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ABSTRACT 

 In Salt Range and Trans Indus Range (Pakistan), field observations in Jutana 

Formation (Cambrian) exhibits two main sub-divisions which includes; (i) the lower 

oolitic-pisolitic unit and (ii) upper massive dolomite unit. In the lower unit, dolostones 

containing ooids/pisoids and faunal assemblages are interlayered with whitish grey 

sandstone with distinct depositional sedimentary features (i.e., ripple marks, trough-, 

herring bone- and hummocky-cross bedding). The upper dolostone unit consists of thick 

bedded to massive dolostone. These two units are separated by shale beds.  

 Detail microscopic studies identified three distinct diagenetic phases containing; (i) 

fine crystalline dolomite (Dol. I), (ii) medium-coarse crystalline dolomite (Dol. II) and, (iii) 

fracture associated, coarse crystalline dolomite (Dol. III). Mineralogical analysis, which 

include X-ray powder diffraction (XRD) analysis identified the concentration of dolomite 

and quartz mainly in the studied formation. Based on stoichiometric calculations, dolomites 

of Jutana Formation are classified into two groups; fine crystalline dolomite (Dol. I), 

exhibits non-stoichiometric low ordered dolomites, while medium-coarse crystalline 

dolomite (Dol. II) and, (iii) fracture associated, coarse crystalline dolomite (Dol. III) are 

identified as stoichiometric ordered dolomites. Major and trace elemental studies exhibits 

high concentrations of Sr and Na with comparatively low values of Mn and Fe for Dol. I, 

whereas Dol. II and Dol. III represents high Mn and Fe contents with low Na and Sr 

concentration. Stable isotopes (δ18O) signatures denotes low values in fine crystalline 

dolomite (Dol. I). Furthermore, medium-coarse crystalline dolomite (Dol. II) and, (iii) 

fracture associated, coarse crystalline dolomite (Dol. III) represents high and more depleted 

values respectively. In addition, δ13C values of fine crystalline dolomite (Dol. I), medium-

coarse crystalline dolomite (Dol. II) and fracture associated, coarse crystalline dolomite 

(Dol. III) lie in the range of marine signatures. Results of strontium isotopes lies above its 

original marine signatures indicating interaction with radiogenic lithologies. Magnesium 

isotopes (δ25Mg and δ26Mg) result elucidates altered marine (mixing zone) and 

hydrothermal dolomitization origin for these dolomites. 

 In conclusion, above mentioned studies demonstrated that dolomites of Jutana 

Formation are formed in multi stages i.e. initially in mixing zone near surface shallow 

condition followed by hydrothermal dolomitization in intermediate to deep burial 

environmental setting in later stages. 
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PREFACE 

  The present thesis draft comprised of eight chapters, which include a first 

introductory chapter exhibiting introduction and main objectives of the present study. 

The second chapter consists of regional tectonic evolution of study area. In addition to 

this, detail stratigraphic architecture has also been described in that chapter. In third 

chapter brief description of various methodologies followed during field as well as in 

laboratory work are explained in detail. Chapter four contains detailed description of 

field observations and petrographic studies of the four studied sections. Chapter five 

deals with mineralogy, geochemistry and isotopic (C, O, Mg & Sr) signatures of studied 

dolomites. Chapter six presents detailed interpretation and discussion of the data 

described in chapter four, five and six. In the last, Chapter seven, conclusions of present 

study are explained in detail. The two research articles (Khan and Shah. 2019; Shah et 

al., in review) are attached as Appendix. I and Appendix. II respectively. Appendix. III 

comprised of conference articles presented at Dolomieu conference “Carbonate 

platforms and dolomite” in Silva De Val Gardena, Italy. Besides the above stated eight 

chapters and research articles, the XRD and major-trace geochemistry data are attached 

as Appendix. IV and Appendix. V respectively, whereas isotopes result is expressed in 

Appendix. VI. 
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XRD=X-ray diffraction 

WD-XRF= Wavelength Dispersive X-ray fluorescence technique 
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ICP-MS= Inductive coupled plasma mass spectrometry 
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BSEM= Back-scattered Scanning Electron Microscopic 

O/C-isotopes= δ18O/ δ13C isotopes 

Sr-isotopes= 87Sr/86Sr 

Mg-isotopes= δ25Mg & δ26Mg 

MKT= Main Karakoram Thrust 
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Dol. III= Coarse crystalline fracture filling dolomite 

M%= Mole percent 

V-PDB= Vienna Pee Dee Belemnite 
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Fig. 4.23 
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crystalline dolomite contains. Yellow and black arrows indicates the presence of glauconite 

and pyrite respectively. (B). Fracture filling, coarse crystalline dolomite (Dol. III) cross 

cutting medium to coarse crystalline dolomite contains. Cementation is observed in coarse 

crystalline, fracture filling dolomite (Dol. III), whereas porosity reduction is evident due to 

cementation. Back arrow exhibits the existence of pyrite infilling. Porosity is represented by 

blue arrow 
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CHAPTER 1 

1 INTRODUCTION 

1.1 BACKGROUND 

Limestone and dolostone form major carbonate rocks, which are dominantly 

composed of calcite and dolomite minerals respectively. In most of the cases, dolomites 

are formed by Ca-replacement by Mg within the calcite mineral lattice CaCO3. This 

ionic replacement also affects the mineral volume and crystalline form of the produced 

dolomite (Hsu, 1967; Braithwaite et al., 2004; Flügel, 2004). Furthermore, due to this 

replacement porosity increases, while mineral volume ultimately reduces (Braithwaite 

et al., 2004; Flügel, 2004).  Sometime pervasive dolomitization obliterates primary 

depositional features which ultimately reduce existing porosity and permeability by the 

process of cementation and overprinting which is called over-dolomitization, which is 

often associated with precipitation of late diagenetic calcite and/or anhydrite (Jones & 

Xiao, 2005). The reaction for modification of limestone to dolomite presented by Hsu 

(1967) is mentioned below;  

 

 

 

 

Dolomite rock comprises huge amount of the mineral dolomite. In addition, an 

identical arrangement of Ca and Mg, separated by layers of CO3 is found in ideal 

stoichiometric dolomites (Warren, 1989 &2000). Moreover, dolomite exhibits a 

mineral which includes chemical formula Ca Mg (CO3)2, while dolostone represents 

rock containing large proportions of the mineral dolomite (Lapponi, 2007). According 

to previous workers, dolomite formed at abnormal temperature (i.e., temperature > 

ambient temperature of host rock) is termed as hydrothermal dolomites (White, 1957; 

Machel & Lonnee, 2002; Shah, 2012). These workers further explained that 

hydrothermal dolomite introduce to host rock as emplacement with temperature 
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elevated from host rock. Furthermore, saddle type of dolomites exhibiting curved 

crystal faces with distinct wavy/undulose extinction typical of hydrothermal dolomite 

(Danna, 1955; Radke & Mathis, 1980; Gregg, 1983; Barber et al. 1985; Machel 1987; 

Searl, 1989; Kretz, 1992; Davies & Smith 2006). 

 Form crystallography point of view dolomite exhibits distinctive symmetry 

structure and is comprised of cations i.e., Ca2+ and Mg2+ with anions CO3
2- which lies 

perpendicular in the direction of c-axis (Warren, 2000; Machel, 2004). Furthermore, 

ideal dolomite indicates crystal lattice having continues layers of Ca2+ and Mg2+, 

detached by layers of CO3
2- which is classically denoted by a stoichiometric chemical 

composition of Ca Mg (CO3)2  with equal proportions of Ca and Mg (Warren, 2000; 

Fig. 1.1). According to Warren (2000) the formula (i.e., Ca (1+x) Mg (1-x) (CO3)2) exhibits 

dolomite crystals in a better way. In most cases dolomites are non-stoichiometric in 

nature and revealed enrichment in Ca substituting Mg (Tucker & Wright, 1990). In 

addition, Fe2+ ion can also replace Mg2+ in the crystal lattice (Tucker &Wright, 1990; 

Lapponi, 2007; Galluccio, 2009). Non-stoichiometric dolomites are less ordered than 

the stoichiometric dolomites and become stabilized during diagenesis (Lippman, 1973; 

Bathurst, 1975; Warren, 2000).  According to Lapponi (2007) & Galluccio (2009), in 

most cases due to an elevated amount of calcium emplacing Mg- layers dolomite 

departs from a stoichiometric structure. An excess of Mg- can also affects 

stoichiometric nature of dolomite less commonly. In addition, emplacement of cations 

(i.e., Fe, Sr, Na & Mn) for calcium resulted in non-stoichiometric nature in many 

dolomites (Galluccio, 2009). In ferroan dolomite, the possibility of occurrences of iron 

in concentrations up to 4-5 mole% is evident. Ancient dolomite exhibit an ordered 

character more than modern ones (Blatt, 1992; Purser et al., 1994).  
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Fig. 1.1. Stoichiometric dolomite structure representing systematic distribution of 

Mg and Ca in carbonates (modified from Warren, 2000). 

 

 In laboratory, it is impossible to form dolomite at sedimentary temperature-

pressure conditions from natural water (Purser et al., 1994; Land, 1998; Bontognali, 

2008). Like other diagenetic reactions the formation of dolomite occurs as a complete 

chemical wet process (Lapponi, 2007). Dolomitization reactions need Mg- from an 

external source and normal sea water is the only source which provides abundant Mg- 

for process of dolomitization. According to Land (1980 &1985) normal sea water 

generates Mg2+ for creating huge volume of sedimentary dolomites. Furthermore, 1290 

ppm Mg (0.052 mol 1-1), and 411 ppm Ca (0.01 mol l-1) giving a Mg/Ca ratio of 3.14 

by weight or a molar ratio of 5.2 characterize in normal seawater (Warren, 2000).  

Dolomites are rarely precipitated form modern seawater, due to this reason that 

dolomites are enormously saturated in sea water with 1-2 orders of magnitude.  

Sediments of recent marine carbonate with 40% porosity, 6.3 mol % MgCO3 need for 

about 650 pore volumes of seawater for dolomitization (Land, 1985). Furthermore, the 

volume required elevations up to 6500 pore volumes for seawater when seawater is 

diluted 10 times with surface meteoric water (Land, 1985). When seawater is 

evaporated then less volume of water is required for dolomitization. The amount of 

dolomite which is formed in the absence of an external source is very restricted and is 

addicted to the presence of elevated magnesium calcite. Burial process can also affect 

diagenetic brines formed from marine and meteoric waters and is supersaturated with 
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respect to dolomite. In addition, it shows undersatuarated behavior with respect to 

calcite. According to Rosenberg & Holland (1964), at elevated temperature the 

equilibrium of dolomite-calcite is converted to high Ca/Mg ratios and with progressive 

burial this ratio will increase the saturation level of dolomite with respect to that of 

calcite in solution. 

 Previous workers (Warren, 2000; Lapponi, 2007) described main kinetic factors 

which retard the formation of dolomite from supersaturated solution, including; (i) 

rapid crystallization rate of non-carbonate minerals from supersaturated solutions, (ii) 

in aqueous solution significant variation in hydration character of dolomite constituents 

ions leads towards precipitation of calcium-rich phases and, (iii) in most natural 

solutions with least concentration of CO3
-2

 comparatively to Ca2+ and/Mg2+ retard 

formation of dolomite.  Dolomitization also depends on speed of crystallization and 

rapid crystallization effect ions degree of order which prevent dolomitization process. 

According to Lippmann (1973 & 1982), supersaturation in seawater remains for long 

period of time without formation of dolomite  showed relative strength of electrostatic 

bond of the magnesium ion exhibits strength of electrostatic bond of Mg-ion for water 

(>20% for Ca). Less hydrated calcium carbonates are more easily emplaced into 

undergoing Ca-Mg carbonates and get sites in the Mg layers as well (Warren, 2000). 

Another important kinetic effect, related to the strength of the magnesium ion hydration 

sheath, is the inability of the carbonate ions to come in contact with the crystal surface 

breaking through the hydration barrier; only a part of the CO3
-2 in solution has sufficient 

energy of motion. Besides this, there are three main factors which play a vital role in 

crystal growth of dolomite (Morrow, 1988). These factors include Ca+2/Mg+2 ratio, the 

salinity and the CO3
-2/Ca+2 ratio (Fig. 1.2). Previous workers further explained that to 

minimize kinetic obstacles for dolomitization, normal seawater should be concentrated, 

heated, cooled, diluted, lowered sulfate contents and or with elevated ranges of CO3
-

2(Lippmann, 1973 & 1982). Temperature also plays a vital role in Ca-Mg equilibrium 

between calcite and dolomite (Fig. 1.3). 
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Fig. 1.2 Three main factors (i.e., Ca+2/Mg+2 ratio, salinity and CO3
-2/Ca+2) which play 

a vital role in crystal growth of dolomite (modified from Morrow, 1988). 

 

 

Fig. 1.3 Temperature based Ca-Mg equilibrium of calcite and dolomite (modified 

from Carpenter, 1980). 

 

 Dolomites has economic value as potential reservoir rock, although it remains 

complex in term of its precipitation and alteration kinetics to the present day (Warren, 

2000). Although, the dolomitization process involves vast diversity of natural waters 

comprising evaporated seawater, normal marine water, mixed marine and meteoric 

water (Hardie., 1987; Moore, 1989; Purser et al., 1994; Morrow, 1998; Machel, 2004; 

Bontognali et al., 2010). During diagenetic history of carbonate sediments, the 
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dolomitization processes can happen at any time. In addition, the dolomitization 

typically includes massive fluid movement associated with distinctive chemistry and 

temperature (Warren, 2000; Machel, 2004). Dolomites form as a result of carbonate 

diagenesis, and 50% of the identified petroleum (oil and gas) reservoirs are in dolomites 

(Zenger et al., 1980). The Ghawar oil field of Saudi Arabia is the biggest oil reservoir 

holding one-eighth of the world’s demonstrated reserves, taps the Khuff reservoir, 

which is composed of Permian limestones and dolostones of shallow shelfal realm 

(Cantrell et al., 2004). Moreover, reservoirs of Appalachian and Michigan basins of 

North America are comprised of dolomites (Keith, 1989). 

 

1.2 LITERATURE REVIEW 

1.2.1 Dolomite formation and problem in dolomitization  

 In geological record, dolomite is a common carbonate mineral. It is found rarely 

in modern carbonate environment, whereas it is regularly associated with microbial 

structures during Precambrian time (Galluccio, 2009). Due to dolomite exceptional 

occurrences in modern sedimentary settings and difficulty to synthesize in laboratory 

under normal temperature-pressure conditions, till today the formation of dolomite is 

poorly understood which is termed as “ the dolomite problem”  (Galluccio, 2009). 

Furthermore, “dolomite problem” is significant because of this reason that dolomite 

along with calcite is the most abundant carbonate mineral. Moreover, formation of 

dolomite occurs in a wide range of environmental settings (Adams & Rhodes,1960; 

Choquette & Pray, 1970; Badiozamani,1973; Land et al., 1975; Choquette & Steinen, 

1980; Dunham & Olson, 1980; Magaritz et al., 1980; Mattes & Mountjoy, 1980; Baker 

& Kastner, 1981; Mckenzie, 1981; Churnet et al., 1982; Kaldi & Gidman, 1982; 

Patterson & Kinsman, 1982; Zenger, 1983; Saller, 1984; Simms, 1984; Baum et al., 

1985; Gregg, 1985;  Randazzo & Bloom, 1985; Ward & Halley, 1985; Machel & 

Mountjoy, 1986; Carballo et al., 1987; Hardie, 1987; Machel & Mountjoy, 1987; 

Mitchell et al., 1987; Rao et al., 1987; Xun & Fairchild, 1987; Humphrey, 1988; 

Morrow & Rickett, 1988; Searl, 1988; Zenger & Dunham, 1988; Land, 1986 & 1989; 

Choquette & James, 1990; Greg & Shelton, 1990; Morrow et al., 1990; McKenzie & 

Mueller, 1990; Wallace, 1990; Braithwaite, 1991; Montanez & Read, 1992; Machel & 

Burton, 1994; Vasconcelos et al., 1995; Braithwaite & Rizzi, 1997; Wright,1997; 

Adams et al., 2000; Al-Aasm et al., 2000; Boni et al., 2000; Warren, 2000; Duggan et 

al., 2001; Qing et al., 2001; Wilson, 2001; Jones et al., 2002; Machel & Lonnee, 2002; 
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Melim and Scholle, 2002; Swennen et al., 2003; Cantrell et al., 2004; Machel, 2004; 

Nader & Swennen, 2004; Al-Aasm & Abdallah, 2006; Davies & Smith, 2006; Fu et al., 

2006; Gasparrini et al., 2006; Luczaj, 2006; Shah, et al., 2012; Martín-Martín, 2013; ).  

 Van Tuyl (1914) published a first review article on dolomite and dolomitization 

in “the Origin of Dolomite” annual Report AR-25C of Iowa Geological Survey. 

Dolomite reservoirs were first discovered in Permian of west Texas and in the 

Mississippian of Alberta during early 1900’s. Later on, discoveries of other promising 

hydrocarbon bearing dolomite reservoirs having excellent reservoir properties (i.e., 

higher porosity and permeability than limestone reservoirs) in north America and in the 

Middle East attracted many researchers to understand the mechanism of dolomitization 

and other related processes (Lapponi, 2007; Galluccio, 2009).  Adams & Rhodes (1960) 

discussed seepage reflux dolomitization mechanism for Permian massive dolomites of 

USA. In the seepage reflux process, Mg-rich hypersaline fluids are responsible for 

dolomitization in restricted evaporative lagoons settings along with the presence of 

evaporites. Besides, other workers also contributed similar dolomitization process in 

other carbonate successions worldwide (Peter & Kinsman, 1982; McKenzie & Mueller, 

1990; Al-Aasm et al., 2000; Qing et al., 2001; Jones et al., 2002; Melim & Scholle, 

2002; Fu et al., 2006). Direct precipitation also resulted in dolomite formation in marine 

sabkha and continental sabkhas environments. According to Mckenzie (1981), Mg-rich 

fluids are produced by the process of sea water evaporation (hypersaline brines) near 

the surface of sabkha and supratidal flats. These Mg-rich fluids then go down in 

carbonates by capillary flow resulted in precipitation of evaporites, which ultimately 

increases Mg-concentration in the brine. These Mg-rich brines then helped in the 

dolomitization of carbonates presents in supratidal and intertidal/subtidal regions. Von 

der Borch & Lock (1979) and Warren (2000) described two kinds of dolomite formation 

processes for Coorong dolomites in southeastern Australia, which includes; (i) calcian 

dolomite formed in marine sabkha and, (ii) dolomite with magnesite in continental 

sabkha settings. The studies of Wright & Wacey (2005) exhibited that microbially 

mediated dolomitization through sulphate-reducing bacteria is responsible for Coorong 

dolomites. According to El-Anwar & Mekky (2013), dolostone of Um Gheig Formation 

(Middle Miocene) Red Sea Coast, Egypt was formed by evaporative process. 

Furthermore, Chuan et al. (2017) described evaporitic dolomitization in Lower-Middle 

Ordovician cyclic carbonates in northern Tarim Basin, NW China. The term 

mixing/dorag zone was used by Badiozamani (1973) for the first time for dolomites 
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formed as a result of mixing of two fluids i.e., fresh water and marine water. According 

to Badiozamani (1973), dolomitization within mixing zone typically occurs when the 

participation of sea water reaches up to 10-50%, the resultant fluids are then 

undersaturated with respect to calcite and supersaturated with respect to dolomite. 

Many other workers also followed mixing zone dolomitization model for carbonates in 

various case studies (Land et al., 1973; Choquette & Steinen, 1980; Dunham & Olson, 

1980; Magaritz et al., 1980; Churnet et al., 1982; Kaldi & Gidman, 1982; Baum et al., 

1985; Randazzo & Bloom, 1985; Ward & Halley, 1985; Xun & Fairchild, 1987; Rao et 

al., 1987; Humphrey, 1988; Searl, 1988). According to Hanshaw et al. (1971) saline sea 

water diluted by ground water also resulted in dolomite formation. Active 

circulation/pumping of normal seawater can produce dolomite (Saller, 1984; Carballo 

et al., 1987; Mitchell et al., 1987). Thermal convection/kohout convection (type of 

mixing zone model) and hydrothermal activity caused actively circulation of sea water 

into precursor limestone leads towards the formation of many dolomites (Land, 1986 

& 1989; Luczaj, 2006). According to Simms (1984), Mullins et al. (1985), Frank & 

Bernet, (2000), dolomitization by Kohout convection process occurred when cold, 

relatively dense seawater moved into marginal platform and shifted warm, less dense 

formation waters in the platform interior. Furthermore, Mattes & Mountjoy (1980) 

presented burial dolomite model for dolomites (Upper Devonian) of Rocky Mountains 

in Western Alberta, Canada. Choquette & Pray (1970) further explained that 

dolomitization processes can successfully be achieved in moderate-deep burial 

environmental setting as kinetic requirements are more favorable than at the surface. 

Many other workers also documented burial type of dolomitization model for various 

dolomite bodies (Zenger, 1983; Gregg, 1985; Land, 1985; Machel & Mountjoy, 1986; 

Zenger & Dunham, 1988; Choquette & James, 1990; Montanez & Read, 1992; Jones 

et al., 2004; Shah et al., 2012; Martín-Martín, 2013Gregg & Shelton, 1990; Morrow et 

al., 1990; Wallace, 1990; ). Hardie (1987) further explained that the rate of 

dolomitization for onward dolomite formation has direct relation with burial 

temperature. 

 The improvements in dolomite research especially in the last twenty years 

further enhanced our knowledge regarding dolomite and related dolomitization 

processes. However, many factors of “the dolomite problem” are still unresolved. 

Broadly speaking, few factors are distinct in dolomite problem, which includes; (1) 

dolomites form in various environmental settings. The existing data show more than 
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one genetic information in most cases, (2) dolomites occur abundantly in older rocks, 

whereas it is found rarely in modern sediments, (3) in laboratory at normal sedimentary 

temperature-pressure conditions it is difficult to prepare stoichiometric well-ordered 

dolomite. 

 

1.3 MODELS OF DOLOMITIZATION 

 Dolomitization occurs through various processes, depending upon (i) source for 

Mg, (ii) accumulation site, and (iii) mechanism of transport for Mg into area of 

dolomitization (Morrow & Rickets, 1986).  

Dolomitization processes are briefly explained as mentioned below; 

Sabkha type dolomitization formed in arid region due to continued evaporation of 

seawater result in Mg rich dense brine, which ultimately move downward into existing 

carbonates, hence modify it into dolomites with characteristic chicken wire structure, 

anhydrite nodules, algal stromatolites and eolian interbeds  (McKenzie et al. 1980 & 

1981; Patterson & Kinsman 1982; Warren, 2000;  Wright & Wacey, 2005;Fig. 1.4A).  

