of color appearance, brittle behavior, and effervescence intensity of the
HCI test. Dolomitization in the SMSF varies from completely dolomitized and partially dolomitized to nondo-
lomitized limestone (Fig. 3¢).

At several places, within the same bed half the bed is dolomitized, and half the bed is remaining nondo-
lomitized (Fig. 3¢). At some places, precursor limestone is completely overprinted by dolomitization. No evi-
dence of preservation of the original fabric and primary structures was found in the field (Fig. 3d, e). The con-
tact between limestone and dolomite is represented by the dolomitizing front, which is usually irregular and
wavy (Fig. 4a).

Both matrix and cementing dolomites are studied in the field. Cementing dolomite is mainly of saddle
type showing typical baroque appearance and has positive relief from the surrounding rocks (Fig. 4b). Saddle
dolomite is relatively coarse-grained, off-white in color. In the field studied saddle dolomite is characterized by
yellowish weathered color and white fresh color (Fig. 4e, f).

Two types of calcite are identified in the field. These calcites are pore-filling cementing white calcite
(Fig. 4a, d) and fracture-filling calcite (Fig. 4b). The white calcite is mainly associated with saddle dolomite
(Fig. 4d), while fracture-filling calcite is crosscutting the stratification (Fig. 4b).

Stylolites are also abundant in the studied formation. Stylolites are found both in dolomite and limestone
units (Fig. 3d, e). Both bedding-parallel and inclined stylolites are observed (Fig. 3e); however, the majority of
stylolites are bedding-parallel (Fig. 3d, e). Pyrite mineral black in color is also found in association with stylo-
lites and white calcite (Fig. 4c).

Petrography. The limestones of the SMSF are micritic, oolitic, and peloidal (Fig. Sa—d) with different
types of dolomites (both fabric-preserving and fabric-obliterative) (Figs. 5, 6). Dolomites are classified on the
basis of crystal size (very fine, fine, medium, and coarse), crystal texture (equigranular or inequigranular), crystal
distribution (tightly or loosely packed, patches, isolated, and floating). Dolomite crystals are further classified into
planar and nonplanar, euhedral and anhedral, and unimodal and polymodal (Figs. 5, 6; Randazzo and Zachos,
1984; Sibley and Gregg, 1987).

On the basis of microscopic study, four different replacive dolomites are recognized. Along with the re-
placive dolomite phase, one cementing saddle dolomite and two calcite phases are identified (Figs. 5, 6).

REPLACIVE DOLOMITE PHASES

Fine-grained matrix-selective dolomite RD1 is composed of anhedral to subhedral crystals 20—40 pm
in size (rarely up to 60 pm) (Fig. 5e). Crystals of RD1 dolomite are usually free of inclusions. RD1 dolomite is
fabric-obliterative and destroys the original rock fabric. Crystals are tightly packed and interlocked. RD1 dolo-
mite lacks intercrystalline porosity owing to tight packing and interlocking of fine crystals. Secondary porosity
present in the form of fractures, vugs, and molds is filled completely by cementing saddle dolomite SD (Fig. Se).

The crystals of medium- to coarse-grained matrix-selective subhedral dolomite RD2 are nonplanar
subhedral. The crystal size ranges from 250 to 350 um (Fig. 5f). RD2 dolomites are mostly fabric-obliterative.
Crystals of RD2 dolomites are interlocked with curved intercrystal surfaces. In cross polarizing light, RD2 dis-
plays sharp extinction. RD2 crystals contain small inclusions and display cloudy appearance (Fig. 6a).

Coarse-grained planar euhedral zoned dolomite RD3 mostly consists of clear planar euhedral to sub-
hedral crystals (Fig. 6b—d). The size of RD3 crystals ranges between 500 and 1000 um. RD3 shows mosaic
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Fig. 3. Field photographs of the Kahi section showing exposures of the Samana Suk Formation (SMSF).

a — Panoramic photograph of the SMSF showing the orientation of beds with limestone and dolomite beds; b — oolitic limestone, which
is typical of the formation; ¢ — dolomite, limestone, and partially dolomitized limestone beds; d — brown dolomite crosscut by stylolite;
dolomite types are separated by these stylolites; yellow arrow indicates the bedding-parallel stylolite; e — different types of dolomites;
yellow arrow indicates the bedding-parallel stylolite; /' — contact between dolomite and partially altered limestone. The alterations are
mainly due to dolomitization.
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Fig. 4. Detailed field photographs of the Kahi section showing dolomites and other main diagenetic
features:

a — dolomitizing front of wavy and irregular nature; b — saddle dolomite showing large crystal size and baroque appearance; ¢ — pyrite
mineralization showing rusty black appearance represented by the green arrow; d — white pore-filling calcite in contact with the saddle
dolomite represented by the orange arrow; e — veins of saddle dolomite following the weak planes in the lithology; f— parallel veins of
coarse-grained saddle dolomite are indicated by the yellow arrow.