Reflux dolomitization resulted from extreme evaporation that caused concentrated Mg 

rich brines, which move downward and seaward, hence resulted into dolomitization of 

carbonates (Adams & Rhodes, 1960; McKenzie & Mueller, 1990; Jones et al., 2002; 

Fig. 1.4B).  

Mixing-zone dolomitization resulted due to inter-mixing of seawater and dilute 

meteoric water that generate hyposaline solution and resulted in the formation of 

mixing zone dolomite (Hanshaw, 1971; Land; 1973; Folk & Land 1975 Fig. 1.4C).  

Kohout convection dolomitization formed due to interaction of seawater with 

limestone that resulted into dolomitization due to pumping mechanism of magnesium 

rich seawater into nearby limestones (Kohout, 1977; Kastner, 1984; Simms, 1984; 

Land, 1985; Carballo et al., 1987; Rougerie & Wauthy, 1988; Fig. 1.4D). 

Bacterial medicated dolomitization resulted from sulfate reducing bacteria which 

continuously take part in formation of Mg ions for dolomite formation during bacterial 

metabolism in highly saline environment (Baker & Kastner, 1981; Marrow & Ricketts, 

1988; Malone, 1994; Vasconcelos et al., 1995; Roberts et al., 2004; Perri and Tucker, 

2007; Guido et al., 2018; Fig. 1.4E). 

Compaction flow dolomitization occurred due to upwelling of Mg rich fluids from 

sedimentary successions under extreme burial conditions (Illing, 1959; Fig. 1.4F).  
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Topography driven flow dolomitization formed in uplifted sedimentary basins, where 

meteoric water can easily enter and dissolves out large proportion of Mg resulted in the 

formation of pronounced Mg rich dolomitizing fluid before interacting with nearby 

limestone (Gregg, 1985; Yao & Demicco, 1995; Garven, 1995; Morrow, 1998; Fig. 

1.4G).  

Tectonically driven flow dolomitization occurred when Mg-rich comes out by severe 

tectonic activity and interacting with basin margin limestone (Oliver, 1986; Fig. 1.6H). 

Hydrothermal/thermal convection flow type dolomitization occurs when heated 

Mg-rich fluids in subsurface sedimentary environment moves along fractures/faults and 

enter into existing limestone (Wilson et al., 2001; Morrow, 1998; Wendte et al. 1998; 

Davies, 1997; Morrow & Aulstead, 1995; Morrow, 1990b; Hardie, 1987; Wood & 

Hewett 1982; Fig. 1.4I).  
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Fig. 1.4 Models describing formation of dolomite in various environmental settings. 

The presence of dolomite is described by grey zones; (A) represents dolomite 

formation under evaporation setting, (B) dolomite formation in seepage reflux 

setting, (C) exhibits establishment of dolomite in mixing-zone condition, (D) 

formation of dolomite in Kohout-convection process, (E) bacterial mediated model, 

(F) dolomitization under burial condition, (G) dolomite formation as a result of 

topography, (H) tectonic process exhibits dolomitization and, (I)  dolomite formation 

as a result of thermal convection phenomena (modified from Vasconcelos & 

Mackenzie, 1997; Gasparini, 2003). 
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1.4 DOLOMITE CLASSIFICATION 

Based on dolomite texture, a classification scheme has been established to further 

distinguish various dolomite types (Sibley & Gregg, 1987). Furthermore, dolomite 

texture explanation gives important information about the nucleation and growth of the 

constituent dolomite crystals (Friedman, 1965; Gregg & Sibly, 1984; Machel & 

Lonnee, 2002; Scholle & Scholle, 2003). Texture based classification of dolomite was 

first introduced by Friedman (1965). Later on, Sibley & Gregg (1987) further improved 

the classification scheme that is based on dolomite crystal size and crystal boundaries 

(Fig. 1.5). Broad classification dominantly comprised of (a) planar or non-planar 

dolomite, which gives idea about the shape of crystal boundary, and (b) unimodal or 

polymodal dolomite that deals with crystal size distribution (Fig. 1.5). 

 

 

Fig. 1.5. Classification scheme of various dolomite types showing crystal size variation 

and varied crystal boundaries (modified from Sibley & Gregg, 1987). 

 

  Moreover, petrographic studies give insight regarding existing matrix, grain 

(allochem), spar (cement) and void fillings (Fig. 1.5). Furthermore, precursor grain and 

spar can be completely, incompletely, mimic, non-mimic replaced and/or remain un-

replacive. The dissolution of grains resulted in vacant molds. The ground mass 
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comprising microcrystalline matrix which remain in character as completely replacive, 

un-replacive and or partially replacive (Fig. 1.5).  The episode of single nucleation lead 

towards unimodal size formation of crystal, distributions represent a single nucleation 

event on a unimodal substrate while, numerous nucleation episodes resulted in 

polymodal distribution of crystal. Faceted growth of crystal resulted in planar boundary, 

whereas non-faceted growth favors the development of nonplanar boundary of dolomite 

crystal. High temperature has also directly relation with the development of nonplanar 

crystal boundaries. In addition, spar, CaCO3 replacement and neomorphism can 

produce planar and nonplanar dolomite crystal (Sibley & Gregg, 1987).  

  Accordingly, Sibley & Gregg (1987) nonplanar dolomite crystal represents 

closely packed behavior typically having irregular boundary (i.e., curved, lobate, 

serrated and indistinct) with rare occurrences of crystal face junction. Furthermore, 

planar (e) euhedral dolomite crystals reveal euhedral rhombs, crystal supported by 

intercrystalline area occupied with another mineral or porous, whereas planar (s) 

subhedral crystals of dolomite represent subhedral to anhedral type of crystals with 

straight compromise boundaries and multiple crystal face links. Moreover, least 

porosities and low inter-crystalline matrix are characteristics of planar (s) subhedral 

dolomite (Sibley and Gregg, 1987).  

 

1.5 OBJECTIVES AND STUDIED SITES 

 The present study deals with first ever detailed diagenetic investigations of the 

Jutana Formation (Cambrian) in the Salt Range, Pakistan.  The formation contains 

dolomite, sandstone and shale succession (Shah, 2009). In addition, Jutana Formation 

is proven reservoir in some wells of the Potwar area of Pakistan (Quadri & Shuaib, 

1986; Kadri, 1995; Quadri & Quadri, 1996; Wandrey et al., 2004). 

 In spite of previous work done by various workers (Khan et al., 1977; Ghauri et 

al., 1979; Ahmed   et al., 2013; Khan, 2015; Sajid et al., 2016), there is general lacking 

of systematic approaches on the interrogation of outcrop based facies architecture, 

petrographic studies, detailed geochemical study and establishment of diagenetic model 

of Jutana Formation (Cambrian) with respect to the burial and tectonic history of the 

area. Furthermore, the effect of diagenetic process, especially dolomitization with 

respect to geochemical attributes need to be addressed.  
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 In the present studies, diagenetic processes involved in the modification of 

Jutana Formation is discussed in detail. In addition, relationship between field 

investigation, petrographic observation and geochemical studies of various identified 

diagenetic phases has been established. Furthermore, detailed petrographic studies 

helped in establishing comprehensive paragenetic sequence of the Jutana Formation. 

Moreover, attempt has been made to better constrain nature of dolomitizing fluids and 

dolomitization mechanism based on field investigations, petrographic observations, 

mineralogical characteristics, geochemical heterogeneities and isotopic signatures of 

the studied Cambrian Jutana Formation (Salt Range and Trans-Indus Ranges). Based 

on above detailed investigations, comprehensive conceptual model in line with 

geochemical/isotopic signatures must be proposed. 

  In order to attain the above-mentioned objectives, field investigations were 

carried out in the study area (Fig. 1.6). From east to west these exposed studied outcrops 

are; (1) Gharibwal section (85m thick), (2) Khewra Gorge section (52m), (3) M-2 

Motorway section (43m) and (4) Khisor section (65m; Fig. 1.6). Moreover, microscopic 

studies helped in identification/distinction of various dolomite phases. The study of 

dolomite stoichiometry and crystal ordering was carried out by means of X-ray 

diffraction technique. Major and trace element geochemistry was carried out using 

XRF, AAS and ICP-MS techniques. Finally, stable and radiogenic isotope analysis (i.e., 

δ13C, δ 18O, 25Mg, 26Mg and Sr87/86) were carried out to understand conditions of 

dolomitization and dolomitization mechanism. 
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Fig. 1.6.  Google earth-based map showing location of studied sections, these studied 

sections from east-west are mentioned as; 1=Gharibwal section, 2=Khewra section, 

3=Motorway section and 4=Khisor section. 
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CHAPTER 2 

2 GEOLOGICAL SETTING 

2.1 INTRODUCTION  

In this chapter a detailed description of the paleogeographic evolution, tectonic 

distribution and stratigraphic architecture of the Indian plate with specific reference to 

the study area will be presented. Various workers contributed to the understanding 

environmental settings of sedimentary successions (i.e., warm, shallow marine 

conditions) during Cambrian time as based on paleogeographic position (Frakes et al., 

1992; Braiser, 1995; Kadri, 1995; Kazmi & Jan, 1997; Scotese et al., 1999; Veevers, 

2004; Blakey, 2008; Pisarevsky et al., 2008). In these environmental settings, 

deposition of shallow water clastics and carbonates (i.e., evaporite and limestone) took 

place in the lagoonal and shallow marine related depositional setting (Kadri, 1995). The 

study area being part of the Indian plate has experienced diverse climatic changes due 

to plate mobility during Jurassic-Miocene time, which resulted into distinct diagenetic 

modifications in the earlier formed sedimentary successions. In order to better 

understand these diagenetic modifications and their relative timing, it is important to 

constrain environmental changes with respect to paleogeographic conditions. For this 

purpose, comprehensive description of paleogeographic evolution and tectonic history 

of the study area and its surroundings are given below.  

 

2.2 PALEOGEOGRAPHY AND TECTONIC EVOLUTION 

 During middle Paleozoic, the western part of Gondwanian sub-continent that 

comprised of northern and south America, north-western Africa had shifted from south 

polar latitudes to subtropical latitudes, whereas eastern side of the Gondwana (i.e., 

Indo-Australian part) stayed at relatively low latitudes (Scotese et al., 1999).  During 

the Late Devonian, the Indo-Australian-Antarctic region of the Gondwana shifted 

rapidly from a subtropical to polar position, where it stayed throughout the 

Carboniferous-Triassic time (Blakey, 2008; Alvaro et al., 2010; Fig. 2.1). It is based on 

the paleogeographic position of India that time. Available information revealed that 

before fragmentation, India was bent closed to Australia and Antarctica and placed far 

distant from Iran, Afghanistan, Tibet and other micro-continents to which it is bent now 

after travelling of thousands of kilometers northward (Dietz & Holden, 1970; 

Chatterjee, 1992; Chatterjee & Scotese, 1999 & 2010; Rogers & Santosh, 2004; ). 
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Furthermore, the complex climatic conditions exhibited broad geographic 

configuration (Courjault-Radb et al., 1992; Scotese et al., 1999; Alvaro et al., 1999 & 

2010). In addition, the persistence in the Asiatic domain of carbonate deposition 

throughout the Cambrian indicates that during this period, it stayed within the tropical 

carbonate development zone (Courjault-Radb et al., 1992; Cao et al., 2017).  

 Paleo-depositional studies of the Indian plate exhibited identification of 

similarities in stratigraphic records situated far away in opposite directions (Alvaro et 

al., 1999 & 2010; Blakey, 2008). Several tectonic episodes are evident in the form of 

volcanic activities during Proterozoic time, whereas horst and graben structures are 

present in the N-S direction, while shelf-slope-basin are directed towards E-W (Pareek, 

1983; Paliwal, 1992; Peters et. al., 1995). Marine transgression resulted in deposit of 

shallow marine siliciclastic in the shallow shelf through fluvial influx during Cambrian, 

whereas carbonates deposited at the shallow and broad shelf and the fluctuation of 

cyclic sea level fall and rise resulted in the deposition of evaporite comprising thick salt 

accumulations (Pareek, 1983; Paliwal, 1992). In addition, subsidence resulted possibly 

from reactivation of the basement faults provided additional accommodation space in 

the grabens, which are considered being preferential site for siliciclastics deposition 

(Paliwal, 1992).  
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Fig. 2.1. Detail sketch of Gondwana assembly (modified after Rino et al., 2008).  

 

 

Fig. 2.2 Paleogeographic reconstruction indicating the location of Indian plate; (A) 

location of Indian plate at present time, and (B) location of Indian plate during 

Lenian (Early Cambrian) time (modified after Lawver et al., 2003). 
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 Previous researchers described that warm shallow marine (shelf) environmental 

condition prevailed in the study area during Cambrian time (Maruyama et al., 1989; 

Kadri, 1995; Scotese et al., 1999; Blakey, 2008). Cambrian carbonate successions in 

the Salt Range and adjoining areas were deposited on a broad open shelf towards 

northern margin of Gondwanian sub-continent at ~300N latitude (Fig. 2.3; Sun et al., 

1989; Stampli et al., 1991; Courjault-Radb et al., 1992; Mckerrow et al., 1992; Wignall 

& Hallam, 1993; Torsvik, 2008; Alvaro et al., 2010). Cambrian rocks of the study area 

exhibited lagoonal to restricted marine conditions as represented by shallow water 

carbonates and evaporites, whereas some limestone were deposited in shelfal areas 

(Wignal & Hallam, 1993; Kazmi & Jan, 1997; Fig. 2.3).  

 

 

Fig. 2.3 Regional paleogeographic configuration describing location of Salt Range 

and adjoining area in Cambrian time (modified after Sun et al., 1989). 

 

 Tectonically, Indian plate has experienced multiple events of collision and 

rifting during the entire tectonic history (Blakey, 2008; Chatterjee et al., 2013; 

Chatterjee & Bajpai, 2016). According to Chatterjee et al. (2013) and Santosh et al. 

(2009), the Indian plate was part of the super continent Gondwanaland 540 Ma ago, 

where Australia and Antarctica were situated adjacently (Figs. 2.1-2.3). Until Jurassic 

time, the Indian plate remained part of the Gondwanaland and remained undisturbed 

(Scotese, 1998; Blakey, 2008; Santosh et al., 2009). During early Jurassic, breakup of 
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Pangea resulted in the formation of eastern and western Gondwanaland respectively, 

followed by northward drift of the Indian plate after defragmentation from Australia 

and Antarctica plate during early Cretaceous (Chatterjee et al., 2013). As a result of this 

drifting the creation of Indian Ocean happened in south, whereas northward closing of 

Tethyan Ocean occurred (Johnson et al., 1976). Intra-oceanic subduction in Cretaceous 

time established Kohistan Island Arc (KIA) within Neo-tethys (Fig. 2.4; Searle, 1991). 

After this, along Main Karakoram Thrust (MKT), the Kohistan Island Arc moved 

downward relative to Eurasian plate margin leading to the formation of an accreted 

plate tectonics, which has identical characteristics to Andean type continental margin 

(Patterson & Windley, 1985). Sediments of Early-Middle Cretaceous are observed as 

last marine depositional episode in back-arc basin between KIA and the Himalayas 

(Coward & Buttler, 1985; Zeitler, 1985). In north the Indian Plate jointed with Eurasian 

Plate. In addition, the continued under thrusting of Neo-Tethys into KIA resulted in the 

complete closure of Indian Plate with fragments of KIA (Alam, 2008; Powel, 1979). In 

Eocene the Indian Plate collided with KIA resulted in the formation of MMT (Main 

Mantle; Tahirkheli & Jan, 1979; Tahirkheli et al., 1979; Alam, 2008). These two thrusts 

systems (MMT and MKT) resulted in the formation of 8 to 10 km thick sediments. 

Southward MBT (Main Boundary Thrust) is comprised of a series of thrust faults which 

brings the older rocks over younger sediments (Fig. 2.4). The MBT is extended from 

Kohat plateau to Hazara Kashmir Syntaxis (Fig. 2.4). Salt Range and Potwar plateau 

lies in sub-Himalayas, where Salt Range Thrust (SRT) acted as regional decollement 

as Paleozoic rocks comprising of studied succession thrusted over Neogene sediments 

of the Jhelum Plain (Fig. 2.5; Gee, 1945; Yeats et al., 1984; Lillie et al., 1987). 
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Fig. 2.4. Tectonic map showing prominent geological structures (Modified after 

Kazmi & Rana., 1982). 
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Fig. 2.5 Geological map of the study area. Measured section includes; (1) Gharibwal 

section, (2) Khewra Gorge section, (3) Motorway section and, (4) Khisor section. 
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2.3 STRATIGRAPHIC FRAMEWORK 

 Stratigraphic record of the Salt Range exhibited sedimentary successions from 

Pre-Cambrian to recent time with the occurrence of few regional and local 

unconformities (Fig. 2.6). The Salt Range Formation (Pre-Cambrian) marks the oldest 

rock unit identified, while conglomerates of Holocene age are the youngest sediments 

of the area. Further, the Precambrian Salt Range Formation includes of marl, dolomite, 

gypsum, anhydrite and rock salt deliberating restricted arid shallow marine conditions 

(Fatmi, 1973; Gee, 1989; Ghazi et al., 2014). The studied succession (Jutana Formation) 

form part of the Jhelum Group, which comprises sandstone, shale and dolomite that 

represent distinctive cycles of deposition (Noetling, 1901; 1973 & 1984; Fatmi, 1986; 

Yeats & Hussain, 1987; Shah, 2009). Previous studies revealed that the Jutana 

Formation consisted of two distinct units, where the lower part comprising of 

interbedded sandstone and dolostone lithologies suggests cyclic deposition of 

alternating beds of clastic and non-clastic successions with well-preserved depositional 

sedimentary structures (i.e., ripple marks, trough and herringbone cross bedding) and 

demonstrates a transition from sub-tidal to intertidal depositional settings (Khan, 1977; 

Ghauri, 1979; Ahmed et al., 2013). The upper part of formation is massive bedded, 

yellow colored dolomite with considerable sand contents (presence of herringbone 

cross beds) suggests intertidal to supratidal depositional environmental conditions for 

Jutana Formation (Shah, 2009). The formation has its lower and upper conformable 

contact with the Kussak Formation (shale, glauconite rich micaceous sandstone and 

interbedded light grey dolomite) and Baghanwala Formation (red shale and clay with 

alternate beds of flaggy sandstone and cast of salt pseudomorphs) of Cambrian age 

respectively (Shah, 2009). Above Jhelum Group sediments of Nilawahan and Zaluch 

Groups exist. Furthermore, the Nilawahan Group exhibits Tobra, Dandot, Warcha and 

Sardai Formations formed in continental environment with glacio-fluvial and marine 

input (Ghazi et al., 2012), while Zaluch Group (Amb, Wargal and Chidru Formations) 

are widely distributed in western Salt Range and represented extremely fossiliferous 

shallow shelfal carbonate sediments (Shah, 2009; Ghazi et al. 2012; Shah & Khan, 

2016). The Triassic Musa Khel Group represents sediments of Mianwali, Tredian, and 

Kingriali Formations mostly existed in the western Salt Range representing shallow 

marine environmental settings (Fatmi, 1973; Shah, 2009). The characteristic features 

identified in this Group are shallow marine cephalopod fauna in Mianwali Formation 

and well preserved plant fragments as well as calcareous dolomitic sediments of 
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Tredian and Kingrialli formations. Datta, Shinawari, and Samana Suk Formations of 

Jurassic age show diverse environmental settings, which include continental and delta 

dominated to high energy conditions (Fatmi, 1973; Fatmi & Haydri, 1986). Further, the 

non-existence of these sediments in Eastern Salt Range shows final regression in 

Mesozoic times (Fatmi & Haydri 1986). The continues regression and transgression in 

Middle-Late Jurassic and Early Cretaceous times resulted in clastic, shallow marine 

sedimentation in the form of Chichali and Lumshiwal Formations (Fatmi, 1973; Hallam 

& Maynard 1987). Sediments of Makarwal Group exhibits the presence of sandstone, 

shale and limestone formed as result of Paleocene transgression (Ghazi et al., 2012). 

Coal beds in Patala Formation (Late-Paleocene) deliberates lacustrine conditions (Shah, 

2009; Ghazi et al., 2012). Eocene succession (Nammal, Sakesar, and Chorgali 

Formations) shows normal marine conditions (Shah, 2009). After erosion (in Late 

Eocene-Oligocne times), regression resulted the depositions of Murree and Kamlial 

formations in lacustrine-fluviatile environmental settings (Johnson et al., 1985). 

Siwaliks (Chinji, Nagri, Dhok Pathan and Soan Formations) of Neogene age resulted 

from the erosion of southern Himalaya (Wells, 1984; Yeats & Hussain 1987). 
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Fig. 2.6 Stratigraphic column showing lithological distribution of the study area 

(modified from Shah, 2009). 
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CHAPTER 3 

3 METHODOLOGY 

3.1 INTRODUCTION 

 In this chapter, various techniques used in the present study are described in 

detail. It includes; procedure adopted during field data collection and sampling 

mechanism, conventional petrography, Scanning Electron Microscopy (SEM) and 

Back-scattered Scanning Electron Microscopic (BSEM) studies, using standard thin 

sections, mineralogical investigations using X-ray diffraction technique on bulk 

powdered samples of the selected rocks, geochemistry of bulk powdered representative 

samples using X-ray fluorescence and Atomic Absorption Spectrometry, and O/C, Mg, 

and Sr isotope geochemistry of selected representative samples. Detailed description of 

each technique discussed above is given in detail below.  

 

3.2 FIELD METHOD 

 In order to understand spatial distribution and vertical variation of the studied 

Jutana Formation in four different studied sections (i.e., Gharibwal, Khewra, Motorway 

and Khisor), field campaign had been planned in various stage. These include, Stage-I; 

reconnaissance field studies to identify representative study sites, Stage-II; detailed 

field studies for data and sample collections, and Stage-III; verification of results based 

on outcrop data. Stage-I was conducted for first year, whereas various phases of stage-

II was performed during second and third year to collect data from four studied sites 

mentioned above. During this field campaign, detailed sampling was performed 

systematically, where bed to bed sampling was performed at each studied site that 

resulted in collection of 143 representative samples from various studied sites, some of 

them were selected and prepared for pre-microscopic observations. Stage-III field 

campaign was carried out during final year to confirm results obtained during 

petrography and geochemistry. 

 

3.3 PETROGRAPHIC STUDIES 

3.3.1 Microscopic studies 

 In order to carry out thin section microscopy, standard thin section preparation 

technique has been adopted (Keyes, 1925), in the Geosciences Advance Research 
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Laboratory (GARL), Geological Survey of Pakistan, Islamabad. With the help of 

Dickson, (1966) staining technique was applied to thin sections for differentiating 

calcite form dolomite. Conventional microscopy was performed in the Department of 

Earth Sciences, Quaid-i-Azam University Islambad using Olympus polarizing 

microscope (Model CX41) with digital camera attachment (Model DP21). 

3.3.2 Scanning and back scattered electron microscopy (SEM & BSEM) 

 SEM and BSEM studies were performed using Scanning Electron Microscope 

(JEOL JSM 134 6610LV) in the Geosciences Advance Research Laboratory (GARL), 

Geological Survey of Pakistan, Islamabad. Samples were analyzed using back scatter-

SEM i.e., Scanning Electron Microscope (Model JEOL JSM 134 6610LV) for textural 

variations. In order to avoid charging of the particles under SEM, carbon coating was 

performed using sanyudenshi-sc701c. In addition, BSEM was carried out to 

differentiate dolomite types from calcite.  

 

3.4 MINERALOGICAL AND GEOCHEMICAL ANALYSIS 

3.4.1 X-ray diffraction (XRD) 

 Bulk powdered samples were prepared in the crushing/powdering section of the 

Geosciences Advance Research Laboratory (GARL), Geological Survey of Pakistan, 

Islamabad. X-ray diffraction was performed using PANalytical X’Pert-PRO XRD 

diffractometer (Cu-Ka radiation ~ 45 kV, 40mA), for identification of dolomite 

stoichiometry, crystal ordering and bulk mineralogy of various dolomite phases. XRD 

processing speed for the establishment of spectrum was arranged by 0.2°θ min-1 with 

sampling break by 0.001°θ for each phase. The attained diffractograms were interpreted 

using Xpert High Score Plus software. For identification of dolomite stoichiometry 

(mol% CaCO3) and Ca molar concentration was determined using Lumsden’s equation 

(1979). 

 

3.4.2 Wavelength Dispersive X-ray fluorescence technique (WD-XRF) 

In order to identify major and trace element contents in representative dolomite 

samples, WD-XRF was performed on powdered bulk samples using instrument model 

3370 Rigaku. Samples were prepared in the form of glass beads and pressed pellets for 

XRF analysis.  Beads were prepared from ⁓4grams powdered samples, mixed with 
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lithium tetra-borate (1:10 with two drops of lithium iodide). The sample is kept at 

temperature of 1050°C to get the desired glass beads. For preparation of pressed powder 

pellets, both auto and manual machine are used. For trace element determination, powdered 

samples (⁓10grams) was required for preparation of pressed pellets. WD-XRF analyze pressed 

pellets, that resulted in the form of Compton peak intensities, which estimate mass absorption 

effects. The resultant Compton peak intensities were corrected from element interferences and 

calibrated against natural geostandards. 

 

3.4.3 Atomic absorption spectroscopy (AAS) 

In this technique, 1 gram powdered samples were used and treated with 

hydrofluoric acid for the removal of silica. In addition, similar samples were further 

treated with aqua-regia digestion for the analysis of the required elements in the samples 

at parts per million (ppm) and parts per billion (ppb) level. Perkin Elmer standards were 

used during this study. Calibration curve was generated keeping lower detection limit 

in view. After generation of the calibration curve, samples were analyzed on the Flame 

method for the ppm level detection, and on graphite method for the ppb level detection 

respectively. Single Hollow cathode lamp of respective element was used for elemental 

detection. 

 

3.4.4 Inductive coupled plasma mass spectrometry (ICP-MS) 

 In this technique, 250 mg of calcinated powdered samples were digested using 

a standard multi-acid to produce 25cc HCl 2M solutions (dilution 1/100) for analysis 

using ICP-AES (HORIBA Jobin-Yvon Activa). Analyses were performed for both 

major and the trace contents identifications on the same solution. During the digestion 

procedure, Si contents cannot be calculated since this element is reacted out (as 

fluorides). For the most sensitive elements, the relative uncertainty is about 5%, 

whereas rest of the elements showed relative uncertainty of about 10%. Detection limits 

were in the range 5-20 ppb (i.e., 0.5-2 ppm using a 1/100 dilution) in solution.  

 

3.5 ISOTOPE ANLYSIS 

3.5.1 O/C-isotopes (δ 18O/ δ 13C) 

 62 representative samples of calcite and dolomite were analyzed for stable 

isotope studies (i.e., δ13C and δ18O) in Pakistan Institute of Nuclear Science and 

Technology (PINSTECH), Islamabad. 62 samples were studied at PINSTECH. 
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Powdered samples of different dolomite and calcite phases were assorted with 

phosphoric acid at 70°C (Wachter & Hayes, 1985). Up-to-date Gasbench II attached 

with Thermo Finnigan Five Plus mass-spectrometer was used for these studies. The 

results were noted in permil as per standard values of Vienna Pee Dee Belemnite (V-

PDB). With the help of Rosenbaum & Sheppard (1986), δ18O of dolomites were 

adjusted. For avoiding error, standards were repeatedly used for oxygen isotope results.   

 

3.5.2 Sr-isotopes (87Sr/86Sr) 

 10 samples were analyzed for 87Sr/86Sr analysis in the Scottish Universities 

Environmental Research Centre (SUERC), United Kingdom. After the preparation of 

powdered samples of various calcite and dolomite phases, Baadsgaard et al., (1986) and 

Faure (1972) methods were followed for the separation of strontium for onward isotope 

test. For mass spectrometry, Ta-filaments along 1M phosphoric acid was used for 

strontium samples. The samples were then tested with the help of VG sector 54-30 

multiple collector mass spectrometer. Keeping 87Sr/86Sr = 0.1194 as standard the 87Sr 

intensity of 1V (1×10-11A) ±10% was sustained. In peak jumping manner (i.e., 

collected data having 15 blocks of 10 ratios) VG Sector 54-30 mass spectrometer was 

activated. For this instrument NIST SRM987 gave 0.710260 ± 11 (1SD, n = 17) during 

the course of this study. 

 

3.5.3 Mg-isotopes (δ25Mg & δ26Mg) 

 7 samples were analyzed for Mg isotopes (δ25Mg & δ26Mg) studies, which were 

performed at Institute of Geology, Mineralogy and Geophysics, Ruhr-University 

Bochum, Germany. With the help of 250 μl of a 1:1 mixture of HNO3 (65 %): H2O2 (31 

%) solutions of powder dolomite samples were again prepared after drying first. After 

evaporation, then mixing of that solution with 1.25 M HCl. Following Bio-Rad ion 

exchange resin AG50 W-X12, 200 to 400 mesh procedures, the magnesium bearing 

fractions were separated. With the help of HNO3 (3.5%) magnesium solution (i.e., 

500ppb) was prepared. Thermo Fisher Scientific Neptune MC-ICP-MS with DSM3 was 

used for analysis of final result. For eliminating exterior error, mono elemental solution 

Cambridge 1 against DSM3 standard solution was continuously used (Immenhauser et 

al., 2010).   
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CHAPTER 4 

4 FIELD OBSERVATIONS AND PETROGRAPHIC STUDIES 

4.1 INTRODUCTION 

 In this chapter, field investigations which corresponds to depositional and 

diagenetic imprints are discussed in detail. In the studied sections of the Jutana 

Formation, three distinct units exhibited various depositional (ripple marks, cross-

bedding, deformed ooids, glauconite grains and trilobite trails) and diagenetic features 

(dolomite and calcite phases, stylolitization and pyrite grains) respectively. 

Furthermore, petrographic studies confirmed existence of above discussed features in 

detail. Moreover, based on detailed field studies and petrographic characteristics, 

comprehensive paragenetic sequence has been established.  

 

4.2 FIELD OBSERVATIONS 

In the study area, excellent exposures of the Jutana Formation (Cambrian) are 

observed in N-S oriented Gorges, where various stratigraphic sections were studied 

from east to west (i.e., Gharibwal, Khewra Gorge, Motorway and Khisor sections; Fig. 

4.1). In general, the thickness of the measured sections decreases from east to west in 

the Salt Range i.e., Gharibwal=84.5m, Khewra Gorge=52m, and Motorway=43.7m 

respectively, whereas moderate thickness is observed in the Khisor Ranges 

(64.8m)(Shah & Khan, 2016; Shah, 2009). In these studied sections, three distinct units 

are identified, which include: (i) lower oolitic-pisolitic, (ii) middle shale unit, and (iii) 

upper massive dolomite units. In the next section, detailed field observations at various 

studied locations are discussed. 
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Fig. 4.1 Google Earth image showing location of studied sections in the Salt 

Range and Khisor Range, which are mentioned as; 1=Gharibwal, 2=Khewra 

Gorge , 3=Motorway, and 4=Khisor sections. 
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4.2.1 Gharibwal section 

This section lies at the extreme eastern proximity of study area near Gharibwal 

village, and the section is named accordingly. In this studied section, 84.5m thick 

succession of dolostone comprising of medium to thick bedded, grey colored dolostone 

interbedded with sandstone in the lower part (lower unit), and thick to massive bedded, 

yellowish-grey colored dolostone in the upper part (upper unit) is observed. These two 

distinct successions are separated by shaley unit (Fig. 4.2). Detailed field observations 

revealed that the Jutana Formation has its lower conformable contact with the 

underlying Kussak Formation (Fig. 4.3A). In the Jutana Formation, ~21.8m thick lower 

unit (i.e., interbedded grey colored dolostone and sandstone) exhibited depositional 

features, which include; ripple marks and cross-beds as representative of specific 

depositional conditions (Figs. 4.3B-C). In the upper part, ⁓58.3m thick upper unit (i.e., 

thick- to massive bedded, yellowish-grey dolostone) exhibited intense fracture density 

(Fig. 4.4B-C). These two distinct units are separated by dark greenish-grey to maroon 

colored, ⁓4.4m thick shales interbedded with glauconitic sandstone (Fig. 4.4A). The 

upper conformable contact of the Jutana Formation with the Baghanwala Formation is 

evident in the study area, where massive dolostone unit (Jutana Formation) is in contact 

with red shales and clays (Baghanwala Formation) (Fig. 4.4D).  
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Fig. 4.2 Lithostratigraphic chart of the Salt Range. Red undulating lines indicate unconformities 

(Modified after Shah, 2009). Inset columns show stratigraphic logs of four studied sections (i.e. 

Gharibwal, Khewra Gorge, Motorway and Khisor sections) of the Jutana Formation. 
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Fig. 4.3 Detailed field observations of the Jutana Formation in the Gharibwal 

section. (A). Lower contact of Jutana Formation with underlying Kussak Formation. 

(B). Ripple marks in sandstone bed indicate of restricted shallow marine tidal flat 

conditions at the time of deposition. (C). Cross bedded sandstones in the Jutana 

Formation indicate multiple directions of tidal flat conditions. 
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Fig. 4.4 Detailed field observations of the Jutana Formation in the Gharibwal section. 

(A). Middle shale unit. (B). Porous upper massive thick bedded dolostone. (C). 

Fractures in the dolostone beds. (D). Upper conformable contact between overlying 

Baghanwala Formation and Jutana Formation. 
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4.2.2 Khewra Gorge section 

 This studied section is located in the N-S oriented Gorge near the town of 

Khewra, where world’s second largest salt mine is present. In this section, Jutana 

Formation is conformably underlain by variegated shales of Kussak Formation, 

whereas lower part of the 28m thick Jutana Formation consisted of interbedded 

dolostone and sandstone. Furthermore, thickness of shaley beds gradually decreases 

upwards (Fig. 4.5A). In the lower unit of the Jutana Formation, medium to thick bedded, 

light cream to grey colored dolomite with alternating beds of medium to thinly 

laminated impure micaceous sandstone occur (Figs. 4.5A). Consequently, well 

preserved primary sedimentary structures (i.e., cross-bedding, ripple marks and faunal 

assemblages) are typically associated with sandstone and dolostone successions (Fig. 

4.5B-D). In addition, dolomite beds contain foraminiferal assemblages and centimeter 

scale, bedding parallel deformed ooids representing burial associated deformation 

(Figs. 4.5D & 4.6A). In addition, bedding parallel stylolites and intense fracturing are 

also observed in this unit (Fig. 4.6B & 4.6D).  

The middle unit comprising of 3-4m thick dark greenish grey to maroon color 

shale, interbedded with glauconitic sandstone, which is sandwiched between lower 

interbedded sandstone-dolostone unit and overlying massive dolostone unit 

respectively (Fig. 4.6C). In Teichert (1964), two German workers named as 

Schindewolf and Seilacher identified various fossils as Linguelella fuchsi, Botsfordia, 

Reedlichia noetlingi and gastropod (i.e., Pseudotheca e f. Subrugosa) in this shaley unit. 

It is noteworthy that fossil assemblages reported in this unit shows similarity to the 

fossil assemblages of the underlying Kussak Formation as reported by Schindewolf & 

Seilacher (1955). 

The upper unit of the studied section comprised of 21m thick, massive to thick 

bedded, yellowish grey colored dolostone, exhibiting intense fracture density (Fig. 

4.6D). This massive unit is highly deformed and showed chop-board weathering (Fig. 

4.6D). Isolated clast of host limestone embedded in yellowish grey colored dolomite is 

observed (Fig. 4.6E).  
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Fig. 4.5 Detailed field characteristics of the Jutana Formation in Khewra Gorge 

section. (A). Contact between the underlying shales of the Kussak Formation and 

overlying thin to medium, interbedded sandstones and dolostone of the Jutana 

Formation. (B). In the sandstones of the Jutana Formation, centimeter scale ripple 

marks indicate tidal flat conditions at the time of deposition. (C). Cross bedded 

sandstones in the Jutana Formation indicate multiple directions of tidal flat 

conditions. (D). Dolomitized limestone exhibit precursors of the preserved 

foraminiferal assemblages, which is indicative of shallow marine depositional 

environment of the host limestone during deposition. 
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Fig. 4.6 Field observations of the Jutana Formation in Khewra Gorge section. (A). 

Oolitic pisolitic unit in the dolomitized part is indicative of shallow marine conditions 

of the host limestone. (B). Overburden resulted in the compaction and dissolution, 

which is evident due to the presence of bedding parallel stylolites. (C). Middle shale 

unit sandwiched between lower oolitic-pisolitic and upper massive dolomite unit (D). 

Highly fractured massive dolomitic unit. Chop-board weathering is also observed in 

the massive dolomite unit (E). Isolated clast of host limestone embedded in dark grey 

colored dolomite. 

 

 

4.2.3 Motorway section 

Along the Islamabad-Lahore Motorway (M-2), excellent cut sections exposed 

Eocene, Cambrian and Pre-Cambrian successions in the Salt Range. In this part, 

Cambrian Jutana Formation is well-exposed where medium to thick bedded dolostone 
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interbedded with sandstone are observed along the roadside (Fig. 4.7A). In the outcrop, 

well displaced dolostone beds show thrust faulting that resulted in step-like geometry 

(Fig. 4.7A). As observed previously in other studied sections, ⁓32m thick, alternating 

beds of light brown colored dolostones and dark grey colored sandstones formed the 

lower part of the succession (lower unit) (Fig. 4.7B). The dolostones of lower unit 

mostly consists of ooids, which show deformation associated to burial (Fig. 4.7C). The 

studied section represents ⁓3m thick, greenish grey to maroon colored shales (Fig. 

4.7D). The shale unit is interbedded with glauconitic sandstone (Fig. 4.7D). Towards 

top of the section, ⁓13m thick, dark brown colored massive dolostone formed upper 

unit of the studied section, which shows typical chop-board weathering at outcrop scale 

(Figs. 4.7E).   
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Fig. 4.7 Field observations of Jutana Formation along the road cut side of M-2 

Motorway, three main subdivisions of Jutana Formation is well exposed. The lower 

part represents oolitic-pisolitic unit, followed by shaley unit that is overlain by 

massive dolomitic unit. (A). Panoramic view of the Motorway section, exhibiting the 

occurrences of various studied units of the studied formation. In addition, thrust 

faulting is evident in the studied site. (B). Lower unit of Jutana Formation exhibiting 

the presence of cross bedded sandstone bounded from top and bottom by oolitic 

dolomite. (C). Ooids of the precursor limestone preserved in dolomite beds. Lobate 

shape of the ooids reflect overburden pressure. In addition, fractures are also 

associated. (D). Middle shale unit of the studied formation. (E). Upper massive 

dolomite unit exhibiting chop-board weathering. 
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4.2.4 Khisor section 

 In the N-S trending Khisor Range, best exposures of Cambrian-Triassic 

succession along Chashma-Dera Ismail Khan road are observed (Fig. 4.8A). The Jutana 

Formation form part of this range, where lower confirmable contact is marked between 

grey colored shales of Kussak Formation and light brown colored, medium to thick 

interbedded dolostone and sandstone of Jutana Formation respectively (Fig. 4.8B). It is 

observed that lower unit of the formation is directly exhibit the presence of topmost 

thick bedded dolomite (Fig. 4.8B). Contrary to other studied sections, lower part of this 

section consisted of dolostone and dull white colored gypsum beds (Fig. 4.8C). These 

gypsum bearing beds are restricted to lower part of the Jutana Formation, whereas upper 

part is devoid of evaporitic successions (Figs. 4.8C & D).  Total measured thickness of 

this section is 64.8m. In the lower unit of the formation represents 17m thick medium 

bedded dolomite succession (Fig. 4.8B). Cross bedding is restricted to sandstone beds 

(Fig. 4.8E). Shale beds (⁓2m thick) are present in between lower and upper unit of the 

studied succession (Fig. 4.9A). Intense fracturing is associated with dolomite beds (Fig. 

4.9B).  The upper, massive dolomite unit (47.8m thickness) are highly porous, and 

exhibited conformable contact with the overlying Khisor Formation (Figs. 4.9C & D). 
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Fig. 4.8 Detailed field characteristics of the Jutana Formation in the Khisor 

section. (A). Panoramic view of the Khisor section, exhibiting the occurrences of 

various lithostraitigraphic units of studied area. (B). Contact between the 

underlying shales of the Kussak Formation and overlying thin to medium, 

interbedded sandstones and dolostone of the Jutana Formation. (C). Existence of 

gypsum in lower unit of studied Jutana Formation. (D). Close up of gypsum 

engulfed in dolomite of lower unit. (E). Cross bedding in sandstone beds. 

 

  



 

43 

 

 

Fig. 4.9 Detailed field characteristics of the Jutana Formation in the Kisore 

section. (A). Middle shale unit. (B). Fractures in upper massive dolomite unit. (C). 

Porosity in upper dolomite unit. (D). Conformable contact between massive 

dolomite and overlying Khisor Formation. 
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4.3 MICROSCOPHIC STUDIES 

 Petrographic studies were carried out on thin sections of the selected samples of 

four studied sections (Fig. 4.2). In total, thirty-three thin sections were studied in 

Gharibwal section, fifty-one thin sections were studied from Khewra Gorge section, 

twenty-seven samples were studied in Motorway section, and thirty-two thin sections 

were studied in the Khisor section respectively (Fig. 4.2).   

4.3.1 Gharibwal section 

Host Limestone: 

 In this section, precursor limestone exhibited wacke- to packstone texture with 

unaltered ooids embedded in partially dolomitized matrix (Fig. 4.10A).  Distinct 

concentric rims are evident in ooids, which indicate preservation of depositional texture 

during initial phase of diagenesis (i.e., partial dolomitization of matrix; Fig. 4.10B).  

Post-depositional alterations observed in the studied samples include; (i) partial 

dolomitization, (ii) deformed ooids, and (iii) quartz influx respectively (Fig. 4.10A-B). 

In the studied section, the upper part showed relics of precursor limestone in the 

dolomitized matrix, whereas lower part exhibited complete dolomitization (Fig. 4.10B). 

Multiphase dolomitization resulted from diagenetic alteration has been discussed as 

under. 

 

 

Fig. 4.10 Petrographic characteristics of studied Jutana Formation in Gharibwal 

section. (A). Photomicrograph showing oolitic wacke-packstone containing 

depositional features. Green arrow indicates the presence of ooids, whereas yellow 

arrow indicates glauconite. (B). Partially dolomitized oolitic wacke-packstone 

exhibiting the presence of ooids (green arrow) and quartz influx (light green arrow). 
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4.3.1.1 Fine crystalline matrix dolomite (Dol. I) 

 In extreme eastern side of study area, the Gharibwal section exhibited micro- to 

fine crystalline dolomite (Dol. I), with crystal size of <10 μm (Figs. 4.11A-B). 

According to Sibley & Gregg (1987), Dol. I exhibit nonplanar-a to planar-s texture with 

irregular intercrystalline boundaries (Fig. 4.11A-B). Distinct depositional features, 

which include; ooids, glauconite grains, intraclasts and remains of fossil assemblages 

form part of Dol. I (Fig. 4.11A-B). In addition, other diagenetic features observed in 

the studied samples are mica laths, quartz grains and pyrite (Fig. 4.11A-B).  Partially 

altered ooids and peloids are also present in Dol. I (Figs. 4.11A-B). In addition, vuggy 

and moldic porosity form part of such dolomite in the Gharibwal section (Figs. 4.11A).  

 

 

Fig. 4.11 Petrographic characteristics of studied Jutana Formation in the Gharibwal 

section (A). Photomicrograph showing fine to medium crystalline matrix dolomite 

(Dol. I) represents partially altered ooids and intraclasts. Red arrow exhibits 

intraclast, whereas green and blue arrow show the presence of porosity and ooids 

respectively. (B). Dol. I exhibiting the existence of rounded glauconite (yellow 

arrow) and lath shaped mica (grey arrow). The presence of pyrite (black arrow is also 

observed). 

 

4.3.1.2 Medium-coarse crystalline dolomite (Dol. II) 

 Brown colored, medium to coarse crystalline dolomite (Dol. II) in the studied 

section, comprised of planar-s to planar-e dolomites (Sibley & Gregg, 1987). The 

crystal size ranges from 90 to 200 μm (Fig. 4.12A-B). Dol. II are replacive, fabric 

destructive in character, whereas cataclastic deformation resulted in brecciation of Dol. 

II along stylolites seems (Fig. 4.12A-B).  It is further observed that interlocking 

behavior of Dol. II resulted in negligible porosity distribution (Fig. 4.12A-B). 
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Fig. 4.12 Petrographic characteristics of studied Jutana Formation in the Gharibwal 

section (A). Photomicrograph showing Dol. II. The presence of stylolite is observed 

(red arrow). Pyrite (black arrow) is exhibited along these stylolites. (B). Medium to 

coarse crystalline dolomite (Dol. II) containing stylolite seems. Pyrite (black arrow) 

infilling is also observed in these stylolites. 