textures of coarse-grained euhedral dolomite. Most of RD3 dolomites are zoned with a clear distinction from
rim to core (Fig. 6¢). The crystal cores and rims both have inclusions and display sharp extinction under cross
polarized light. This type of dolomite is characterized by unimodal crystals. RD3 dolomites have intercrystal-
line porosity. The pores between the crystals are healed by brown iron oxides/pyrite (Fig. 6¢).

Euhedral to subhedral ferroan dolomite RD4 is represented by coarse-grained euhedral to subhedral
crystals (Fig. 6e, f). The crystals show mosaic texture. The crystals are inclusion-rich. Staining with K-ferricy-
anide and Alizarin Red-S helps to identify the ferroan variety of dolomite (Fig. 6f). RD4 crystals show strong
extinction in cross polarized light. RD4 dolomite is a fabric-preserving variety, and original limestone fabric is
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preserved. There is intercrystalline porosity in RD4; however, the intercrystalline porosity is filled with matrix
material (Fig. 6f).

Saddle dolomite SD occurs as coarse- to very coarse-grained cementing dolomite and usually fills the pore
spaces (Fig. 7a). The crystals are very large and range from 1000 to 5000 pm (Fig. 7a, b). The crystals are non-
planar, having typical curved boundaries (Fig. 7a, b). Under cross polarizing light, SD displays undulous sweep-

ing extinction (Fig. 7a, b).

Stylolite

e

Fig. 5. XPL photomicrographs showing the diagenetic phenomenon in the SMSF:

a — micritic limestone with solution-enhanced pore spaces shown by the blue dye; b — oolitic limestone packed with fine-grained cement.
CCl1 is the marine phreatic cement, and CC3 is fracture-filling calcite cement. ¢ — Limestone with peloidal texture. The fine-granular mosaic
calcite cement (CC1) and bedding-parallel stylolite are also present; d — syntaxial calcite cement CC2 replacing the peloidal grains; e — very
fine-grained dolomite RD1 in contact with saddle dolomite; f— medium- to coarse-grained fabric-obliterative dolomite RD2. Black pyrite
crystals are also visible.
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CALCITE CEMENTS

Fine crystalline calcite CC1 occurs as small anhedral crystals. CC1 has small to medium crystal size.
CCl1 forms equigranular mosaics within the allochems (Figs. 5b, 7¢). Stained with Alizarin Red-S and potas-
sium ferricyanide, CC1 appears pink (Fig. 7¢). CC1 mostly forms druses of euhedral crystals. CC1 completely
fills vuggy porosity.

Fig. 6. Photomicrographs showing different dolomite phases.

a — Coarse-grained subhedral replacive dolomite RD2; b — coarse-grained planar euhedral zoned dolomite RD3. The crystals are perfectly
formed and floating in the matrix. The zoned crystals have distinctive cores and rims. ¢ — Detailed view of perfectly formed euhedral
crystals of RD3; d — stained thin sections showing RD3 not influenced by Alizarin Red-S; e — euhedral crystals of ferroan dolomite; f—
subhedral crystals of ferroan dolomite crosscut by fracture-filling calcite.
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Twin white calcite CC2 has very large crystal size. The crystals are usually twinned with clear cleavage
planes. The size of individual crystals exceeds 2000 um (Fig. 7d, f). Twin calcite occurs in vugs, fractures, and
veins of both dolomite and limestone.

Fracture-filling calcite CC3 is pink if stained with Alizarin Red-S. The crystals are small as compared
to CC2. However, the size of an individual crystal ranges from 500 to 1000 um. CC3 predates CC4, as observed
in the crosscutting relationship (Fig. 7c¢).