 

4.3.1.3 Coarse crystalline fracture filling dolomite (Dol. III) 

 In the Gharibwal section, coarse crystalline dolomite (Dol. III) are mainly 

associated with micro faults, fractures and vugs, where dolomite crystals range in size 

from 200μm up to 3mm respectively (Fig. 4.13A-B). According to the classification 

scheme of Sibley & Gregg (1987), these dolomites show planar-nonplanar crystal 

boundaries with euhedral to subhedral texture. In micro-faults, fractures and vugs, these 

dolomites are formed as a result of sufficient accommodation space that result in coarse 

crystalline dolomite i.e., Dol. III (Fig. 4.13A-B). Furthermore, Dol. III act as cementing 

phase in the fracture and vuggy porosity that result in porosity reduction (Fig.4.13A-

B). In addition, residue of heavy minerals is also observed along fractures and vugs 

(Fig. 4.13A-B).  
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Fig. 4.13 Petrographic characteristics of studied Jutana Formation in the Gharibwal 

section (A). Photomicrograph showing Dol. I containing fracture filled, coarse 

crystalline dolomite (Dol. III). The presence of pyrite (black arrow) is also observed 

in the fracture-fillings. Fracture porosity is also evident (blue arrow). (B). Fine 

crystalline dolomite (Dol. I) showing Dol. III as vugs infilling. Pyrite is exhibited 

by black arrow. 

 

Based on above-mentioned petrographic characteristics of the host limestone and 

various diagenetic phases, comprehensive paragenetic sequence illustrating various 

depositional and diagenetic phases are documented in Fig. 4.14.  

 

 

 

Fig. 4.14 Paragenetic history of the dolomite of Jutana Formation in Gharibwal 

section, representing early diagenetic modifications in the host limestone, followed 

by middle to late stage diagenetic alterations. 
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4.3.2 Khewra Gorge section 

Host Limestone: 

 The Jutana Formation mostly consisted on interbedded carbonate-siliciclastic 

succession in the studied section (Figs. 4.15A-B). Although, carbonate unit mostly 

occur as dolostone but randomly distributed partially altered limestone is also observed 

(Figs. 4.15A-B). According to Dunham’s classification, the observed limestone is 

termed as intraclasts, oolitic wacke- to packstone facies representing distinct 

depositional settings (Figs. 4.15A-B).  Allochemical constituents that represent 

intraclasts and ooids are enveloped in diagenetically altered matrix, which form initial 

phase of dolomitization (Figs. 4.15A-B). In some of the observed scenarios, intraclasts 

and ooids are partial to completely replaced, which shows another episode of diagenesis 

(Figs. 4.16 & 4.17). The intensity of deformation can be accessed from the shape of 

ooids, which shows relatively less overburden in the study area as compared to eastern 

part of the studied section (Figs. 4.15A-B). The presence of glauconite is another clue 

for depositional behavior of the pre-existing limestone (Figs. 16C-D).  It is noteworthy 

that upper part of the studied Jutana Formation showed relics of precursor limestone, 

whereas lower part exhibited complete dolomitization. In the proceeding section, 

various dolomite phases will be discussed in detail to understand diagenetic process in 

the studied rocks.  

 

 

Fig. 4.15 Petrographic characteristics of studied Jutana Formation in Khewra Gorge 

(A). Photomicrograph showing intraclastic oolitic wacke-packstone. Ooids and 

intraclasts are indicated by green and red arrows respectively. (B). Partially 

dolomitized intraclastic oolitic wacke-packstone exhibiting the presence of 

intraclasts (red arrow) and ooids (green arrow). 
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4.3.2.1 Fine crystalline matrix dolomite (Dol. I) 

 In the Khewra Gorge section, micro- to fine crystalline dolomite with crystal 

size ranging from 2-10µm, mainly comprised of light grey colored nonplanar-a to 

planar-s texture (according to Sibley & Gregg, 1987) with irregular intercrystalline 

boundaries are observed (Fig. 4.16A). These fine crystalline dolomites engulfed 

unaltered to partially altered intraclasts and ooids, which represent such dolomitization 

in the earlier phase (Fig. 4.16A). Besides, unaltered precursors of host limestone (i.e., 

ooids and intraclasts), presence of rounded to lobate shaped, green colored glauconite 

indicate depositional phenomenon of the pre-existing rock (Figs. 4.16B-C). Back 

scattered SEM also verified above-mentioned observations (Fig. 4.16C). Besides these 

depositional features, other diagenetic features that indicate post-depositional changes 

include; stylolites development and pyrite precipitation in the later stage (Fig. 4.16D).In 

addition, vuggy and moldic porosity form part of such dolomite in the Khewra Gorge 

section (Fig. 4.16A-B).  
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Fig. 4.16 Petrographic characteristics of studied Jutana Formation in the Khewra 

Gorge section. (A). Photomicrograph showing Dol. I contain well preserved ooids 

(green arrow), indicative of presence of limestone before dolomitization. (B). Green 

colored glauconite (yellow arrow) grains post-date pyrite (black arrow) in the fine 

crystalline dolomite (Dol. I). Blue arrow represents fracture porosity. (C). SEM 

image represents white colored glauconite (yellow arrow) embedded in Dol. I. (D). 

Pressure dissolution stylolite (red arrow) development is observed in the fine 

crystalline dolomite (Dol. I), whereas pyrite (black arrow) precipitation is aligned 

with these stylolites. 

 

4.3.2.2 Medium-coarse crystalline Dolomite (Dol. II) 

 Dol. II mostly consisted of planar-s to planar-e type (according to Sibley & 

Gregg, 1987), replacive phase (Figs. 4.17A-B).  The crystal size ranges from 90 to 

200μm, and shows fabric destructive character where local preservation of the precursor 

texture is observed (Figs. 4.17A-B). It is evident that intraclasts partially replaced by 

Dol. II, whereas some are unaltered (Fig. 4.17A). In addition, Dol. II mostly occur as 

pore-filling, and retained the shape of dissolved ooids (Fig. 4.17 B). Furthermore, 

glauconite grains also occurred, which contained pyrite in it (Fig. 4.17A). After the 

occludation of dissolved ooids by Dol. II, the remained pore spaces are filled with pyrite 

(Fig. 4.17B).   In general, porosity is negligible as most of the pore spaces are filled by 

Dol. II and pyrite grains in the later stage (Figs. 4.17 A-B). 
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Fig. 4.17 Petrographic characteristics of studied Jutana Formation in the Khewra 

Gorge section. (A). Fine crystalline matrix dolomite (Dol. I), containing oolite filled 

with medium-coarse crystalline dolomite Dol. II (green arrow), glauconite (yellow 

arrow) filling is also observed in the studied sample. (B). Fine crystalline matrix 

dolomite (Dol. I) and medium-coarse crystalline dolomite (Dol. II); green 

arrow=ooid modified to coarse crystalline dolomite. 

 

4.3.2.3 Coarse crystalline, fracture filled dolomite (Dol. III) 

 This phase consisted of coarse crystalline (200μm - 3mm), planar-nonplanar and 

euhedral to subhedral, fracture filled dolomite cement (Dol. III; Figs. 4.16A-B). Dol. 

III mostly occurs along fracture openings, where it exhibits coated cement (Fig. 4.18A-

B). The growth of dolomite is clear along fractures showing multiple growth rims (Figs. 

18A-B). After Dol. III cementation, the leftover spaces are filled by calcite cement (Fig. 

4.18A) or remained unfilled (Figs. 4.18B).  

 

 

Fig. 4.18 Petrographic characteristics of the Jutana Formation in the Khewra Gorge 

section. (A). Medium to coarse crystalline dolomite contains fracture filling, coarse 

crystalline dolomite (Dol. III). Black arrow exhibits pyrite, whereas blue arrow 

indicates porosity development. Calcite is exhibited by light blue arrow. (B). Crystal 

growth cementation is observed in coarse crystalline, fracture filling dolomite (Dol. 

III), whereas porosity reduction (light blue arrow) is evident due to cementation. Blue 

arrow exhibits porosity. 
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Based on detailed field observations and petrographic characteristics, summary of 

paragenetic history of Khewra Gorge section is given as below (Fig. 4.19).   

 

 

 

Fig. 4.19 Paragenetic history of the dolomite of Jutana Formation in Khewra Gorge, 

representing early diagenetic modifications in the host limestone, followed by middle 

to late stage diagenetic alterations. 

 

4.3.3 Motorway section 

Host Limestone: 

 In this studied section, precursor limestone (i.e., wacke- to packstone) consisted of 

glauconite, intraclasts and ooids (Fig. 4.20A). Precursor limestone alteration resulted in 

dolomitization of ooids, whereas intraclasts remained unaltered (Fig. 4.20A-B). Glauconite 

grains mostly contained embedded pyrite (Fig. 4.20A). Quartz grains occurred in intraclasts 

and Dol. I, which shows influx of quartz at later stage (Fig. 4.20B).Various identified 

dolomite phases in studied formation are explained as mentioned below; 
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Fig. 4.20 Petrographic characteristics of studied Jutana Formation in Motorway 

section. (A). Photomicrograph showing intraclastic oolitic wacke-packstone which 

includes primary depositional features such as ooid (green arrow), intraclast (red 

arrow) and glauconite (yellow arrow). (B). Partially dolomitized intraclastic oolitic 

wacke-packstone exhibiting the presence of ooids (green arrow) and intraclast (red 

arrow).   

 

4.3.3.1 Fine crystalline matrix dolomite (Dol. I) 

 In the studied section, matrix supported dolomite Dol. I mostly consisted of fine 

crystalline (i.e., size ranging from 2-10 µm), relatively closely packed, equigranular, 

euhedral to subhedral dolomite (according to classification of Sibley & Gregg, 1987; 

Fig. 4.21A-B). It is evident that Dol. I mostly occur around unaltered/altered oolitic and 

peloidal grains, whereas late stage diagenesis further resulted in dolomitization of 

unaltered constituents as documented in the previous section.  In addition, random 

distribution of pyrite grains and calcite veins are also observed (Fig. 4.21A-B).  

  

 

Fig. 4.21 Petrographic characteristics of studied Jutana Formation in the Motorway 

section (A). Photomicrograph showing Dol. I contains well preserved fossil fragments 

(white arrow), ooid (green arrow) and intraclast, indicative of presence of limestone 

before dolomitization. (B). Fine to medium crystalline matrix dolomite (Dol. I) contains 

calcite vein (light blue arrow). 
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4.3.3.2 Medium-coarse crystalline dolomite (Dol. II) 

 In Motorway section, Dol. II comprised of planar to nonplanar, euhedral to 

subhedral dolomite with crystal size ranging from 90 to 200µm (according to 

classification scheme of Sibley & Gregg, 1987). Although, Dol. II shows replacive 

behavior and termed as fabric destructive phase, instead local preservation of the 

precursor texture is evident in the form of retained shape of replaced ooids and 

intraclasts (Fig. 4.22A-B). Dolomite rhombs with intergranular porosity are prominent 

(Figs.4. 22A-B). Ooids are modified by replacive dolomitization are present abundantly 

(Figs. 4.22A-B). Glauconite grains are common, and displays rounded appearance 

along with embedded pyrite grains (Fig. 4.22B). In addition, randomly distributed 

quartz grains are also observed in Dol. I and II respectively.   

 

 

 

Fig. 4.22 Petrographic characteristics of studied Jutana Formation in the Motorway 

section. (A). Fine crystalline matrix dolomite (Dol. I) and medium-coarse crystalline 

dolomite (Dol. II); green arrow=ooid modified to coarse crystalline dolomite. Black 

arrow shows the existence of heavy minerals. (B). Fine crystalline matrix dolomite 

(Dol. I), containing oolite and intraclast filled with medium-coarse crystalline 

dolomite (Dol. II), glauconite (yellow arrow) filling is also observed in the studied 

sample. 

 

4.3.3.3 Coarse crystalline fracture filled dolomite (Dol. III) 

 Coarse crystalline (i.e., 200μm-3mm), fracture-filled dolomite (Dol. III) 

exhibiting planar to nonplanar and euhedral to subhedral dolomite crystals size (Fig.4. 

23A). Dol. III dolomite development is observed along the fractures, where open 

fractures allow dolomite crystals to grow that resulted in cement rims surrounding 

cortex of the dolomite (Fig. 4.23B). Such mechanism reduces available pore spaces, 

hence negative impact on the reservoir properties (Fig. 4.23B). In the studied section, 
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fracture-associated dolomite is prominent, where clear overgrowth on crystals represent 

episodic character (Fig. 4.23B). Besides this, other distinguished features include; 

glauconite grains, pyrite and pore-filled calcite cement (Fig. 4.23A-B).  

 

 

Fig. 4.23 Petrographic characteristics of studied Jutana Formation in the Motorway 

section. (A). Fracture filling, coarse crystalline dolomite (Dol. III) cross cutting 

medium to coarse crystalline dolomite contains. Yellow and black arrows indicates 

the presence of glauconite and pyrite respectively. (B). Fracture filling, coarse 

crystalline dolomite (Dol. III) cross cutting medium to coarse crystalline dolomite 

contains. Cementation is observed in coarse crystalline, fracture filling dolomite 

(Dol. III), whereas porosity reduction is evident due to cementation. Back arrow 

exhibits the existence of pyrite infilling. Porosity is represented by blue arrow. 

 

Detailed paragenetic history is established based on above-mentioned 

observations in the study area, which is explained in Fig. 4.24.  
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Fig. 4.24 Paragenetic history of the dolomite of Jutana Formation at Motorway 

section, representing early diagenetic modifications in the host limestone, followed 

by middle to late stage diagenetic alterations. 

 

4.3.4 Khisor section 

Host Limestone: 

 The western most studied section consisted of pack- to grainstone, with 

significant intergranular quartz and gypsum influx (Fig. 4.25A-B). Precursor limestone 

contained ooids and glauconite grains that represent primary depositional character 

(Fig. 4.25A). Partially dolomitized limestone exhibits ooids with concentric rims (Fig. 

4.25A). Other diagenetic features include; (i) distribution of quartz grains between 

intergranular (i.e., inter-ooidal) spaces (Fig. 4.25A), and (ii) gypsum occurrences 

between ooids (Fig. 4.25B).  

In the next section, various dolomite phases are discussed in detail to understand 

other diagenetic processes in detail. 
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Fig. 4.25 Petrographic characteristics of studied Jutana Formation in Khisor section. 

(A). Photomicrograph showing partially dolomitized limestone (oolitic wacke-

packstone) exhibiting the presence of ooids (green arrow), glauconite (yellow arrow) 

and quartz influx (light green arrow). (B) The presence of gypsum (light blue arrow) 

in partially dolomitized limestone with existence of rounded quartz influx (light green 

arrow). Green arrow indicates ooids. 

 

4.3.4.1 Fine crystalline matrix dolomite (Dol. I) 

 In the Khisor section, fine crystalline matrix dolomites (Dol. I) consisted of 

nonplanar-a to planar-s dolomites with crystal size <10μm. Furthermore, fine 

crystalline matrix dolomites (Dol. I), along with quartz grains engulfed partially altered 

ooids and peloids respectively (Fig. 4.26A). In addition, glauconite grains are sparsely 

distributed, whereas gypsum occurred as intergranular cement (Fig. 4.26B). In addition, 

vuggy and moldic porosity is observed, which indicate dissolution of pre-existing ooids 

and peloids respectively (Fig. 4.26C).   
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Fig. 4.26 Petrographic characteristics of studied Jutana Formation in the Khisore 

section (A). Photomicrograph showing fine to medium crystalline matrix dolomite 

(Dol. I) contains partially altered ooids and peloids. Input of quartz grains (red arrow) 

are also associated. (B). In Dol. I, input of quartz (red arrow) and glauconite (yellow 

arrow) are observed. (C). Dol. I exhibits presence of vuggy and moldic porosity (blue 

arrow). Red and black arrow show presence of quartz and late stage pyrite 

precipitation. 

 

4.3.4.2 Medium-coarse crystalline dolomite (Dol. II) 

 According to Sibley & Gregg (1987), medium to coarse crystalline dolomite 

(i.e., 90 to 200μm) that represent planar-s to planar-e crystal geometry is observed in 

the studied samples (Fig. 4.27A-B).  Such dolomite (i.e., Dol. II) represent replacive 

behavior that resulted in the neomorphism of intraclasts and ooids (Fig. 4.27A). Pyrite 

precipitation is observed, which post-date Dol. II (Fig. 4.27A). Distribution of rounded 

quartz grains are solely associated to Dol. I, whereas Dol. II showed no indication of 

quartz inclusion (Fig. 4.27A-B).   
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Fig. 4.27 Petrographic characteristics of studied Jutana Formation in the Khisore 

section. (A). Fine crystalline matrix dolomite (Dol. I) and medium-coarse 

crystalline dolomite (Dol. II); yellow arrow=intraclast modified to coarse 

crystalline dolomite. Black arrow shows the existence of heavy minerals, whereas 

green arrow indicates the presence of gypsum. (B). Medium-coarse crystalline 

dolomite (Dol. II); red arrow shows quartz distribution, while black arrow shows 

the existence of heavy minerals. 

 

Based on above mentioned petrographic studies of Khisor section, systematic 

paragenetic sequence is established (Fig. 4.28). 

 

 

 

Fig. 4.28 Paragenetic history of the dolomite of Jutana Formation in Khisor section, 

representing early diagenetic modifications in the host limestone, followed by middle 

to late stage diagenetic alterations. 
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4.4 SYNTHESIS  

 Field observations illustrated that Juana Formation (Cambrian) consisted of two 

distinct units (i.e., Oolitic – pisolitic unit and massive dolomite unit). Oolitic-pisolitic 

unit mostly comprised of medium to thick bedded, interlayered dolostone and 

sandstone, whereas massive dolostone form topmost part of the Jutana Formation. 

These two units are separated by shale beds and mark boundary between two units. 

Field observations exhibited that the lower unit is interbedded with oolitic-pisolitic 

dolostone of brown yellowish color containing ooids/pisoids and faunal assemblages, 

and grey whitish sandstone with distinct depositional sedimentary features (i.e. trough-

herringbone- and hummocky cross bedding. Furthermore, the upper massive dolostone 

unit consists of thick bedded to massive dolostone. 

 Detail petrographic studies indicated that after diagenesis of host limestone, 

three dolomite phases have been formed. These dolomite phases are described as fine 

crystalline dolomite (DOL-I), medium-coarse crystalline dolomite (DOL-II) and 

fracture filled dolomite (DOL-III). 
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CHAPTER 5 

5 MINERALOGY AND GEOCHEMISTRY 

5.1 INTRODUCTION 

In order to better understand the genesis of dolomite phases recognized in the 

previous section, detailed mineralogical studies and major/trace element geochemistry 

of selected bulk samples were performed. This study would help to better constrain 

processes involved in the dolomitization of pre-existing limestone, and other diagenetic 

events (cementation, corrosion etc.) that occurred during this course of time. 

Furthermore, mineralogical and geochemical data plays an important role in the 

development of a conceptual diagenetic model, which could further be elaborated in 

numerical modelling.  

In the preceding section, detailed account of mineralogical studies of various 

dolomite types are discussed in detail. This is followed by a comprehensive description 

of geochemical studies of selected samples at the studied locations in the Salt Range 

and Khisor Ranges. 

    

5.2 MINERALOGICAL STUDIES 

In order to determine quantitative mineral contents of the selected samples, forty-

nine bulk samples representing various dolomite phases were selected from four studied 

sections, and analyzed by X-ray diffractometry. In addition to bulk mineralogy, 

stoichiometry and degree of ordering of selected samples were determined. Bulk 

mineralogical studies helped to determine various mineral assemblages quantitatively. 

In order to understand the stability of dolomite crystals (i.e., stoichiometry in mole 

percent M% CaCO3), which varies from 48.0 and 52.0 M% CaCO3 in previous studies 

discussed worldwide (Hardy & Tucker, 1995). In addition, non-stoichiometric dolomite 

(i.e., less to unstable) shows concentrations below 48.0 and above 52.0 M% CaCO3 

respectively (Lumsden & Chimahusky, 1980). Besides, degree of ordering of dolomites 

can be determine with the help of d015 and d110 ratios, where higher ratios exhibit higher 

degree of ordering (Hardy & Tucker, 1995). 

5.2.1 Bulk Mineralogy and Stoichiometry 

  In the studied sections, identified dolomite phases represent varied mineral 

presence (Figs. 5.1-5.8; Appendix. IV). This include; (i) fine crystalline, matrix 

dolomite (Dol-I) showing dolomite ranges from 40-98%, quartz varies between 2-27%, 
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(ii) medium- to coarse crystalline, pore filling cement dolomite (Dol-II), and fracture 

associated dolomite (Dol-III) represent dolomite only (i.e., 100%) (Appendix. IV; Figs. 

5.1-5.8).  In order to determine Ca molar concentration, Lumsden’s equation (1979) is 

applied. 

 

CaCO3 mol% = 333.33×d104+911.99 

where d104 is calculated molar CaCO3:MgCO3 Ca value, which is based on the 

position of the peak on diffractogram given in angstrom units. 

In the following sub-sections, detailed mineralogical characteristics of the studied 

dolomite types in various studied sites (i.e., Gharibwal, Khewra, Motorway and Khisor) 

are described.   

5.2.1.1 Gharibwal section 

In the Gharibwal section, seven samples representing various dolomite phases are 

analyzed. These dolomite phases (i.e., Dol. II and Dol. III) represent pure nature of 

dolomite mineral, except few inclusions of quartz present in Dol. I (Fig. 5.1).  In 

addition, molar CaCO3:MgCO3 Ca values for fine crystalline matrix dolomite (Dol. I), 

medium-coarse crystalline pore filling cement dolomite (Dol. II) and fracture associated 

dolomite (Dol. III) are 45.5, 48.3-48.9 and 49.3 mol% CaCO3 respectively (Fig. 5.2 & 

Appendix. IV). In order to understand the relationship between molar concentration and 

degree of ordering, Mol % Ca Vs degree of ordering cross-plot of studied samples 

exhibited no clear relationship for Dol. I, whereas Dol. II and Dol. III showed positive 

relationship (Fig. 5.2). 
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Fig. 5.1 X-ray powder diffraction (XRD) results of the dolomites of Cambrian Jutana 

Formation in Gharibwal section; Dol. I illustrate fine crystalline matrix dolomite, 

Dol. II exhibits medium-coarse crystalline dolomite and Dol. III indicates coarse 

crystalline fracture filled dolomite. Red part of circle indicates quantification of 

dolomite, while blue slice exemplifies the quantification of quartz. 
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Fig. 5.2 Mol % Ca vs degree of ordering cross-plot of the dolomites of Jutana 

Formation in Gharibwal section exhibited no clear relationship of Dol. I, whereas Dol. 

II and Dol. III indicated positive relationship. 

 

5.2.1.2 Khewra Gorge 

In this studied site, twenty-one representative samples of various dolomite phases 

were analyzed. Dol. I (3 samples) contained 92% dolomite, whereas quartz contents are 

about 8% (Fig. 5.3). Furthermore, Dol. II (17- samples) and Dol. III (1- sample) 

exhibited 100% dolomite distribution (Fig. 5.3). In addition, molar CaCO3:MgCO3 Ca 

concentration for fine crystalline, matrix dolomite (Dol. I)  ranges from 46.0-46.7, while 

medium-coarse crystalline pore filling cement dolomite (Dol. II) and fracture associated 

dolomite (Dol. III) molar CaCO3 : MgCO3 Ca ranges from 47.0-49.0 and 49.7 

respectively (Fig. 5.4 & Appendix. IV). In Fig. 5.4, the cross-plot (Mol % Ca Vs degree 

of ordering of studied samples) showed stoichiometric trend with increase in degree of 

ordering in Dol. I and Dol. II, whereas Dol. III represent stoichiometry at low degree 

of ordering (Fig. 5.4).  
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Fig. 5.3 X-ray powder diffraction (XRD) results of the dolomites of Cambrian Jutana 

Formation in Khewra Gorge section; Dol. I shows the existence of fine crystalline 

matrix dolomite, Dol. II reveals medium-coarse crystalline dolomite and Dol. III 

designates coarse crystalline fracture filled dolomite. Red part of circle specifies the 

quantification of dolomite, while blue slice represents the quantification of quartz. 
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Fig. 5.4 Mol % Ca vs degree of ordering cross-plot of the dolomites of Jutana 

Formation in Khewra Gorge. Dol. I exhibited negative distribution trend whereas 

direct trend was observed for dol. II and Dol. III. 

 

5.2.1.3 Motorway section 

 In this studied section, eleven dolomite samples were analysed. Quantitative 

mineral abundance showed that Dol. I (3-samples) represented 90% of dolomite and 

10% of quartz, whereas Dol. II (6-samples) and Dol. III (2-samples) exhibited 100% 

dolomite respectively (Fig. 5.5). Moreover, molar CaCO3:MgCO3 Ca values varied 

significantly from one dolomite type to another which include; (i) fine crystalline 

matrix dolomite (i.e., Dol. I) ranges from 45.7 to 46.8, (ii) medium-coarse crystalline, 

pore filling cement dolomite (Dol. II) exhibit molar concentration from 47.1 to 49.0, 

and (iii) fracture associated dolomite (Dol. III) varies from 49.0 to 49.3 mole %CaCO3 

respectively.  In general, it is observed that dolomite stoichiometry and degree of 

ordering has direct relationship. Although, studied samples of Dol. I represent inverse 

relationship of stoichiometry and degree of ordering, in contrary to general trend 

representing various dolomite types (i.e., Dol. I, II and III) shows direct relationship as 

evidenced elsewhere (Fig. 5.6 & Appendix. IV). 
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Fig. 5.5 X-ray powder diffraction (XRD) results revealed mineralogy of dolomites 

of Cambrian Jutana Formation in Motorway section; fine crystalline matrix dolomite 

(Dol. I), medium-coarse crystalline dolomite and coarse crystalline fracture filled 

dolomite are exhibited by Dol. I, Dol. II and Dol. III respectively. Red part of circle 

indicates quantification of dolomite, while blue slice shows the quantification of 

quartz. 
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Fig. 5.6 Mol % Ca vs degree of ordering cross-plot of the dolomites of Jutana 

Formation in Motorway section showed negative relationship trend of Dol. I and 

direct distribution trend of Dol. II and Dol. III. 

 

5.2.1.4 Khisor section 

In the Khisor section, ten dolomite samples exhibiting various dolomite phases 

were analysed, these include; (i) Dol. I (4-samples) indicated 40% presence of dolomite, 

27% of quartz, 17% of gypsum  and 16% of albite, and (ii) Dol. II (6-samples) exhibited 

100% distribution of dolomite mineral(Fig. 5.7). In addition, fine crystalline matrix 

dolomite (Dol. I) and medium-coarse crystalline pore filling cement dolomite (Dol. II) 

showed molar CaCO3:MgCO3 Ca values ranging from 44.8 to 45.5, and 46.7 to 48.9 

respectively (Fig. 5.8 & Appendix. IV). Cross plot between degree of ordering and 

stoichiometry of the studied dolomite samples represent linear, normal trend, where 

stoichiometry increases with the increase of degree of ordering (Fig. 5.8).  
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Fig. 5.7 X-ray powder diffraction (XRD) result presents mineralogy of the dolomites 

of Cambrian Jutana Formation in Khewra Gorge section; Dol. I illustrate fine 

crystalline matrix dolomite, and Dol. II exhibits medium-coarse crystalline dolomite. 

The presence of dolomite is represented by red color slice, whereas blue, green and 

black slices exhibit the quantification of quartz, gypsum and albite respectively. 

 

 

 

Fig. 5.8 Mol % Ca vs degree of ordering cross-plot of the dolomites of Jutana 

Formation in Khisor section. Negative trend was found in Dol. I whereas Dol. II 

revealed positive distribution trend. 

 

5.3 GEOCHEMISTRY 

5.3.1 MAJOR AND TRACE GEOCHEMISTRY  

 Geochemical studies are generally used to determine genesis of studied 

dolomites and understand dolomitization processes through fluid flow evolution (Shah 

et al., 2012; Machel, 2004; Veizer, 1983; Brand & Veizer, 1980). In order to better 

constrain dolomitization mechanism through geochemical signatures, major (i.e., Mg) 
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and trace (i.e., Fe, Mn, Sr, Na) element geochemistry of representative samples of 

various dolomite phases collected from different studied sections of the Salt Range and 

Khisor Range are determined (Appendix. V). Cross plots between above-mentioned 

elements are established to understand relative trends that could help in deciphering 

diagenetic conditions of various studied dolomite phases. Section-wise detailed 

description of the analyzed elemental composition of various studied samples are 

discussed in the subsequent subsection.   

5.3.1.1 Gharibwal section 

In the Gharibwal section, Dol. I showed MgO values that ranges from 7.25 to 

8.12%, whereas Sr contents ranges from 184 to 201ppm respectively (Appendix. V). 

Furthermore, Dol. II exhibited MgO values that ranges from 11.86 to 18.25%, whereas 

Sr values are between 109 to 176ppm respectively (Appendix. V). Moreover, Dol. III 

shows MgO values of 19.8% and Sr 176ppm respectively (Appendix. V). In order to 

understand relative trend of the above-mentioned elemental composition in different 

dolomite phases (i.e., Dol. I, Dol. II and Dol. III), cross plot between MgO and Sr has 

been established (Fig. 5.9). This shows an inverse relationship between MgO- and Sr 

contents respectively (Fig. 5.9). As evident, Dol. I (2 samples) showed high Sr contents 

and low MgO signatures, whereas Dol. II (9 samples) exhibited relatively broad 

distribution but shows similar trend as that of Dol. II (Fig. 5.9). Finally, Dol. III is 

represented by one sample and showed relatively low Sr contents and high MgO 

concentration (Fig. 5.9).  
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Fig. 5.9 Sr vs MgO cross plot of studied dolomites in Gharibwal section showed 

inverse trend in Dol. I, Dol. II and Dol. III respectively. 
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In Dol. I, Na concentration ranges from 4145 to 4487ppm , whereas it varies from  2229 

to 3656ppm in Dol. II and 2448ppm in Dol. III respectively (Appendix. V). MgO 

concentration is already discussed above. In order to understand relative distribution of 

Na and MgO in various dolomite phases, cross plot between the said elemental 

composition has been established (Fig. 5.10). Dol. I exhibited elevated Na contents, 

whereas MgO showed lower MgO contents (Fig. 5.10). Furthermore, Dol. II indicate 

increasing trend of Na with the decrease in MgO (Fig. 5.10). Lastly, Dol. III shows high 

MgO values and relatively low Na concentration (Fig. 5.10). In general, various 

dolomite phases illustrates inverse trend between Na Vs MgO signatures as observed 

in Fig. 5.10.  

 

 

Fig. 5.10 Na vs MgO cross plot of studied dolomites in Gharibwal section. These 

results indicated inverse relationship in Dol. I, Dol. II and Dol. III. 

 

In the studied section, Dol. I (2 samples) exhibited Fe concentration that ranges 

from 7000 to 10510ppm, whereas Mn concentration varies from 678 to 770ppm 

(Appendix. V). In addition, Dol. II (9 samples) showed Fe concentration from 9030 to 

30940ppm (Appendix. V), whereas Mn contents varied between 1524 to 2631ppm 

(Appendix. V). Furthermore, last phase of dolomite i.e., Dol. III (1 sample) exhibited 

Fe contents of 26030ppm, whereas Mn contents of 2740ppm respectively (Appendix. 

V). In order to understand relationship between Fe- and Mn- distribution in various 

dolomite phases in the studied section, cross plot between these two elements was 
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established that indicate linear relationship i.e., increasing trend from Dol. I to Dol. III 

w.r.t Fe- and Mn- distribution (Fig. 5.11). To better explain, dolomite phases showed 

different distribution pattern, which include; Dol. I with less concentration of Fe and 

Mn, whereas Dol. II and Dol. III represented relatively higher concentration of Fe and 

Mn respectively (Fig. 5.11).  

 

 

Fig. 5.11 Mn vs Fe vs cross plot of studied dolomites in Gharibwal section revealed 

positive trend of Dol. I, Dol. II and Dol. III. 

 

The distribution of Sr and Mn in various dolomite phases have also been discussed 

in different cross plots above (i.e., Figs. 5.9 & 5.11). In order to find out relationship 

between Sr- and Mn- in various dolomite phases (Dol. I, Dol. II and Dol. III), cross plot 

between these two elements are constructed which showed higher contents of Sr and 

lower values of Mn in Dol. I (Fig. 5.12). Furthermore, Dol. II represented clustering 

except one sample with relatively elevated values of Mn. In addition, Dol. III exhibited 

higher concentration of Mn as well (Fig. 5.12). It is evident that inverse trend have been 

observed while considering all dolomite phases (Fig. 5.12). 
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Fig. 5.12 Sr vs Mn cross plot of studied dolomites in Gharibwal section. Inverse 

relation was found in Dol. I, Dol. II and Dol. III. 

 

The concentrations of Na and Mn in Dol. I (2-samples), Dol. II (9-samples) and 

Dol. III (1-sample) indicated zoned distribution (Appendix. V, Fig. 5.13). In order to 

understand relationship between Na- and Mn- distribution in various dolomite phases 

in the studied section, cross plot between these two elements was established that 

indicated elevated contents of Na with low values of Mn (Fig. 5.13). In addition, Dol. 

II represented distribution pattern with relatively higher concentration of Mn and low 

distribution of Na respectively (Fig. 5.13). Dol. III showed elevated concentration of 

Mn (Fig. 5.13). To conclude, inverse trend has been found based on all three dolomite 

types i.e., Dol. I, Dol. II and Dol. III signatures (Fig. 5.13).    
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Fig. 5.13 Na vs Mn cross plot of studied dolomites in Gharibwal section. Dol. I, 

Dol. II and Dol. III represented negative relation. 

 

 Elemental composition of Sr and Fe in various dolomite phases have been 

discussed above (i.e., Figs. 5.9 & 5.11). Based on elemental signatures of Sr- and Fe-, 

cross plot showing relatively elevated distribution trend of Sr with low concentration 

of Fe in Dol. I, whereas Dol. II and Dol. III revealed relatively higher values of Fe with 

lower concentration of Sr (Fig. 5.14). In general, inverse relationship has been observed 

in all three dolomite phases (Fig. 5.14). 
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Fig. 5.14 Sr vs Fe cross plot of studied dolomites in Gharibwal section exhibited 

inverse relation of Dol. I, Dol. II and Dol. III. 

 

 The elemental distribution of Na and Fe in all dolomite types are discussed 

previously (i.e., Figs. 5.9 & 5.11). Elemental concentration of Fe and Na in various 

dolomite phases indicate that Dol. I exhibited relatively increasing trend in Na contents 

with low concentration of Fe, whereas Dol. II and Dol. III represented relatively higher 

contents of Fe with lower values of Na. In conclusion inverse reserve relationship has 

been observed in the studied three dolomite phases (Fig. 5.15).  
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Fig. 5.15 Fe vs Na cross plot of studied dolomites in Gharibwal section showed 

inverse behavior in Dol. I, Dol. II and Dol. III. 

 

5.3.1.2 Khewra Gorge section 

In the Khewra Gorge section, Dol. I (3-samples) showed MgO values that ranges 

from 4.78 to 7.06%, whereas Sr values that ranges from 235 to 282ppm (Appendix. V). 

In addition, Dol. II (13-samples) showed MgO concentrations that ranges from 9.84 to 

19.78%, whereas Sr contents are between 67 to 252ppm (Appendix. V). Furthermore, 

Dol. III (1-sample) illustrated MgO signatures of 13.30-13.31% and Sr values of 176-

178ppm respectively (Appendix. V). In order to understand relative distribution of Sr 

and MgO in various dolomite phases, cross plot between the said elemental composition 

has been established (Fig. 5.16). The cross plot exhibited that Dol. I has elevated trend 

in Sr concentration, whereas decreasing trend has been observed in MgO contents. Dol. 

II and Dol. III indicated relatively higher values of MgO with lower distribution of Sr. 

Based on Dol. I, Dol. II and Dol. III values reverse trend have been observed (Fig. 5.16). 
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Fig. 5.16 Sr vs MgO cross plot of studied dolomites in Khewra Gorge. Dol. I, Dol. 

II and Dol. III indicated inverse relationship. 

 

 In the studied section, Dol. I (3 samples), Dol. II (13 samples) and Dol. III (1-

sample) MgO distribution have already been documented in Fig. 5.16. Dol. I exhibited 

Na signatures that ranges from 4431 to 4941ppm (Appendix. V). Second phase of 

dolomite (i.e., Dol. II) showed Na values that ranges from 1084 to 3649ppm (Appendix. 

V). Last stage of dolomite (Dol. III) showed Na values that varied from 2977-2978ppm 

respectively (Appendix. V). In order to know relative compositional variation 

relationship between Na and MgO cross plot has been established (Fig. 5.17). The cross 

plot revealed higher concentration trend of Na with lower concentration of MgO in Dol. 

I, whereas Dol. II and Dol. III showed relatively increasing trend in MgO concentration 

with low contents Na (Fig. 5.17). Reverse trend can be seen based on Dol. I, Dol. II and 

Dol. III signatures (Fig. 5.17). 
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Fig. 5.17 Na vs MgO cross plot of studied dolomites in Khewra Gorge. Inverse 

relationship was observed in Dol. I, Dol. II and Dol. III. 

 

 Detailed concentrations of Fe and Mn in Dol. I (3-samples), Dol. II (13-samples) 

and Dol. III (1-sample) are described in Appendix. V. In Dol. I, Fe values that varied 

from 4380 to 7160ppm, whereas Mn signatures that ranges from 446 to 849ppm 

(Appendix. V). In addition, Dol. II indicated Fe contents that ranges from 10150 to 

32060ppm, whereas Mn values are ranges from 1355 to 2924ppm (Appendix. V). 

Moreover, Dol. III exhibited Mn values of 3693-3773ppm and Fe values of 25130-

36230ppm respectively (Appendix. V). In order to understand relative trend of the 

above-mentioned elemental composition in different dolomite phases, cross plot 

between Fe and Mn has been established (Fig. 5.18). The cross plot exhibited 

decreasing trend in Dol. I with respect to Fe and Mn, whereas Dol. II and Dol. III 

indicated increasing trend of Fe and Mn concentrations (Fig. 5.18). Based on above 

discussion of all three dolomite types, direct relationship trend has been found (Fig. 

5.18). 
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Fig. 5.18 Mn vs Fe cross plot of studied dolomites in Khewra Gorge. Direct relation 

was represented by all three phases of dolomite i.e., Dol. I, Dol. II and Dol. III. 

 

 Sr and Mn distribution in Dol. I (3-samples), Dol. II (13-samples) and Dol. III 

(1-sample) have already been described above (Fig. 5.16 & Fig. 5.18). Elemental 

variation relationship between Sr and Mn has been indicated in cross plot which 

exhibited relatively elevated values of Sr with low signatures of Mn in Dol. I, whereas 

Dol. II and Dol. III indicated relatively higher values of Mn with less elevated 

concentration of Sr (Fig. 5.19). Reverse trend can be seen based on above mentioned 

signatures of Dol. I, Dol. II and Dol. III (Fig. 5.19). 
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Fig. 5.19 Mn vs Sr cross plot of studied dolomites in Khewra Gorge. Dol. I, Dol. II 

and Dol. III indicated inverse relationship. 

 

 The signatures of Na and Mn in various dolomite phases (i.e., in Dol. I, Dol. II 

and Dol. III) are described above (Fig. 5.16, Fig. 5.18 & 5.19). In order to understand 

relative trend of the above-mentioned elemental composition in different dolomite 

phases (i.e., Dol. I, Dol. II and Dol. III), cross plot between Na and Mn has been 

established (Fig. 5.20). Dol. I exhibited relatively increasing trend in Na with low 

concentration of Mn, whereas Dol. II and Dol. III represented relatively elevated trend 

in Mn with low contents in Na distribution (5.20). Based on above mentioned values of 

all three dolomite types reverse trend has been found (Fig. 5.20). 
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Fig. 5.20 Na vs Mn cross plot of studied dolomites in Khewra Gorge exhibited 

inverse relation of Dol. I, Dol. II and Dol. III. 

 

 The distribution between Sr and Fe in Dol. I, Dol. II and Dol. III are discussed 

in Fig. 5.16 and Fig. 5.18. In order to understand relative distribution of Sr- and Fe- 

concentrations in various dolomite phases, cross plot between the said elemental 

composition has been established (Fig. 5.21). Dol. I showed relatively higher values of 

Sr with low concentration of Fe (Fig. 5.21). Dol. II and Dol. III indicated relatively 

elevated trend of Fe with low Sr contents (Fig. 5.21). Reverse trend can be seen based 

on values of above discussed all dolomite phases (Fig. 5.21). 
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Fig. 5.21 Sr vs Fe cross plot of studied dolomites in Khewra Gorge. Negative relation 

was found in Dol. I, Dol. II and Dol. III. 

 

 Elemental distribution of Na and Fe in all dolomite phases are already discussed 

above. In order to understand relationship between Na- and Fe- distributions in various 

dolomite phases of the studied section, cross plot between these two elements was 

established (Fig. 5.22). Dol. I exhibited relatively elevated contents of Na with low Fe 

distribution, whereas Dol. II and Dol. III represented relatively increasing trend with 

respect to Fe (Fig. 5.22). Based on above Dol. I, Dol. II and Dol. III signatures reverse 

relation trend has been found (Fig. 5.22). 
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Fig. 5.22 Na vs Fe cross plot of studied dolomites in Khewra Gorge illustrated inverse 

relationship trend of Dol. I, Dol. II and Dol. III. 

 

5.3.1.3 Motorway section 

In Motorway section, the concentration of Sr and MgO in Dol. I (4-samples), Dol. 

II (4-samples) and Dol. III (1-sample) are described in Appendix. V. In Dol. I, MgO 

values that ranges from 6.01 to 7.98% and Sr contents that ranges from 194 to 277ppm 

(Appendix. V). In addition, Dol. II showed MgO values in between 13 and 20.07%, 

whereas Sr values varied from 129 to 210ppm (Appendix. V). Dol. III exhibited 13.31% 

of MgO and 176ppm of Sr (Appendix. V). In order to understand relative distribution 

of Sr and MgO in various dolomite phases, cross plot between the said elemental 

composition has been established in which Dol. I exhibited an increasing trend in Sr 

contents with relatively low values of MgO (Fig. 5.23). Dol. II and Dol. III exhibited 

relatively higher trend in MgO with low Sr concentration (Fig. 5.23). Reverse trend can 

be seen based on all dolomite types (Fig. 5.23). 
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Fig. 5.23 Sr vs MgO cross plot of studied dolomites in Motorway section indicated 

inverse relation in Dol. I, Dol. II and Dol. III. 

 

 In the studied section, the distribution of MgO in Dol. I, Dol. II and Dol. III are 

already discussed above (Fig. 23). In Dol. I (4-samples) Na values are ranges from 4087 

to 5155ppm (Appendix. V). Furthermore, Dol. II (4-samples) represented Na values 

ranges from 1458 to 3561ppm (Appendix. V). Last episode of dolomite (Dol. III-3 

samples) exhibited 1978ppm values of Na (Appendix. V). In order to understand 

relative distribution of Na and MgO in various dolomite phases, cross plot between Na 

and MgO elemental composition has been established (Fig. 5.24). Dol. I exhibited 

relatively higher values of Na with lower MgO values, whereas Dol. II and Dol. III 

indicated relatively an increase trend in MgO concentration (Fig. 5.24). Based on above 

mentioned signatures of all dolomite types reverse trend can be seen (Fig. 5.24).  
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Fig. 5.24 Na vs MgO cross plot of studied dolomites in Motorway section. The results 

showed negative relation in Dol. I, Dol. II and Dol. III. 

 

In Motorway section, Dol. I (4-samples) showed Fe values that ranges from 1940 

to 5300ppm and Mn values that varied from 616 to 1001ppm (Appendix. V). In Dol. II 

(4-samples), Fe values are varied between 6160 and 21440ppm and Mn signatures are 

varied between 1278 and 2156ppm (Appendix. V). Dol. III (1-sample) showed Fe 

contents of 25130ppm and Mn concentration of 3673ppm respectively (Appendix. V). 

To better explain relationship between Fe- and Mn- distribution in various dolomite 

phases in the studied section, cross plot between these two elements was established 

that indicate linear relationship i.e., increasing trend from Dol. I to Dol. III w.r.t Fe- and 

Mn- distribution (Fig. 5.25). Dol. I exhibited relatively low values of Fe and Mn, 

whereas Dol. II and Dol. III illustrated higher concentration of Fe and Mn (Fig. 5.25).  
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Fig. 5.25 Mn vs Fe cross plot of studied dolomites in Motorway section. Direct 

relation was exhibited by Dol. II and Dol. III whereas Dol. I represented negative 

behavior. 

 

The distribution of Sr and Mn in Dol. I (4-samples), Dol. II (4-samples) and Dol. 

III (1-sample) are described above (Fig. 5.23 & Fig. 5.25). In order to understand 

relative distribution of Sr and Mn in various dolomite phases, cross plot between the 

said elemental composition has been established (Fig. 5.26). Dol. I represented higher 

values of Sr with lower distribution of Mn (Fig. 5.26). Furthermore, Dol. II exhibited 

distribution pattern with elevated values of Mn. Besides this, Dol. III represented higher 

cone of Mn (Fig. 5.26). Based on Dol. I, Dol. II and Dol. III results reverse trend was 

found (Fig. 5.26). 
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Fig. 5.26 Sr vs Mn cross plot of studied dolomites in Motorway section. Dol. I, Dol. 

II and Dol. III represented inverse relation. 

 

The distribution of Na and Mn in all dolomite phases are documented above (5.24, 

5.25 & 5.26). In order to understand relationship between Na- and Mn- distribution in 

various dolomite phases in the studied section, cross plot between these two elements 

was established. All phase of dolomite revealed clustering appearance, whereas Dol. I 

indicates relatively elevated ratio of Na concentrations with low Mn contents (Fig. 