Fig. 7. Photomicrographs showing different diagenetic phases.

a — Saddle dolomite SD with large nonplanar crystals ranging in size from 1000 to 5000 pm; crystals are showing sweeping extinction in
cross polarized light. SD is in contact with RD1. o — SD with curved crystal faces in a stained thin section. SD is in contact with host limestone
affected by the staining. ¢ — Different generations of calcite cements differentiated on the basis of staining. CC3 predating the CC4. CC4 is
ferroan in nature, identified on the basis of blue staining color. ¢ — View of a crosscutting relationship between CC2 and CC4; e — pyrites.
Pyrite crystals are euhedral. f— Detailed view of brown pyrite of cubic crystal habit. The pyrites are in contact with SD and CC2.
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Table 1. Stable C and O isotope values of calcite Ferroan calcite CC4 mainly occurs as ce-

and dolomite phases menting calcite. Stained ferroan calcite shows pur-
No. Sample code Phase 513C, %o 5180, %o ple color (Fig. 7c, e). Ferroan calcite has large crys-
(V-PDB) (V-PDB) tal size and usually occurs both in vugs and
: ANS3 RDI 010 a7 fr'actures, rgducmg s:ec.ondar.y porosity. Ferrqan cal-
cite occurs in association with saddle dolomite and
2 ANS-6 RD3 2.07 ~7.56 pyrites (Fig. 7e).
3 ANS-8 RD3 107 697 Other significant diagenetic features (sty-
4 ANS-13 RD2 —221 —7.15 lolites and pyrites) were also recognized. Stylo-
5 ANS-18 RD2 -3.56 ~7.26 lites are found in abundance in the formation. The
6 ANS-20 Lst 0.06 -5.20 presence of stylolite is an indication of chemical
7 ANS-24 RD4 1.76 -8.65 compaction. Two different generations of stylolites
8 ANS-28 RD4 2.09 832 are observed in petrographic study, i.e., older low-
9 ANS-29 cc2 20.08 1098 ampliFude stylolitc?s and younger .high—amplitude
10 ANS-34 cc2 187 _11.07 stylolites crosscutting eaph qther (Figs. 5c, 6e., 7b).
" ANS.39 o 14 10,05 Pynte nqmerahzahon is very common in Fhe
formation. Pyrites are mostly found as the replacive
12 ANS-43 Lst -0.05 -7.13 .
phase and mostly replace the dolomite crystals. The
13 KS-4A Lst 132 073 pyrite crystals are large, ranging in size from 200 to
14 KS-4B RD1 021 —3.16 500 um (Fig. 7e, f). The crystals are brown to black
15 KS-4C a3 0.74 -8.51 and are mostly found in association with saddle do-
16 KS-5 SD 0.50 -8.83 lomite and white calcite. In addition, large pyrite
17 KS-6 SD 0.05 ~10.00 framboids are observed (Fig. 7).
18 KS-8 SD 0.30 1073 Stable C and O isotopes. The 5!3C and §'%0
19 KS-11 cC3 056 897 values of various dolomite and calcite phases are
20 KS-12 3 076 076 listed in Table 1. Samples of different diagenetic

phases show a wide variation of 313C and 6'%0 val-
Note. The standard deviation of each measurement of 33C and 8'*0  ues from Jurassic seawater indicative of diagenetic
is %0.1%o. alteration in different environments (Fig. 8, Ta-

ble 1). The isotopic values are compared with the
known Jurassic signatures of Al-Mojel et al. (2018). The limestone 6'*C values range from —0.05 to 1.32%o
V-PDB, and the §'30 values range from —7.13 to —0.73%o0 V-PDB, showing depletion with respect to the Juras-
sic marine signature. The RD1 §13C value is —0.19%0 V-PDB, and 8!80 is —7.56%0 V-PDB. The RD2 $!3C
values ranging from —3.56%o V-PDB to —2.21%0 V-PDB and the 6'30 values ranging from —7.26 to —7.15%o
V-PDB show depleted signatures of both carbon and oxygen. RD3 dolomite has 3!3C values ranging from
1.07%o0 V-PDB to 2.07%0 V-PDB and 6'80 values of —7.56%0 V-PDB to —6.97%0 V-PDB, showing depletion in
oxygen isotope values.

RD4 dolomite has 6!3C values which range from 1.76 to 2.09%0 V-PDB and 38!%0 values which range
from —8.65 to —8.32%0 V-PDB, showing depletion in oxygen isotope values. Saddle dolomite SD has 3!3C val-
ues of 0.05 to 0.50%0 V-PDB and 6'80 values which range from —10.73 to —8.83%o V-PDB, showing depletion
in oxygen isotopic values indicative of high temperature.