5.27). Second and last phase of dolomites (i.e., Dol. II and Dol. III) showed relatively 

an increase trend in Mn concentration with low Na contents (Fig. 5.27). Based on above 

discussion revers trend can be seen based on values of all dolomite types (Fig. 5.27). 
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Fig. 5.27 Na vs Mn cross plot of studied dolomites in Motorway section. Dol. I, Dol. 

II and Dol. III exhibited inverse behavior. 

 

 In the studied section, the distribution of Sr and Fe are discussed above (Figs. 

5.23, 5.25 & 5.26). In order to understand relative trend of the above-mentioned 

elemental composition in different dolomite phases (i.e., Dol. I, Dol. II and Dol. III), 

cross plot between Sr and Fe has been established (Fig. 5.28). Dol. I represented 

relatively elevated values of Sr with low concentration of Fe (Fig. 5.28). Dol. II and 

Dol. III exhibited relatively higher distributions of Fe with low values of Sr (Fig. 5.28). 

All dolomite types represented reverse trend based on its above mentioned signatures 

(Fig. 5.28). 
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Fig. 5.28 Sr vs Fe cross plot of studied dolomites in Motorway section showed 

inverse relation of Dol. I, Dol. II and Dol. III. 

 

In studied section the concentration of Na and Fe in various dolomite phases are 

discussed above (Figs. 5.24, 5.25 & 5.27). In order to understand relative trend of the 

above-mentioned elemental composition in different dolomite phases (i.e., Dol. I, Dol. 

II and Dol. III), cross plot between Na and Fe has been established (Fig. 5.29). Dol. I 

indicated relatively higher Na contents with decrease in Fe contents, whereas Dol. II 

and Dol. III showed relatively elevated trend in Fe concentration with low Na contents 

(Fig. 5.29). Reverse trend can be seen based on Dol. I, Dol. II and Dol. III signatures 

(Fig. 5.28). 
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Fig. 5.29 Na vs Fe cross plot of studied dolomites in Motorway section indicated 

inverse behavior of Dol. I, Dol. II and Dol. III. 

 

5.3.1.4 Khisor section 

 In Khisor section, Dol. I (5-samples) showed distribution of MgO that ranges 

from 6.08 to 11.02%, whereas Sr concentration ranges from 368 to 436ppm (Appendix. 

V). In addition, Dol. II (7-samples), exhibited MgO contents varied between 9.84 and 

19.09% and Sr signatures lies between 92 and 388ppm (Appendix. V). In order to 

understand relative trend of the above-mentioned elemental composition in different 

dolomite phases (i.e., Dol. I and Dol. II), cross plot between MgO and Sr has been 

established (Fig. 5.30). This showed an inverse relationship between MgO- and Sr 

contents respectively (Fig. 5.30). It is observed that Dol. I showed relatively higher 

distributions of Sr, whereas Dol. II exhibited elevated MgO concentration (Fig. 5.30).  
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Fig. 5.30 Sr vs MgO cross plot of studied dolomites in Khisor section. Dol. I and Dol. 

II represented inverse relation. 

 

In the studied section, Dol. I (5-samples) showed Na concentration that ranges 

from 6455 to 8710ppm, whereas as MgO distribution has already been discussed in Fig. 

30 above (Appendix. V). Furthermore, second phase of dolomite (i.e., Dol. II-7-

samples) illustrated Na values varied between 2745 and 8310 ppm respectively, 

whereas MgO concentration has been described above (Appendix. V). In order to 

understand relative distribution of Na and MgO in various dolomite phases, cross plot 

between the said elemental composition has been established (Fig. 5.31). In the cross 

plot, Dol. I exhibited relatively higher Na contents with low MgO distributions, whereas 

Dol. II represented relatively elevated values of MgO and low Na concentration (Fig. 

5.31). Based on above mentioned signatures reverse trend has been observed (Fig. 

5.31). 
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Fig. 5.31 Na vs MgO cross plot of studied dolomites in Khisor section. Dol. I and 

Dol. II represented inverse relation. 

 

In Khisor section, Dol. I (5-samples) exhibited the distribution of Fe that varied 

from 3430 to 7280ppm and Mn concentration that ranges from 1232 to 1848ppm 

respectively (Appendix. V). Moreover, Dol. II (7-samples) indicated Mn distribution 

that ranges from 1617 to 3157ppm and Fe contents that ranges from 3710 to 7157ppm 

(Appendix. V). In order to understand relationship between Fe- and Mn- distribution in 

various dolomite phases in the studied section, cross plot between these two elements 

was established that indicate linear relationship i.e., increasing trend from Dol. I to Dol. 

II w.r.t Fe- and Mn- distribution (Fig. 5.32). Dol. I exhibited relatively lower values of 

Fe and Mn In addition, Dol. II showed relatively higher ratio of Fe and Mn (Fig. 5.32). 
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Fig. 5.32 Mn vs Fe cross plot of studied dolomites in Khisor section. D. II indicated 

positive relation whereas Dol. I revealed negative behavior. 

 

In the studied section, the concentration of Mn and Sr in various dolomite phases 

has already been described above (Figs. 5.30 & 5.32). In order to find out relationship 

between Sr and Mn in various dolomite phases (Dol. I and Dol. II), cross plot between 

these two elements are constructed which showed increasing trend of Sr in Dol. I, 

whereas Dol. II showed elevated trend in Mn (Fig. 5.33). Furthermore it is observed 

that higher contents of Sr with low Mn concentrations are represented by Dol. I, 

whereas Dol. II revealed relatively elevated values of Mn with low Sr distributions (Fig. 

5.33). Based on Dol. I and Dol. II values reverse trend can be seen (Fig. 5.33). 
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Fig. 5.33 Sr vs Mn cross plot of studied dolomites in Khisor section. Dol. I and Dol. 

II represented inverse relation. 

 

The distributions of Na and Mn in Dol. I and Dol. II have already been 

documented above. In order to understand relationship between Na- and Mn- 

distribution in various dolomite phases in the studied section, cross plot between these 

two elements was established (Fig. 5.34).  Dol. I exhibited elevated values of Na, 

whereas Dol. II showed distributed character with higher values of Mn (Fig. 5.34). 

Reverse trend can be seen based on Dol. I and Dol. II signatures (Fig. 5.34). 
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Fig. 5.34 Na vs Mn cross plot of studied dolomites in Khisor section. Dol. I and Dol. 

II represented inverse relation. 

 

In the studied section, the concentrations of Sr and Fe have already been discussed 

above. In order to understand relative distribution of Sr and Fe in various dolomite 

phases, cross plot between the said elemental composition has been established (Fig. 

5.35). In Dol. I, elevated distribution of Sr concentrations are observed, whereas Dol. 

II represented higher values of Fe concentration. Reverse trend can be seen based on 

Dol. I and Dol. II values (Fig. 5.35). 
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Fig. 5.35 Sr vs Fe cross plot of studied dolomites in Khisor section. Negative relation 

was represented by Dol. I and Dol. II. 

 

 In the studied section, the distribution of Na and Fe in Dol. I and Dol. II have 

already been documented above. In order to understand relationship between Na and 

Fe in various dolomite phases in the studied section, cross plot between these two 

elements was established indicating an increasing trend of Na in Dol. I, whereas Dol. 

II showed an increasing relationship in Fe concentration. Moreover, it is evident that 

Dol. I showed relatively higher values of Na with low Fe distribution. In addition, Dol. 

II indicated relatively elevated values of Fe with low Na contents (Fig. 5.36). Inverse 

trend can be seen based on Dol. I and Dol. II signatures (Fig. 5.36). 
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Fig. 5.36 Na vs Fe cross plot of studied dolomites in Khisor section. Dol. I and Dol. 

II represented negative relationship. 
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5.3.2 ISOTOPES ANALYSIS 

 To better constrain the mechanism of dolomitization, dolomitizing fluid 

chemistry, and fluid flow evolution, isotopic signatures plays an important role 

alongside trace contents (Urey et al., 1951; Matthews & Katz, 1977; Talbot, 1990; 

Veizer et al., 1999; Barnaby et al., 2004; Jaffres et al., 2007; Bowen et al., 2008; Geske, 

2012; Geske et al., 2014 & 2015; Meng et al., 2019). It is also known that during the 

formation of dolomite, ionic replacement of Ca2+ and Mg2+ in the crystal lattice is 

directly linked with diagenetic environment and possibly their original Mg source 

(Geske et al., 2014).  Magnesium isotope exchange (δ25Mg & δ26Mg) between 

precipitating fluid and dolomite is an important indicator of physicochemical conditions 

in marine environments with implications for long term variations in paleo-

oceanographic and paleo-climatic parameters. In addition, Sr- isotopes also gives idea 

about fluids from which dolomite was precipitated (Lapponi., 2007). As Sr isotopic 

fractionation during carbonate precipitation can be considered negligible, the Sr 

isotopic composition of a carbonate is considered identical to that of the fluid (seawater 

or diagenetic brine) at the time of precipitation. The Sr87/86 ratio of ocean water has 

changed systematically throughout the Phanerozoic, but it can be considered constant 

at any time, due to the long residence time of Sr in seawater (Burke et al. 1982). With 

the help of isotopes studies genetic mechanisms of the studied dolomites and 

paleoenvironmental conditions will be identified. Isotopes analysis executed for present 

study include; (i) stable isotopes studies (δ13C & δ18O), (ii) Mg-isotopes (δ25Mg & 

δ26Mg), and (iii) radiogenic isotopes studies (Sr87/86). 
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5.3.2.3 STABLE ISOTOPES SIGNATURES (δ13C & δ18O) 

 In the studied sections (i.e., Gharibwal, Khewra, Motorway and Khisor 

sections), identified dolomite phases exhibited broad range of depleted δ18O values (-

7.73 to -2.05‰ V-PDB), while their δ13C values (-2.02 to -0.08‰ V-PDB) fall in the 

range of reported carbonates precipitating from Cambrian seawater i.e., -2.0 to 0.0‰ 

V-PDB (Veizer et al., 1999; Prokoph, 2008). According to Land (1983), dolomite 

formed from fluids derived from deep seated and/or basement lithologies represent 

relatively depleted δ18O signatures. In the present studies, 50 representative samples of 

various dolomite phases from  four studied sections (i.e., Gharibwal, Khewra Gorge, 

Motorway and Khisor sections) were analyzed for  stable isotope studies (δ13C and 

δ18O). Detailed description of each studied section is given below.   

a. Gharibwal section 

 In extreme eastern side of the study area (i.e., Gharibwal section), 2- 

representative samples of fine crystalline matrix dolomite (i.e., Dol. I) exhibited δ18O 

signatures that ranges from -4.97 to -4.88‰ V-PDB and δ13C values that ranges from -

2.05 to -0.77‰ V-PDB respectively (Appendix. VI). In addition, δ18O and δ13C values 

for 6- representative samples of medium- to coarse crystalline pore filling cement 

dolomite (i.e., Dol. II) are -6.45 to -5.82‰ V-PDB and -1.67 to -0.36‰ V-PDB 

respectively (Appendix. VI). Moreover, 1- sample of fracture associated dolomite (i.e., 

Dol. III) showed -6.71‰ V-PDB and -0.49‰ V-PDB values for δ18O and δ13C 

respectively (Appendix. VI). In order to understand isotopic relationship between 

various dolomite phases, cross plot between δ18O and δ13C has been established (Fig. 

5.37). It is observed that all the dolomite phases represent δ18O depletion from original 

Cambrian marine signatures, whereas δ13C signatures are well within the range of 

original marine carbonates (Fig. 5.37). In addition, Dol. I is relative less depleted as 

compared to Dol. II and Dol. III respectively (Fig. 5.37).  
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Fig. 5.37. Stable isotopes (δ18O Vs δ13C) signatures in various dolomite phase (i.e., 

Dol. I, Dol. II and Dol. III) of Jutana Dolomite in Gharibwal section. Dol. I exhibited 

slightly depleted values, whereas dol. II and Dol. III represented highly depleted 

values. 

 

b. Khewra Gorge 

 In the Khewra Gorge section, 6-representative samples of fine crystalline matrix 

dolomite (Dol. I) showed δ18O distributions that varied from -5.75 to -5.31‰ V-PDB 

and δ13C values that ranges from -0.54 to 0.13‰ V-PDB respectively (Appendix. VI). 

14- samples of medium- to coarse crystalline pore filling cement dolomite (Dol. II) 

presented δ18O values that varied from -6.64 to -5.24‰ V-PDB and δ13C values that 

ranges from -0.04 to -1.66‰ V-PDB (Appendix. VI). In addition, 2- samples 

representing fracture associated dolomite (Dol. III) exhibited δ18O and δ13C values that 

varied from -7.73 to -7.29 and -1.66 to -0.96‰ V-PDB respectively (Appendix. VI). 

δ18O and δ13C cross plot of the selected data represent that δ18O values are depleted 

with respect to original Cambrian marine signatures, whereas δ13C values are within 

desired range (Fig. 5.38). Furthermore, Dol. I and Dol. II showed relatively less 

depleted values as compared to Dol. III, which is slightly more depleted (Fig. 5.38).  
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Fig. 5.38 Stable isotopes (δ18O Vs δ13C) values observed in Dol. I, Dol. II and Dol. 

III of Jutana Dolomite in Khewra Gorge section. Dol. I showed less depleted values, 

whereas Dol. II and Dol. III exhibited highly depleted signatures. 

 

c. Motorway section 

  In the studied section, 4 representative samples of fine crystalline matrix 

dolomite (i.e., Dol. I) indicated δ18O values that ranges from -5.03 to -3.76‰ V-PDB 

and δ13C signatures that varied from-2.05 to -0.513‰ V-PDB respectively (Appendix. 

VI).  3 samples of medium- to coarse crystalline pore filling cement dolomite (Dol. II) 

exhibited δ18O signatures that varied from  -6.41 to -6.11‰ V-PDB and δ13C  values 

that ranges from -0.50 to -0.30‰ V-PDB respectively (Appendix. VI). Moreover 1 

samples of fracture associated dolomite (Dol. III) exhibited -7.20‰ V-PDB and -

1.83‰ V-PDB signatures for δ18O and δ13C respectively (Appendix-VI). In order to 

better constrain isotopic relationship between various dolomite phases, cross plot 

between δ18O and δ13C has been established indicating δ18O depletion from original 

Cambrian marine signatures, whereas δ13C signatures are well within the range of 

original marine carbonates (Fig. 5.39). In addition, Dol. I is relative less depleted as 

compared to Dol. II and Dol. III respectively (Fig. 5.39). 
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Fig. 5.39 Stable isotopes (δ18O Vs δ13C) results in all dolomite phases i.e., in Dol. I, 

Dol. II and Dol. III of Jutana Dolomite in Motorway section. Dol. I showed less 

depleted values, whereas Dol. II and Dol. III represented highly depleted values. 

 

d. Khisor section 

 In the western part of study area (i.e., Khisor section), 7 representative samples 

of fine crystalline matrix dolomite (i.e., Dol. I) exhibited δ18O signatures that ranges 

from -2.22 to -1.18‰ V-PDB and δ13C values that varied from -1.73 to -1.46‰ V-PDB 

respectively (Appendix. VI). 4 samples of medium-coarse crystalline pore filling 

cement dolomite (i.e., Dol. II) revealed  δ18O values that varied from  -3.52 to -1.98‰ 

V-PDB; δ13C  signatures that ranges from -1.73 to -1.46‰ V-PDB (Appendix. VI). In 

order to understand isotopic relation between dolomite phases, cross between δ18O and 

δ13C has been established (Fig. 5.40). In addition, Dol. I exhibited δ18O signatures close 

to original marine signatures, whereas slightly depleted δ18O values are exhibited by 

Dol. II. Moreover δ13C signatures are well within the range of original marine 

carbonates (Fig. 5.40). 

 It is observed that from east to west of studied section (i.e., from Gharibwal to 

Khisor), isotopes (i.e., δ18O) signatures exhibited less decreasing trend in fine 

crystalline matrix dolomite (i.e., Dol. I), while medium-coarse crystalline pore filling 

cement dolomite (i.e., Dol. II) showed more and highly decreasing trend w.r.t δ18O 

values respectively (Figs. 5.37-5.40 & Appendix. VI).  
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Fig. 5.40 Stable isotopes (δ18O Vs δ13C) results in Dol. I and Dol. II of Jutana 

Formation in Khisor section. 

 

 Furthermore, in order to better understand range of temperature East-West in 

various dolomite phases of four studied sections, a cross plot between δ18O VPDB and 

δ 18O VSMOW values has been established (Fig. 5.41). The cross plot showed that the 

effect of temperature increases from west to east of studied area (Fig. 5.41). 
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Fig. 5.41 Temperature vs δ18O diagenetic fluid for various δ 18O dolomite values that 

were reconstructed from the equation 103 lnα = 3.2 9 * 106/T-2 -3.3 (Land, 1983). 

Dolomites of Jutana Formation in four studied sections (i.e., from east to west) 

indicated preferred temperature ranges. 

 

5.3.2.4 SRONTIUM ISOTOPES (Sr87/86) SIGNATURE 

  Sr-isotopes (Sr87/86) signatures of the analysed 10 studied dolomites samples 

ranges from 0.710497 to 0.713198. These values are elevated from Sr87/86 values 

(0.7080 to 0.7090) recorded in carbonates precipitated from Cambrian sea water (Figs. 

6.6-6.8 & Appendix. VI; Veizer et al., 1999). Section wise from east to west Sr-isotopes 

(Sr87/86) signatures of four studied section are mentioned below; 

a. Gharibwal section 

 In Gharibwal section one analysed sample of fracture associated dolomite (Dol. 

III) revealed Sr-isotope signature is of 0.711571 (Appendix. VI). In order to understand 

relation between signatures of the analysed dolomite samples and precursor marine 
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signatures of limestone, cross plot have been established indicating elevated values of 

Dol. III from original marine signatures (Figs. 5.42-5.43).  

b. Khewra Gorge 

 In the studied section fine crystalline matrix dolomite (i.e., Dol. I) exhibited Sr-

isotopes (Sr87/86) signature that varied from 0.710154 to 0.710628 and medium-coarse 

crystalline pore filling cement dolomite (i.e., Dol. II) indicated  Sr-isotopes (Sr87/86) 

values that ranges from 0.710643 to 0.713198 (Appendix. VI). In order to find trend of 

Sr-isotopes signatures in dolomite phases with that of host limestone, cross plots have 

established (Figs. 5.42-5.43). The cross plots exhibited that signatures of Sr-isotopes in 

dolomite phases lies above marine signatures of host limestone. 

c. Motorway section 

  In Motorway section Sr-isotopes (Sr87/86) signature of one analysed sample of 

medium-coarse crystalline pore filling cement dolomite (Dol. II) is that of 0.711601 

(Appendix. VI). In order to understand relationship of Sr-isotope signature with that of 

host limestone, cross plot has been constructed exhibiting elevated value in Dol. II from 

marine signatures of precursor limestone (Figs. 5.42-5.43). 

d. Khisor section 

  In the studied section medium-coarse crystalline pore filling cement dolomite 

(i.e., Dol. II-1 sample) exhibited Sr-isotopes (Sr87/86) 0.710497 values (Appendix. VI). 

In the cross plot these signatures lies above marine signatures of host limestone. (Figs. 

5.42-5.43). 
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Fig. 5.42 Sr 87/86 Vs Sr (ppm). Sr-isotopes values fall above its marine signatures, 

while Sr (ppm) values for Dol. I are higher than Dol. II and Dol. III. 

  

 

Fig. 5.43 δ18O vs Sr87/86 .The result of Sr-isotope lies above the range of original 

Cambrian marine signature of host limestone, while stable isotopes reflects two 

diagenetic possibilities i.e. mixing zone and hydrothermal dolomitization for 

Cambrian Jutana Dolomite 

 

5.3.2.5 MAGNESIUM ISOTOPES (δ25Mg & δ26Mg) SIGNATURE 

 Mg-isotopes i.e, δ25Mg & δ26Mg values of the investigated dolomites are -

0.77‰±0.02 2σ n=6 and -1.48‰±0.05 2σ n=6 respectively (Appendix. VI). Detailed 
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description of Mg-isotopes (i.e., δ25Mg and δ26Mg) signatures of four studied sections 

are given below;  

a. Gharibwal section 

 In Gharibwal section Mg-isotopes (i.e., δ25Mg & δ26Mg) signatures of fracture 

associated dolomite (Dol. III-1 samples) is -0.75‰±0.01 2σ and -1.43‰±0.02 2σ (Fig. 

5.44 & Appendix. VI). 

b. Khewra Gorge section 

 In the studied section Mg-isotopes (i.e., δ25Mg & δ26Mg) signature of medium-

coarse crystalline pore filling cement dolomite (Dol. II) ranges from -0.86 to -

0.70‰±0.02 2σ and -1.67 to -1.34‰±0.03 2σ   respectively (Fig. 5.44 & Appendix.VI). 

c. Motorway section 

 In Motorway section Mg-isotopes i.e., both δ25Mg and δ26Mg signatures of one 

analysed sample of medium-coarse crystalline pore filled cement dolomite (i.e., Dol. 

II) exhibited -0.61‰±0.02 2σ and -1.19‰±0.06 2σ respectively (Fig. 5.44 & Appendix. 

VI). 

d. Khisor section 

  In the studied section δ25Mg and δ26Mg signatures of medium-coarse crystalline 

pore filling cement dolomite (i.e., Dol. II) are -0.85‰±0.01 and -1.66‰±0.03 (Fig. 5.44 

& Appendix. VI).  
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Fig. 5.44 Mg-isotopes signatures of analysed samples of four studied sections (i.e., 

Gharibwal, Khewra Gorge, Motorway and Khisor sections) of the dolomites of 

Jutana Formation. 
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CHAPTER 6 

6. DISCUSSIONS AND INTERPRETATIONS 

6.1 INTRODUCTION  

In this chapter, attempt are made to interpret  analyzed data as given in previous 

chapters of four studied sections (i.e., Gharibwal, Khewra Gorge, Motorway and Khisor 

sections) of the Cambrian Jutana Formation. Moreover, Jutana Formation (Cambrian) 

showed complex diagenetic history that initiated during early phase, near surface 

diagenetic alterations to late stage, deep burial diagenetic settings (Khan & Shah, 2019). 

Such information are constrained by detailed petrographic studies interlinked with field 

observations, mineralogy, major/trace geochemical signatures and isotopes (C, O, Mg 

& Sr) analysis, that confirmed near surface, mixing zone and burial-associated, 

hydrothermal diagenesis. 