Cementing calcite CC2 has 6'3C isotopic values ranging from —2.14 to —0.08%o V-PDB and 4!80 values
of —11.07 to —10.05%0 V-PDB, showing the highest depleted values of 6'80. Fracture-filling calcite CC3 has
d13C values ranging from 0.56 to 0.76%0 V-PDB and 3'80 values of —9.76 to —8.97%. V-PDB, showing de-
pleted values of 6'%0 indicative of its formation from hot fluids. The §'%0 and 6!3C cross plot of various dolo-
mite and calcite phases is shown in Fig. 9.

DISCUSSION

Paragenetic sequence. The SMSF carbonates of the Nizampur Basin have complex diagenetic history
from its deposition to burial and uplift (Fig. 10). On the basis of field observations and petrographic studies, a
detailed paragenetic sequence of the SMSF was established. The diagenetic stages like early, intermediate, and
late are relative in nature, deduced on the basis of the crosscutting relationship among different phases, as re-
ported in (Qing and Mountjoy, 1989, 1994; Chen et al., 2004; Machel, 2004; Dong et al., 2013; Rahim et al.,
2020, 2024).

The near-surface diagenesis usually occurs in marine and meteoric conditions, which includes micritiza-
tion, neomorphism, and dissolution of carbonate grains of the SMSF, as reported in (Rahim et al., 2020, 2022,
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Fig. 8. Lithologic log of the SMSF showing dominant lithology as well as types of dolomites and their
relative percentages within the sedimentary layers. The relative percentage of dolomite is developed
based on the field and petrographic studies. The field and petrographic images showing different types of
dolomites.

1 — oolitic limestone; 2 — dolomite; 3 — shale; 4 — fossiliferous limestone; 5 — bioclasts; 6 — ooids; 7 — gastropods; 8 — peloids.

2024; Rizwan et al., 2023; Shahzeb et al., 2024). This early marine diagenesis is also reported in the current
study (Figs. 6a—d, 10). The diagenetic events predate mechanical and chemical compaction (Figs. 5c, 7b).
Micritization is considered the earliest phase of diagenesis, which starts soon after the deposition of sediments
(Swei and Tucker, 2012; Rizwan et al., 2023). The process is usually governed by the endolithic algae and
bacteria (Rizwan et al., 2023).
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The near-surface diagenesis is followed by episodes of shallow marine cementation. The shallow marine
and meteoric conditions usually result in the formation of calcite cements within the framework grains (Rizwan
et al., 2023; Shahzeb et al., 2024). The initial calcite cement in the SMSF is granular mosaic cement CCl1,
which represents typical meteoric-water conditions (Fig. 5b, ¢; Swei and Tucker, 2012). During these meteoric
conditions, the formation of RD1 also occurs. The small size and subhedral shape of RD1 crystals demonstrate
the conditions which are not of very high temperature (Montafiez and Read, 1992). Instead, they represent the
high supply of Mg. The main source of this huge Mg amount might have been modified seawater, as reported
in (Montafiez and Read, 1992; Kirmaci et al., 2018; Rahim et al., 2020).

The initial cementation event is followed by the shallow burial conditions, which resulted in the forma-
tion of syntaxial calcite cement and mechanical compaction of the grains (Fig. 5S¢, d).

Early shallow marine diagenesis of the SMSF is followed by replacive and cementing phases of dolomites
and calcites. The first phase of replacement dolomites RD1 occurs as very fine- to fine-grained anhedral dolomite
(Fig. Se). RD1 replacement dolomite is followed by medium- to coarse-grained anhedral to subhedral dolomite
RD2. The cooccurrence of medium- to coarse-grained replacement dolomite RD2 with fine-crystalline dolomite
RD1 indicates that replacive dolomite RD2 formed from recrystallization of earlier formed replacive dolomite
RD1 (Figs. 5f, 6a; Nader et al., 2007; Dong et al., 2013; Koeshidayatullah et al., 2020).

Replacive dolomites RD1 and RD2 are followed by the burial conditions which resulted in the formation
of multiepisodic stylolites, as evidenced by the field and petrographic studies. Bedding-parallel stylolites usu-
ally indicate the burial-related chemical compaction of the lithology, and it is dominant in the carbonate rocks
(Figs. 3d, e, 5c, 7b; Dong et al., 2013; Rahim et al., 2020). The fact that these stylolites are found in the dolo-
mites clearly indicates that earlier dolomites formed prior to the stylolitization of the carbonate succession
(Fig. 3d, e).

Coarse-crystalline syntaxial calcite CC2 fills the cavities formed in replacive dolomite RD1 (Fig. 74, f).
The syntaxial nature, due to the presence of cleavage planes, demonstrates that they were affected by the
stresses related to the burial processes (Walker et al., 1990). RD3 and RD4 dolomites formed owing to burial-
related processes. Their euhedral crystal shape demonstrates that they formed with the fluids highly saturated in
Mg for a sufficient amount of time (Fig. 6¢—f; Lind, 1993; Mountjoy and Amthor, 1994; Qing and Mountjoy,
1994; Duggan et al., 2001). The ferroan nature of RD4 also shows that Fe was in abundance during its forma-
tion. Iron concentration is usually high in the reducing conditions, which suggests their formation during the
burial-related processes (Kirmaci et al., 2018).
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Fig. 9. Cross plot of stable C and O values of different diagenetic phases. Blue box indicates the isotopic
values of Jurassic seawater (Al-Mojel et al., 2018). Red arrow pointed toward depleted 630 values is
indicative of high temperature. Yellow arrow pointed toward depleted 6!3C values is indicative of possible
meteoric influx.
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Fig. 10. Detailed paragenetic sequence of the SMSF carbonates in the Kahi section, Nizampur Basin.

The last burial diagenetic phase of the SMSF resulted in the formation of saddle dolomite SD owing to
Mg-rich hydrothermal fluids percolating in the unfilled pore spaces of previous dolomitization phases (Fig. 4b).
Saddle dolomite usually indicates the high temperature of its formation, as reported in (Gasparrini et al., 2006;
Dong et al., 2013; Koeshidayatullah et al., 2020; Rahim et al., 2022).

In the uplift phases, fracture-filling calcite CC3 and ferroan calcite CC4 formed (Figs. 7c, d, 10). The
steep-angle crosscutting relationship suggests that they formed during the last stages of the paragenetic se-
quence (Fig. 10). The steep-angle fracture-filling calcites are also found in the Paleogene succession and are
related to the post-Eocene Himalayan orogeny (Rahim et al., 2024).

In the last uplift phase, replacive pyrite framboids formed. The typical cubic nature demonstrates the
dysoxic conditions with abundant supply of sulfur (Liu et al., 2019). This is usually due to thermochemical
sulfate reduction in the late burial diagenetic conditions. However, this sulfur might also be supplied owing to
high-pressure conditions in tectonically active zones (Jiang et al., 2018). As the study area is tectonically active,
it is deduced that the abundant sulfur was supplied owing to these overpressure conditions.

Mechanism of dolomitization. Detailed field observations and petrographic and geochemical studies of
the SMSSF show that dolomitization is a multiepisodic process and is demonstrated as follows.

Stage 1 includes the deposition of the host limestone, and early marine diagenetic events took place dur-
ing this time (Fig. 11a). Micritization, neomorphism, and formation of RD1 and CCI1 took place during this
stage, because their stable isotopic signature lies within the range of the original Jurassic marine signatures
(Fig. 9).

During stage 2 the host limestone was subjected to shallow burial conditions by the ongoing deposition
of a sedimentary package over the host limestone (Fig. 11a). This is supported by the presence of RD2 in as-
sociation with RD1, because they are probably due to recrystallization of RD1. This stage is supported by the
stable oxygen isotope values of the limestone, which are slightly negative, indicating the limestone burial con-
ditions.

Activation of the fault took place during stage 3 (Fig. 11a). This stage includes formation of replacive
dolomites RD3 and RD4 in the host limestone; CC2 probably formed during this stage. The large crystal size
and strongly depleted 6'30 values of RD3, RD4, and CC2 indicate that fluids with high temperature were in-
volved in the formation of these dolomites and calcites. Also, these dolomites predate low-amplitude stylolite,
which indicates their formation prior to reaching a depth of 500—-600 m. The possible source of high-tempera-
ture fluid at such a shallow depth might be burial conditions, igneous activity, or a fault system (Gasparrini et
al., 2006; Martin-Martin et al., 2015). Therefore, the formation time of replacement dolomites that formed be-
fore low-amplitude stylolites is not in accordance with the burial-compaction model. Field observation and
tectonic history show no evidence of igneous activity in the study area. The absence of plutonic intrusions in
the study area indicates that the source of high-temperature fluids was not igneous activity. The only possible
source in the current scenario is the fault system present in the study area.