6.2 PARAGENETIC SEQUENCE AND RELATED DIAGENETIC 

SETTINGS 

 Field observations revealed that the Jutana Formation consisted interbedded 

sandstone and dolostone with occasional shale successions in the four studied sites as 

discussed in Chapter 4. Based on field characteristics, the Jutana Formation is further 

subdivided into three units, which include; (i) lower oolitic/pisolitic unit, (ii) middle 

shale unit and, (iii) upper part massive unit respectively (Shah, 2009). The Jutana 

Formation exhibited both lower and upper conformable contacts with Kussak 

Formation (lower Cambrian) and Baghanwala Formation (upper Cambrian) 

respectively (Shah, 2009; Khan & Shah, 2016). Outcrop and petrographic studies 

indicate different depositional features that include; glauconite grains, dolomitized 

ooids, faunal assemblages and depositional textures (i.e., ripple mark and cross-

bedding). In addition, diagenetic realms include three various episodes of dolomite, (i) 

Fine crystalline, euhedral, pervasive dolomite matrix (i.e., Dol. I), (ii) Coarse 

crystalline, anhedral, pore-filled dolomite cement (i.e., Dol. II), and (iii) very coarse 

crystalline, anhedral, fracture-filled dolomite cement (i.e., Dol. III). Other diagenetic 

features observed during this studies are dissolution, stylolitization, calcite and pyrite 

precipitation (Figs. 4.16B, 4.18A-B & 6.1).  Pervasive dolomitization (i.e., Dol. I) 

resulted from partial to complete dolomitization of precursor limestone, where primary 

depositional features are still evident in the form of partially dolomitized ooids (Fig. 

6.2A). This is indicative of secondary dolomitization mechanism involved in diagenetic 
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modification. This is followed by partial dissolution of the unaltered limestone, which 

is later on filled by second episode of dolomite (i.e., Dol. II; 6.2B). Furthermore, last 

stage of dolomitization (Dol. III) post-date tectonic activity (i.e., post-Himalayan 

orogeny) and is associated with fracture development, as explained in Khan and Shah 

(2019).  

Spatial distribution of above mentioned depositional and diagenetic realms in the 

studied sections indicate that there as marked differences of diagenetic changes between 

the eastern part of Salt Range (Gharibwal, Khewra and Motorway sections) and Khisor 

Range (Khisor section), which is represented by relatively higher influx of quartz and 

presence of gypsum in the western studied site as compared to eastern studied sites 

(Figs. 6.1, 4.25A-B & 4.27A-B). The influx of quartz is least in East direction of study 

area where latitudinal position was high, while quartz and gypsum were identified 

abundantly westward due to low altitude. 

 In order to propose possible mechanism of dolomitization, it is evident that 

partially destructive original sedimentary architecture supports dolomitization 

associated with meteoric/marine Mg-driven fluids during capillary flow through 

sediments as proposed by various workers in different studies (Patterson & Kinsman, 

1981; McKenzie & Mueller, 1990; Al-Aasm et al., 2000; Qing et al., 2001; Melim & 

Scholle, 2002; Jones et al., 2002; Fu et al., 2006). In the present studies, bedding 

parallel, pervasive dolomitization along with presence of quartz and anhydrite indicate 

sabkha, seepage-reflux and mixing-zone type as possible mechanisms involved in 

dolomitization. Further in-depth studies show the non-presence of characteristic 

features of sabkha model (i.e., box work, lamination texture, algal stromatolites and 

nodular anhydrites), which exclude this possible mechanism (Liu, 1980; Allan & 

Wiggins, 1993; Braithwaite & Rizzi, 1997; Duggan et al., 2001).  However, in seepage-

reflux and mixing zone dolomitization models fulfill desired requirements, where Mg- 

rich fluids moving downward and seawards that leads to dolomitization in the platform 

margin (Nielsen, 1994; Mutti & Simo, 1994; Fu, 2004 & 2006; Bishop, 2014; Zhang, 

2017 & 2014). In the present studies, this process might be responsible for pervasive 

dolomitization of the pre-existing limestone.  
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Fig. 6.1 Paragenetic sequence of Cambrian Jutana Formation at four studied sections, 

showing diagenetic modifications in the host limestone. 
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Fig. 6.2 Depositional precursors and diagenetic modifications observed in the studied 

rocks. Distinct features include; (A) Partial dolomitized limestone; green arrow=ooid 

(B) medium-coarse crystalline dolomite (Dol. II) and fine crystalline matrix dolomite 

(Dol. I) dolomite; green arrow=ooid modified to coarse crystalline dolomite, 

black=iron/heavy mineral residue (C) fine crystalline matrix dolomite (Dol. I) and 

medium-coarse crystalline dolomite (Dol. II) with presence of preserved Trilobite 

trails; white arrow=trilobite trails, green arrow=ooid modified to coarse crystalline 

dolomite. 

 

6.3 CHEMISTRY OF DOLOMITIZING FLUIDS 

6.3.1 Mineralogical constraints  

In order to better understand dolomite genesis, mineralogical characteristics (i.e., 

stoichiometry and degree of ordering) plays an important role (Carpenter, 1980; 

Andreeva et al., 2011; Kaczmarek & Sibley 2011; Shuqin, 2012; Kaczmarek & 

Thornton 2017). According to Morrow (1982) and Lumsden & Chimahusky (1980), 

three dolomite types i.e., (i) Type I; nearly stoichiometric (51-52 mol% CaCO3), fine 

crystalline dolomite with evaporite occurrences, (ii) Type II; non-stoichiometric (54-56 

mol% CaCO3), fine dolomites with no evaporite occurrences, and (iii) Type III; nearly 

stoichiometric (50-51 mol% CaCO3), coarsely crystalline dolomite are recognized 

based on stoichiometry, textural variations, and presence/absence of associated 

evaporite minerals, representing early diagenetic, near-surface conditions (for Types I 

& II) and late diagenetic, burial conditions (for Type III) respectively. According to 

Kaczmarek and Thornton (2017), stoichiometry increases with increase in replacement 
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of Mg ion and temperature as well. Positive relationship existed between stoichiometry 

and cation ordering (Turpin et al., 2009 & 2012; Kaczmarek & Thornton, 2017).  

In the present studies, calculated CaCO3 mole% composition using Lumsden’s 

equation (Lumsden, 1979) revealed that fine crystalline matrix dolomite (i.e., Dol. I; 

44.81-46.84 mol% CaCO3) are low ordered and non-stoichiometric (Figs. 5.1-5.8 & 

6.3-6.5). Based on above-mentioned studies of Morrow (1982), Lumsden & 

Chimahusky (1980) and other workers (i.e., Nader et al., 2004; ; Kaczmarek & Sibley, 

2011; Shuqin et al., 2012; Zhao & Jones 2012; Kaczmarek & Thornton, 2017), it is 

argued that Dol. I showed resemblance of Type II, hence formed during early 

diagenesis. In addition, medium-coarse crystalline pore filling cement dolomite (i.e., 

Dol. II; 47.1 - 49.4 mol% CaCO3) and fracture associated coarse crystalline dolomite 

(i.e., Dol. III; 49.0 - 49.7 mol% CaCO3) are stoichiometric and moderately ordered 

dolomites (Figs. 5.1-5.8 & 6.3-6.5), and resemble to Type III of Morrow (1982) and 

Lumsden & Chimahusky (1980), hence formed during late diagenetic, burial 

conditions.  

Based on the above discussions and as well as comparing these dolomites with 

various genetic groups distinguished by previous workers, the dolomites of Jutana 

Formation are sub-divided into two broad groups which consisted of ; (i) Dol. I as 

poorly ordered and non-stoichiometric dolomites (ii) Dol. II and Dol. III are nearly 

stoichiometric and moderately ordered dolomites.  
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Fig. 6.3 Mol % Ca vs degree of ordering cross-plot of the dolomites of Jutana 

Formation in four studied sections (i.e., Gharibwal, Khewra Gorge, Motorway 

section and Khisor sections). Dol. I exhibited non-stoichiometric low ordered 

dolomite, whereas Dol. II and Dol. III showed stoichiometric ordered dolomite. 
 

 

 

Fig. 6.4 MgO vs mol% Ca cross-Plot of the dolomites of Jutana Formation revealed 

positive relationship in Dol. II and Dol. III, while inverse behavior observed in Dol. 

I. 
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Fig. 6.5 Mol% Ca vs δ18O Cross-Plot of the dolomites of Jutana formation revealed 

direct relationship in Dol. II and Dol. III. 

 

6.3.2 Major and trace elements projection 

Geochemical signatures play an important role in distinguishing various 

diagenetic phases resulted in distinct diagenetic settings in carbonate rocks 

(Walgenwitz et al. 1992; Vincent et al., 1997; Wheeler et al., 1999; Vincent, 2000 & 

2001; Shah et al., 2012; Jiang, 2013; Swart, 2015). The relative abundance of various 

elemental compositions led to specific diagenetic realms, which include relative 

quantitative occurrences of Sr, Mg, Na, Mn and Fe etc. Following is the detailed 

description of occurrence of various elements in the studied sites, which would help to 

decipher diagenetic settings of the study area.    

In the present studies, fine crystalline matrix dolomite Dol. I exhibited relative 

elevated Sr concentration (184-436ppm) as compared to medium to coarse crystalline 

dolomite Dol. II (67-277ppm) and coarse crystalline dolomite Dol. III (176ppm) 

respectively (Fig. 5.9, 5.16, 5.23, 5.30 & 6.6). It is worth mentioning that positive 

relationship has been observed between grain size variations (i.e., fine to coarse 

crystalline) and Sr concentration (i.e., high to low concentration), which indicate higher 

Sr concentration in Dol. I (representing early diagenetic settings) as compared to Dol. 

II and Dol. III (late diagenetic) (Khan and Shah, 2019; Shah et al., review). This is 

supported by various studies, where relative abundance of Sr concentration is linked to 
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timing of diagenesis and relative crystal size of dolomite (Veizer, 1978; Land, 1983 & 

1980; Brand & Veizer, 1980; Shukla & Baker, 1988; Warren, 2000). 

Spatial distribution of Sr contents indicates higher concentration in Khisor section 

(due to the presence of evaporites) in the west as compared to studied sections in the 

eastern Salt Range (Fig. 6.6). Humphrey (1988) further elaborated that possible reason 

for elevated Sr ratios is dolomite replacement with aragonite instead of calcite and 

indicative of semi-closed diagenetic environments.  

Inverse relationship has been observed between Sr and Mg concentration in the 

studied sites, which indicate that stoichiometric dolomite (i.e., higher Mg contents) 

exhibited low Sr contents and vice-versa (Fig. 6.6). In the studied dolomite types, Dol. 

I represent higher Sr content and low Mg concentration, whereas Dol. II and Dol. III 

exhibited lesser concentration of Sr and higher Mg contents respectively (Fig. 6.6). This 

is in line with the relationship of stochiometric dolomite and Sr contents, and described 

by various workers (i.e., Butler, 1969; Carballo et al., 1987; Vahrenkamp & Swart, 

1990; Cicero & Lohmann, 2001; Adabi & Rahimi, 2011; Adabi, 2012).   

 

 

Fig. 6.6 MgO (%) vs Sr (ppm) cross plot of studied dolomites. In addition, Dol. I 

represents inverse relationship of Sr and Mg, whereas direct relationship of Sr and 

Mg are existed for Dol. II and Dol. III. 

 

Spatial distribution of Na concentration in Dol. I increases from east to west, 

where lowest concentration is reported (i.e., 2745ppm) in the Gharibwal section, and 
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elevated contents (i.e., 8087ppm) is reported in the Khisor section (Fig. 6.7). Besides 

this, similar trend is observed in other dolomite phases in these studied sections (Fig. 

6.7). In the Na Vs Mg cross-plot, it is evident that Na- concentration increases with the 

decrease in Mg contents (Fig. 6.7). So, Dol. I showed lesser Mg contents (i.e., non-

stoichiometric) and high Na concentration hereby indicating near surface hypersaline 

settings for dolomitizing fluids (Fig. 6.7), which is in line with various studies where 

Na acted as paleosalinity indicator in ancient fluids based on distribution of higher Na 

contents in seawater (Land & Hoops, 1973; Mattes & Mountjoy, 1980; Sass & Bein, 

1988). Besides this, Dol. II and Dol. III exhibited inverse relationship (i.e., high Mg 

contents and less Na contents) (Fig. 6.7). 

 

 

Fig. 6.7 MgO vs Na cross plot exhibits inverse relationship for Dol. I, whereas 

positive relationship are maintained for Dol. II and Dol. II. 

 

In the studied sections, Fe Vs Mn cross plot showed direct relationship between 

Fe and Mn distribution in different dolomite phases, where Dol. I exhibited lesser 

distribution of Fe and Mn concentration, and Dol. II and Dol. III showed higher 

concentration of both Fe and Mn contents respectively (Fig. 6.8). This trend indicates 

reducing environment linked with surface-exposure or soil/detrital-rich environments 

for Dol. I, whereas anaerobic/reducing environment is referred to Dol. II and Dol. III 

formation respectively, which is in line with various studies indicating near surface, 

meteoric environment for Dol. I type formation (Humphrey, 1988; Lohmann, 1988; 

Mutti & Simo 1994; Gaswirth et al., 2007; Jiang et al., 2016 and 2017), and burial 
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conditions for dolomite related to Dol. II and Dol. III types (Land, 1986 & 1980; 

Barnaby & Read, 1992; Tucker & Wright, 1990; Warren, 2000; Rahimi et al., 2016; 

Shen et al., 2017).  

 

 

 

Fig. 6.8 Fe vs Mn cross plot of the dolomites of Jutana Formation revealed direct 

relationship for Dol. II and Dol. III. Furthermore, less elevated values of Fe and Mn 

are observed for Dol. I. 

 

In Sr vs Mn cross plot, inverse relationship has been observed in various dolomite 

phases, where Dol. I represented lesser Mn contents as compared to Dol. II and Dol. III 

respectively (Fig. 6.9). This supports the findings of Tucker and Wright, (1990), where 

lesser contents are related to early diagenetic dolomite (i.e., Dol. I in present studies), 

and elevated contents of Mn are referred to late diagenetic dolomite (i.e., Dol. II & III 

in present studies). In addition,  
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Fig. 6.9 Mn vs Sr cross plot shows inverse relationship are observed for Dol. I, Dol. 

II and Dol. III. 

 

Likewise, Na vs Mn cross plot showed inverse relationship in the studied samples (Fig. 

6.10). Higher Na contents indicative of elevated salinity conditions and lower Mn 

contents show less reducing environment of the studied samples (Fig. 6.10). 

 

 

Fig. 6.10 Mn vs Na revealed inverse relationship for Dol. I, Dol. II and Dol. II. 

 

In Sr vs Fe cross plot, inverse relationship has been observed in the studied sites 

(Fig. 6.11). As discussed before, Sr contents increases from east to west (i.e., from 
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Gharibwal to Khisor sections), whereas Fe contents showed inverse trend in these 

studied sites (Fig. 6.11). Furthermore, Dol. I exhibited lesser Fe concentration (formed 

in near surface conditions), and Dol. II and Dol. III showed higher Fe contents (formed 

in deep burial conditions), which is harmonized with the findings of various workers 

that reducing conditions favor the existence of Fe and increases with burial depth (Land, 

1986 & 1980; Barnaby & Read, 1992; Tucker & Wright, 1990; Warren, 2000; Rahimi 

et al., 2016; Shen et al., 2017; Fig. 6.11).  

 

 

 

 

Fig. 6.11 Fe vs Sr cross plot of the dolomites of Jutana Formation exhibit inverse 

relationship for Dol. I, Dol. II and Dol. III. 

 

Similarly, inverse relationship has been observed between Na and Fe 

concentration (Fig. 6.12). As discussed previously, Na contents indicated paleo-salinity 

of the dolomitizing fluids and elevated Fe concentration exhibits reducing conditions, 

which increases with depth (Fig. 6.12). Furthermore, Na contents showed considerably 

higher concentrations in the western studied sites, and represented evaporitic conditions 

during dolomite formation. In contrast, eastern sites represented lower Na contents, and 

indicative of relatively open marine conditions. 
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Fig. 6.12 Fe vs Na cross plot revealed inverse relationship for Dol. I, Dol. II and Dol. 

III. 

 

In conclusion, geochemical signatures discussed above provided detailed 

information regarding the genesis of various dolomite types observed in the studied 

sections. To summarize, Sr concentration increases from east to west (i.e., from 

Gharibwal to Khisor section; Fig. 6.3), whereas presence of evaporites may lead to 

higher concentration of Sr in Dol. I and Dol. II respectively in the Khisor section (Figs. 

6.6-6.7). Furthermore, inverse relationship is observed between Sr and Mg 

concentration in the studied sites (Fig. 6.6). This indicates that stoichiometric dolomite 

(i.e., higher Mg contents) exhibited low Sr contents and vice-versa (Fig. 6.6). Likewise, 

Dol. I showed relatively lower Na concentration in the eastern Salt Range as compared 

to western Salt Range, and indicative of elevated salinity conditions in restricted 

environmental settings of Dol. I formation (Fig. 6.7). Based on above-mentioned 

discussion, a comprehensive model showing position of studied sections are given in 

Fig. 6.13, where Khisor section is more landward as compared to other studied sections 

(eastern Salt Range) are more seaward.  
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Fig. 6.13 East-West aerial/lateral distribution of the study area. 

 

6.4 ISOTOPE SIGNATURES 

 Stable (δ18O/δ13C, δ25Mg/δ26Mg) and radiogenic (87Sr/86Sr) isotope studies 

contribute in constraining conditions of dolomitization, which in turn led towards 

establishing realistic dolomitization model (Burke et al., 1982; Qing & Veizer, 1994; 

Qing et al., 1998; Veizer et al., 1999; Montanez et al., 1996 & 2000; ; Nader et al., 

2004; Halverson et al., 2007 Jaffres et al., 2007; Bowen et al., 2008; Zhang et al., 2017; 

Meng et al., 2019). In the studied sites, O/C isotope signatures of selected samples of 

Dol. I indicate relatively depleted δ18O values (-1.18 to -5.75‰), whereas relatively 

more depleted isotope signatures for Dol. II (i.e., -1.98 to -6.64‰) and Dol. III (i.e., -

6.71 to -7.73) are reported (Fig. 6.14). Contrary to δ18O, δ13C signatures of various 

analyzed dolomite phases occurred within the range of sea-water signatures (i.e., -1 to 

0‰ δ18O V-PDB and -2 to 0‰ δ13C V-PDB) for precipitation of Cambrian limestone 

(Fig. 6.14; Veizer et al., 1999). Furthermore, spatial distribution of δ18O isotope 

signatures indicate that various analyzed dolomite phases are less depleted in the Khisor 

section as compared to analyzed dolomite phases in the eastern Salt Range (Fig. 6.14). 

Based on δ18O V-PDB signatures, it is evident that Dol. I in Khisor section resulted in 

relatively low temperature conditions as compared eastern Salt Range (Fig. 6.14). 
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Furthermore, Dol. II and Dol. III resulted in relatively more depleted δ18O signatures 

as compared to Khisor section (Fig. 6.14), hence indicating temperature increase 

towards eastern side of the study area as documented in Shah et al. (2019) (Appendix. 

II). 

 

 

Fig. 6.14 Stable isotopes (δ18O Vs δ13C) results of Jutana Dolomite in four studied 

sections (Gharibwal section, Khewra Gorge, Motorway and Khisor sections); Dol. I 

denote slightly depleted signatures of δ 18O, while Dol. II represent more depleted 

signatures and Dol. III show highly depleted δ18O values. In addition, δ13C signatures 

of Dol. I, Dol. II and Dol. III falls mostly in the range of host marine limestone of 

Cambrian age. 

 

In addition, Mg-isotope signatures varied in studied dolomite phases in the 

selected samples (Fig. 6.15; Appendix. VI). In the studied sites, the ratio of δ25Mg 

signatures in Dol. I range from -0.70 to -0.61‰ 2σ, and δ26Mg values range from -1.34 

to -1.19‰ 2σ, whereas δ25Mg signatures for Dol. II range from -0.86‰ to -0.70‰ 2σ, 

and δ26Mg values vary from -1.67‰ to -1.37‰ 2σ respectively. Furthermore, Dol. III 

has a δ25Mg and δ26Mg value of -0.75‰ 2σ and -1.43‰ 2σ respectively (Fig. 6.15). 

Based on Geske et al. (2012), various dolomitization models have been proposed 

depending on Mg-isotopes signatures. δ25Mg and δ26Mg signatures of the analyzed 

samples represent different dolomitization conditions, that include; non-marine 

evaporative/altered marine or mixing zone and hydrothermal conditions of 

dolomitization (Fig. 6.15).  
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In conclusion, crystal morphology, O/C and Mg-isotope signatures collectively 

contributed towards better understanding dolomitizing conditions. This is achieved by 

fine crystalline nature and less depleted δ18O signatures of Dol. I, indicating low 

temperature of its formation, whereas medium-coarse crystalline dolomite (Dol. II), and 

coarse crystalline dolomite (Dol. III) exhibited depleted δ18O signatures, hence formed 

at elevated temperatures (Figs. 5.41 & 6.14). Mg isotope signatures also testify above-

mentioned conclusions, where Dol. I formed in mixing zone conditions during initial 

stage, whereas Dol. II and Dol. III resulted from hydrothermal dolomitization (Fig. 

6.15), and discussed further in Shah et al. (2019).    

 

 

Fig. 6.15 Mg-isotopes signatures of Jutana Dolomites reflects three possibilities i.e. 

hydrothermal dolomite, non-marine evaporative dolomite and mixing zone dolomite. 

 

 Besides stable isotope analysis, radiogenic isotope studies (i.e., 87Sr//86Sr) were 

performed on ten selected samples representing various dolomite phases from different 

studied sections (Appendix. VI). 87Sr//86Sr values of Dol. I ranges from 0.71015628 to 

0.710154, whereas Dol. II showed 87Sr//86Sr ratio varied from 0.710497 to 0713198, 

and Dol. III showed elevated 87Sr//86Sr ratios (i.e., 0.711571) (Appendix. VI). These 

analysed signatures are much enriched in 87Sr//86Sr as compared to 87Sr//86Sr signatures 

of carbonates precipitated from Cambrian sea water i.e., 0.7080 to 0.7090 (Figs. 6.16; 

Veizer et al., 1999). Studied dolomite phases (i.e., Dol. I, Dol. II and Dol. III) represent 

elevated 87Sr//86Sr values as compared to original marine signatures of Cambrian sea-
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water, confirming interaction with radiogenic lithologies (Fig. 6.16). Sr-isotope 

composition of carbonate minerals record the Sr-isotopic ratios of the parent fluid 

(Veizer, 1983; Banner & Kaufman, 1994; Veizer et al., 1999). Sr isotopic (87Sr/86Sr) 

provides mean about paleoenvironmental interpretation as well dating of the marine 

sediments. Sr-isotopes records corresponding 87Sr/86Sr values for seawater prevailing 

at the time of sediment deposition (Allan & Wiggins, 1993). Subsequently Sr-isotope 

analyses may be very useful in dating dolomitization, if no further dolomite 

recrystallization took place (Nader et al., 2004). Cambrian marine signatures for Sr-

isotope are ranges from 0.7080 to 0.7090 (Burke et al., 1982; Banner, 1995; Qing et al., 

1998; Veizer et al., 1999; Montanez et al., 2000 & 1996; Davies & Smith, 2006; 

Halverson et al., 2007), while those for  Dol. I, Dol. II and Dol. III deviate considerably 

from Cambrian sea water showing interaction with lithologies with more radiogenic 

(i.e. higher) 87Sr/86Sr (Fig. 6.16). 