Stage 4. The faulting, nondepositional stage is followed by another stage of deposition of the Paleogene
succession in the study area (Figs. 2, 11a). Owing to this burial, the deep-seated fluids rich in Mg penetrated the
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Fig. 11. a — Model of evolutionary stages of the Nizampur Basin and the Kahi Mélange Complex, modified
after (Salam et al., 2024). This tectonic setup resulted in the formation of multiphase dolomites in the
SMSF. b — Block diagram showing the proposed dolomitizing model. Fault-related fluid flow is the main
contributor to dolomitization in the study area.
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pore spaces, and this resulted in the formation of saddle dolomite SD. The well-developed large crystal faces
and sweeping extinction demonstrate formation from the hydrothermal fluids. The depleted isotopic signatures
also support this hypothesis, and the ferroan nature of RD4 indicates burial conditions after the previous uplift-
ing and erosional stage.

Reactivation of the fault took place during stage 5 owing to collision of the Indian and Eurasian plates
(Fig. 11a). This stage includes calcite cement CC3 and CC4, along the fractures produced owing to this tec-
tonic activity. CC3 has depleted isotopic signatures, and CC4 is ferroan calcite indicative of the involvement of
high-temperature fluid in the precipitation of such cement. No evidence of stylolite crosscutting saddle dolomite
SD and CC3 and ferroan calcite CC4 is observed, suggesting their formation during the late stage of uplift-re-
lated processes.

The study area was in a compressional zone; therefore, it underwent intense deformation. The pre-Paleo-
cene deformation in the Attock-Cherat Ranges in the north of the study area caused intense deformation in the
study area prior to the deposition of the Paleocene succession. As a result of push from the north, the Jurassic
SMSF thrusted over Cretaceous successions. Possibly, the thrust system produced by pre-Paleocene deformation
(Kahi Thrust 1 and Kahi Thrust 2) provided pathways for deep-seated fluids to move upward and cause dolomi-
tization. Probably, the underlying siliciclastic sequence preserved fluids of marine nature, and, because of fault-
ing, these fluids moved up and caused dolomitization of the Samana Suk Formation (Fig. 11). Probably, the
activation and reactivation of the fault system contributed to providing fluids of different natures for multiphase
dolomitization (Fig. 105).

CONCLUSIONS

Field study of the SMSF indicates oolitic and micritic medium- to thick-bedded limestone, showing par-
tially to completely dolomitized beds. In some parts, half the limestone bed is dolomitized, and half is nondo-
lomitized limestone. The presence of partially dolomitized beds shows that dolomitization took place after the
deposition of the limestone units.

Petrographic study of the SMSF indicates four matrix-replacive dolomites and one cementing saddle
dolomite. These are fine-grained replacive dolomite (RD1), medium- to coarse-grained anhedral dolomite
(RD2), coarse- to very coarse-grained euhedral dolomite (RD3), and coarse-grained euhedral to subhedral fer-
roan dolomite (RD4). Cementing dolomite is saddle dolomite (SD). Calcite cements include fine-grained ce-
menting calcite CC1, twin calcite CC2, fracture-filling calcite CC3, and ferroan calcite CC4. The different sizes
and crystal shapes of the dolomites and calcites indicate multiphase dolomitization and calcitization.

The stable isotope values of limestone (8'20 is —7.13 to —0.73%0 V-PDB, and &3C is —0.05 to 1.32%o V-
PDB) show depletion with respect to the Jurassic marine signature. The values of multiphase dolomites RD1—
RD4 and SD (880 is —8.65 to —3.16%o, and 6'3C is —3.56 to 2.09%o) show multiphase dolomitization. The
CCI1-CC3 values (6'%0 is —11.07 to —8.97%o, and '3C is —2.14 to 0.76%o) indicate highly depleted values of
8'80, showing hydrothermal origin.

Petrographic and geochemical data on dolomite and calcite phases indicate multiphase dolomitization in
the SMSF. The first phase, which includes replacive dolomites RD1, formed during the meteoric processes.
RD2-RD4 formed owing to hydrothermal activity.

The fault and fracture system in the study area, including paleofaults, provided a pathway for the hydro-
thermal fluids to penetrate the succession and dolomitize the rocks. The possible source of fluids is from the
aquifers in the sandstone units directly lying below the SMSF.
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