 

 

Fig. 6.16 Sr-isotopes data plotted on sea curve of Veizer et al., 1999. The result of 

Sr-isotope lies above the range of original Cambrian marine signature of host 

limestone. 
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6.5 MECHANISM OF DOLOMITIZATION 

 The studied interbedded carbonate-siliciclastic succession represents tidal flat 

depositional settings (Ahmed et al., 2013). Such precursor limestone underwent partial 

dolomitization and resulted into matrix dolomite Dol. I. As discussed earlier, initial 

stage of dolomitization occurred during early Cambrian, where restricted, shallow 

marine conditions prevailed as evidenced by overlying Baghanwala Formation in the 

study area (Shah, 2009). Furthermore, less depleted δ18O signatures justified 

dolomitization from slightly altered marine waters (Figs. 5.37-5.40). This implies that 

dolomitization may have resulted from altered marine fluids in the seepage reflux 

and/or mixing zone environments during capillary flow through sediments as discussed 

in various studies (Patter & Kinsman, 1981; Müller et al., 1990; Al-Aasm, 2000; Qing 

et al., 2001; Jones et al., 2002; Melim & Scholle, 2002; Fu et al., 2006). Furthermore, 

δ13C signatures in the studied samples exclude the possibility of seepage reflux 

conditions of dolomitization, as such conditions are representative of more depleted 

δ13C values due to meteoric influx (Irwin et al., 1977; Machel et al., 1995). This is also 

supported by non-presence of evaporites in the studied sites.  In brief, mixing zone 

dolomitization occurred, where Mg-rich fluids of altered marine origin percolated 

through interbedded sandstone and limestone successions that led to dolomitization in 

the platform margin. Pore-filling dolomite Dol. II exhibited more depleted ⁓18O values 

(Figs. 5.37-5.40 & 6.13), hence indicative of dolomitization in the burial regime. In 

addition, fracture-filled, saddle type dolomite Dol. III also indicated depleted ⁓18O 

values (Figs. 5.37-5.40 & 6.13) and confirmed burial conditions of its formation. 

 In conclusion, above-mentioned discussion revealed that initial stage dolomites 

(Dol. I) are compatible with altered marine, mixing-zone related dolomitization fluids, 

followed by burial associated dolomitization in the form of Dol. II and Dol. III in the 

study area. 

 

6.6 TIMING OF DOLOMITIZATION 

 In order to better constrain relative timing of dolomitization, it is observed that 

initial phase of partial dolomitization affected the host limestone in the earliest stage of 

diagenesis. This is supported by cross bedded sandstone interlayered with dolostone 

(i.e., Dol. I) containing unaltered ooids, bioclasts and intraclasts, indicative of initial 

phase, early dolomitization (Fig. 6.2A). Furthermore, replacement of matrix dolomite 
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(i.e., Dol. I) with quartz, without affecting unaltered ooids also indicate that Dol. I 

formed during earlier stage of dolomitization (Fig. 4.25A). In addition, less depleted 

oxygen isotope signatures of Dol. I (-1.198 to -5.75‰ V-PDB) also indicate that 

dolomitization occurred in the earliest stage of diagenesis. Based on above-mentioned 

facts, it is deduced that Dol. I formed during early Cambrian (i.e., before the occurrence 

of major Ordovician-Carboniferous unconformity) in the study area (Fig. 2.5).  

As documented in various studies, meteoric diagenesis played active role in 

dissolution of ooids during a period of subaerial exposure (Mazullo, 1977; Sellwood & 

Beckett, 1991; Honarmand & Amini, 2012). Similar mechanism may have occurred 

where dissolution of unaltered ooids and intraclasts in the partially dolomitized 

limestone during Ordovician-Carboniferous exposure resulted from meteoric fluids, 

which might have passed through overlying Baghanwala Formation and percolated in 

the studied successions (Fig. 2.5). During Permian deposition, precipitation of Dol. II 

in the dissolved ooids is more likely as evidenced by the presence of stylolites post-

dating Dol. II (Figs. 4.17D & 7.2B). Dol. III represents last stage of dolomitization, 

where coarse crystalline, saddle type dolomite filled open fractures in Dol. I & II 

respectively (Figs. 4.13A-B, 4.18A-B & 4.23). Nonplanar, saddle dolomite exhibited 

undulose extinction, and typical of burial conditions (Radke & Mathis, 1980). Such 

dolomites (i.e., Dol. III) represent tectonic influence (i.e., fracture-filling) and burial 

under ⁓5000m thick sedimentary cover, which might be linked to post orogeny (i.e., 

post Eocene), and before the emplacement of Salt Range Thrust during Pliocene-

Pleistocene time (Yeats et al., 1984). Other diagenetic features include the presence of 

calcite and pyrite, which mark the end of diagenetic history of the studied successions 

which is also documented by previous workers as well (Figs. 4.1-A-B; Lonnee, 1999; 

Lavoie et al., 2005; Huaguo et al., 2014).  

 

6.7 PROPOSED MODEL 

6.7.1 Conceptual model 

 On the basis of detailed outcrop observations combined with petrographic 

studies and geochemical/isotopic analysis, it is deduced that interbedded limestone and 

sandstone of Jutana Formation underwent partially pervasive dolomitization in the 

eogenetic stage (i.e., near depositional phase; Fig. 6.17A), where marine-driven, Mg-

rich fluids in combination with in situ fluids percolated through interbedded sandstone 

and limestone of Jutana Formation and resulted in the partial dolomitization of the 
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limestone succession that resulted in the formation of matrix dolomite (Dol. I; Fig. 

6.17B). This dolomitization occurred until Cambro-Ordovician exposure, where 

dissolution of ooids in Dol. I resulted from meteoric influx (Fig. 6.17C). During 

Permian, burial of matrix dolomite resulted in upwelling of deep-seated dolomitizing 

fluids that resulted in second phase of dolomitization in the form of pore-filled 

dissolved ooids (Dol. II; Fig. 6.17D), evidenced from moderate depleted ⁓18O 

signatures. Lastly, post orogenic events caused fracture development in Dol. I and Dol. 

II respectively, where fracture-filled dolomite (i.e., Dol. III) precipitated from burial 

associated fluids of relatively more depleted stable isotope signatures as compared to 

Dol. II during Eocene-Pleistocene time (Fig. 6.17E & F). 

 

 

Fig. 6.17 Conceptual model of dolomitization in the Cambrian Jutana Formation: (A) interbedded 

limestone-sandstone deposition in the shallow marine, tidal flat environments; (B) during early 

Cambrian, initial phase of partial dolomitization (i.e., mixing-zone type) resulted in fine-crystalline 

matrix dolomite (Dol. I); (C) selective dissolution of oolites in the partially dolomitized limestone 

during Ordovician-Carboniferous exposure time; (D) late Permian dolomite cementation (Dol. II) 

in the dissolved ooids; (E) Fracture development related to post-orogenic event (post Eocene); and 

(F) Fracture-filled coarse crystalline dolomite cementation (Dol. III) during post-orogenic uplift 

(i.e., post-Eocene) and activation of Salt Range Thrust (i.e., Plio-Pleistocene). 
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6.7.2 Geochemical model 

In order to propose comprehensive geochemical model, it is pertinent to mention 

that multistage dolomitization is reported in the study area (Khan & Shah, 2019). These 

include mixing zone near surface associated (Dol. I) and burial type of dolomitization 

(Dol. II and Dol. III) respectively. Based on discussions in previous section, non-

stoichiometric, low ordered Dol. I (fine crystalline, pervasive dolomite) resulted from 

fluids enriched in Sr and Na contents, whereas Fe and Mn are lower in proportions 

(Figs. 6.6-6.8). High concentration of Sr is indicative of early diagenetic conditions, 

whereas elevated Na concentration further confirm higher paleo-salinities of the 

dolomitizing fluids (Figs. 6.6-6.7). Low Mn concentration further indicate oxidizing 

conditions that favored near-surface mixing zone diagenetic environments (Fig. 6.8). 

Furthermore, lesser Fe contents confirm near surface conditions of dolomitization (Fig. 

6.8). In addition to geochemical signatures, isotopic values further support earlier 

discussions. ⁓18O signatures indicate less to moderate depleted values (-5.75 to -1.18‰ 

V-PDB), whereas ⁓13C remained within sea water signatures of the Cambrian 

limestone (Figs. 5.37-5.41). This indicates that dolomitization associated with mixing 

zone mechanism is mostly driven by fluids enriched in seawater. In the second phase, 

dissolution of ooids due to meteoric influx occurred in the partially dolomitized 

limestone during Cambro-Ordovician unconformity (Khan and Shah, 2019), followed 

by second phase of dolomitizing fluids originated from deep-seated sediments due to 

initial burial activity resulted in pore-filling of dissolved ooids (Dol. II). This resulted 

in coarse crystalline dolomite (Dol. II), which exhibited relatively stoichiometric and 

ordered dolomite type, which showed relatively low Sr contents and indicative of origin 

associated to late stage diagenesis (Fig. 6.6). Low Na contents indicate that there was 

not accessive source of fluids with higher salinities. Higher Mn and Fe concentration 

further confirms reducing conditions in burial environments (Rahimi et al., 2016). 

Stable isotope signatures (O/C) further support burial conditions of dolomitization 

(Figs. 5.37-5.40 & 6.13). Very coarse crystalline dolomite (Dol. III) showed relatively 

elevated geochemical signatures as that of Dol. II, which indicate deep burial diagenetic 

settings (Figs. 6.7). In conclusion, comprehensive geochemical model is suggested for 

such dolomite formation in the study area (Fig. 6.18). 
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Fig. 6.18 Conceptual geochemical of studied dolomites; (A) during early Cambrian, initial 

phase of partial dolomitization (i.e., mixing-zone type) resulted in fine-crystalline matrix 

dolomite (Dol. I) exhibits high Sr, Na values with depleted Mn, Fe contents; (B) late 

Permian dolomite cementation (Dol. II) in the dissolved ooids represents high Mn, Fe 

concentration with low distribution of Sr, Na; and (C) Fracture-filled coarse crystalline 

dolomite cementation (Dol. III) during post-orogenic uplift (i.e., post-Eocene) and 

activation of Salt Range Thrust (i.e., Plio-Pleistocene) shows more elevated values of Mn, 

Fe with low Sr, Na contents. 
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CHAPTER 7 

7. CONCLUSIONS 

Field observations, petrographic studies, mineralogical/geochemical analysis and 

isotopic signatures of the Cambrian Jutana Formation in the Salt Range and Khisor 

Range at selected sites showed following detailed outcomes, which are discussed as 

follows. 

 Detailed field investigations helped in the identification of distinct dolostone-

sandstone successions at various studied sites, which contained distinct 

depositional features (i.e., deformed ooids, clast of host limestone, faunal 

assemblages, ripple marks and cross-beds. Furthermore, three broad divisions 

were identified, which include; (i) lower oolitic/pisolitic unit exhibits yellow 

brown hard medium bedded dolostone interbedded with sandstone, (ii) middle 

part is comprised of shale and, (iii) upper unit is consisted of massive dolostone. 

 Petrographic studies confirmed three distinct dolomite phases, which include, 

(i) fine crystalline matrix dolomite (Dol. I), (ii) medium-coarse crystalline 

dolomite (Dol. II), and (iii) coarse crystalline fracture filled dolomite (Dol. III). 

 Mineralogical studies showed that Dol. I mostly consisted of dolomite mineral, 

with some incursions of quartz, whereas Dol. II and Dol. III exhibited the 

dolomite mineral only. Based on XRD results, various dolomite types exhibited 

distinct mineralogical character that includes; low ordered, non-stoichiometric 

dolomite (i.e., Dol. I), and relatively ordered, stoichiometric dolomite (Dol. II 

and Dol. III).  

 Geochemical analysis revealed distinct elemental distribution for different 

dolomite types at various studied sections. These include; relatively elevated Sr 

and Na contents with low concentrations of Fe and Mn in fine crystalline matrix 

dolomite (Dol. I), whereas medium-coarse crystalline dolomite (i.e., Dol. II) and 

coarse crystalline fracture filled dolomite (i.e., Dol. III) exhibited relatively high 

contents of Fe and Mn. Moreover, Dol. II and Dol. III showed relatively less 

elevated concentrations of Sr and Na respectively. Furthermore, spatial 

elemental distribution indicate that studied sections in the eastern Salt Range 

represent more seaward affinity, whereas Khisor Range section represented 

landward conditions of diagenesis.  
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 Stable isotopes (i.e. δ18O) indicated slightly depleted values in fine crystalline 

matrix dolomite (i.e., Dol. I), more depleted values in Dol. II and highly 

depleted signatures in coarse crystalline fracture filled dolomite (i.e., Dol. III). 

Further, δ13C values of all three dolomite phases (i.e., Dol. I, Dol. II and Dol. 

III) lies in the range of marine signature of host limestone of Cambrian age, 

indicative of normal marine temperature of dolomitizing fluids for Dol. I, 

whereas Dol. II and Dol. III represented relatively hot dolomitizing fluids that 

resulted in burial conditions. 

 Magnesium isotope signatures exhibited δ25Mgmean= -0.48‰±0.02 2σ n=7 and 

δ26Mgmean= -1.48‰±0.03 2σ n=6, which are typical of altered marine/mixing 

zone and hydrothermal conditions for Dol. I and Dol. II/Dol. III respectively. 

 Strontium isotope signatures Dol. I, Dol. II and Dol. III are depleted from 

marine signatures indicating interaction with radiogenic lithologies. 

 Based on above-mentioned details, a comprehensive conceptual and/or 

geochemical dolomitization model has been proposed, which shows that 

pervasive dolomitization (i.e., Dol. I) resulted from altered marine, mixing zone 

related dolomitizing fluids, whereas pore-filled dolomites (i.e., Dol. II), and 

fracture-associated dolomite (i.e., Dol. III) resulted from deep-seated, 

hydrothermal related dolomitizing fluids.   
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DOLOMITIZATION MECHANISM IN THE JUTANA FORMATION 

(CAMBRIAN), SALT RANGE (PAKISTAN): BASED ON FIELD 

OBSERVATIONS, MICROSCOPIC STUDIES AND ISOTOPIC ANALYSIS 

 

Sajjad Khan1&2&Mumtaz M. Shah1 

1Department of Earth Sciences, Quaid-i-Azam University, 45320 Islamabad 

(Pakistan) 
2Geosciences Advanced Research Lab. (GARL), Geological Survey of Pakistan, 

Shahzad Town, 1461 Islamabad (Pakistan) 

 

ABSTRACT 

Jutana Formation mostly comprised of two distinct units; (i) Oolitic-pisolitic, medium 

to thick bedded interlayered dolostone and sandstone, and (ii) massive dolostone in the 

eastern Salt Range (Pakistan). Field observations revealed that dolostone mostly 

comprised of dirty white, light green, hard, micaceous, sandy towards the base and light 

green to dirty white massive towards the top of the formation. In the lower unit, 

sandstone is mostly whitish grey in nature. Primary sedimentary structures preserved 

in the sandstone are trough-, herring bone- and hummocky-cross bedding structures are 

the characteristic features of the sandstone unit. Based on field observations and 

petrographic studies, three sedimentary facies have been identified. Stable isotope 

studies indicate slightly depleted δ 18O (i.e., -7.73 to -5.24‰ V-PDB) and δ13C values 

(i.e., -1.60 to 0.35‰ V-PDB). Furthermore, Mg- isotope signatures (δ25Mgmean=-

0.48‰±0.02 2σ n=6, δ26Mgmean=-1.48‰±0.03 2σ n=6) and The 87Sr/
86Sr results 

exhibit values from 0.710154 to 0.713198 suggested interaction with radiogenic 

lithologies. 
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The above mentioned studies demonstrated that dolomite in the Jutana Formation 

formed in a closed system resulted in high Mg- concentration and represented seepage-

reflux conditions. 

Keywords: Cambrian dolomites, Salt Range, O/C isotopes, Mg- isotopes, Sr-Isotopes. 
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 (Mineralogical data) 
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Site Sample No. Stage d104 d015 d110

I (d015)/I 

(d110)
mol %  Ca

JJ-1 Dol-II 2.883 2.534 2.401 1.055 48.910

JJ-9 Dol-III 2.884 2.539 2.403 1.057 49.324

JJ-21 Dol-II 2.882 2.537 2.401 1.056 48.537

JJ-24 Dol-II 2.881 2.534 2.401 1.055 48.454

JJ-27 Dol-II 2.881 2.535 2.402 1.056 48.337

JJ-30 Dol-I 2.872 2.535 2.402 1.055 45.467

JJ-33 Dol-I 2.872 2.536 2.402 1.056 45.474

JK-2 Dol--II 2.884 2.541 2.397 1.060 49.334

JK-3 Dol-II 2.882 2.535 2.402 1.055 48.667

JK-5 Dol-III 2.885 2.539 2.398 1.056 49.667

JK-9 Dol-II 2.882 2.535 2.401 1.056 48.667

JK-11 Dol-II 2.883 2.535 2.400 1.056 49.000

 JK-13 Dol-II 2.877 2.533 2.398 1.056 47.000

JK-15 Dol-II 2.879 2.534 2.399 1.056 47.667

JK-16 Dol-II 2.881 2.527 2.394 1.056 48.334

JK-17 Dol-II 2.882 2.547 2.402 1.060 48.667

JK-18 Dol-II 2.882 2.528 2.393 1.056 48.667

JK-20 Dol-II 2.879 2.533 2.399 1.056 47.667

JK-21 Dol-II 2.880 2.536 2.400 1.057 48.000

JK-22 Dol-II 2.881 2.533 2.399 1.056 48.334

JK-23 Dol-II 2.882 2.538 2.403 1.056 48.667

JK-24 Dol-II 2.880 2.538 2.394 1.060 48.000

JK-25 Dol-II 2.879 2.53 2.398 1.055 47.667

JK-26 Dol-II 2.878 2.537 2.397 1.058 47.334

JK-31 Dol-II 2.884 2.537 2.402 1.056 49.180

JK-33 Dol-I 2.876 2.531 2.397 1.056 46.667

JK-47 Dol-I 2.874 2.532 2.397 1.056 46.000

JK-49 Dol--I 2.873 2.533 2.400 1.055 45.667

MJ-2 Dol-II 2.877 2.534 2.399 1.057 47.100

MJ-3 Dol-III 2.883 2.539 2.403 1.057 49.000

MJ-7 Dol-III 2.884 2.531 2.396 1.056 49.257

MJ-11 Dol-II 2.883 2.535 2.402 1.055 48.984

MJ-12 Dol-II 2.882 2.534 2.401 1.055 48.677

MJ-13 Dol-II 2.883 2.535 2.403 1.055 48.850

MJ-14 Dol-II 2.879 2.533 2.400 1.055 47.790

MJ-15 Dol-II 2.879 2.533 2.402 1.055 47.780

MJ-19 Dol-I 2.873 2.530 2.396 1.056 45.720

MJ-24 Dol-I 2.877 2.530 2.401 1.054 46.837

MJ-25 Dol-I 2.874 2.536 2.402 1.056 45.917

KSJ-2 Dol-II 2.882 2.537 2.402 1.056 48.530

KSJ-4 Dol-II 2.883 2.536 2.401 1.056 48.910

KSJ-6 Dol-II 2.880 2.536 2.402 1.056 48.147

KSJ-9 Dol-II 2.876 2.532 2.398 1.056 46.684

KSJ-12 Dol-II 2.882 2.537 2.402 1.056 48.527

KSJ-15 Dol-II 2.882 2.535 2.402 1.055 48.770

KSJ-18 Dol-I 2.871 2.531 2.401 1.054 44.847

KSJ-21 Dol-I 2.872 2.531 2.402 1.054 45.334

KSJ-27 Dol-I 2.872 2.532 2.402 1.054 45.277

KSJ-30 Dol-I 2.870 2.530 2.401 1.054 44.810
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Appendix-V 

 (Geochemistry data)
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Section Sample No. Stage SiO2 (% ) TiO2 (% ) Al2O3 (% ) Fe (ppm) Mn (ppm) MgO (% ) CaO (% ) Na (ppm) K2O (% ) P2O5 (% ) LOI SO3  (%) Cr2O3(%) Sr (ppm) NiO(% ) BaO(% ) ZnO(% ) Rb2O(% ) Y2O3(%) ZrO2(%) CeO2(%) Cl(% )

JJ-1 Dol-II 7.13 0.19 3.66 22120 1809 12.88 29.571 2745 2.28 0.34 29.71 0.051 0 143 0 0.174 0 0.023 0.021 0.032 0.032 0.185

JJ-3 Dol-II 13.13 0.47 10.18 20440 1531 11.86 20.01 3181 6.61 0.2 30.46 0.003 0.02 176 0.04 0.027 0 0.042 0.005 0.12 0.04 0.267

JJ-6 Dol-II 15.02 0.75 12.22 30940 2631 13.06 17.05 3081 7.03 0.19 34.89 0.038 0.018 142 0.038 0.312 0.018 0.055 0.01 0.209 0.038 0.04

JJ-9 Dol-III 2.99 0.04 0.74 26030 2740 19.7 29.8 2448 0.24 0.02 43.35 0.038 0 176 0 0 0 0 0.016 0 0 0.249

JJ-12 Dol-II 10.29 0.78 11.21 26250 1785 12.01 26.03 3658 6.52 0.18 32.05 0.035 0 128 0.035 0.309 0.016 0.05 0.011 0.159 0.035 0.021

JJ-15 Dol-II 16.42 0.53 9.57 23030 1962 12.01 29.17 3264 5.71 0.13 36.07 0.125 0.006 151 0.037 0.28 0.037 0.045 0.004 0.059 0 0.07

JJ-18 Dol-II 13.27 0.75 11.44 24920 1685 11.35 15.84 2229 6.69 0.19 30.99 0.026 0 148 0.036 0 0.02 0.048 0.013 0.133 0 0

JJ-21 Dol-II 10.42 0.13 2.02 13720 1524 18.25 26.26 2671 1.18 0.08 38.82 0.002 0.015 126 0.03 0.02 0 0.031 0.004 0.09 0.03 0.2

JJ-24 Dol-II 8.66 0.24 3.06 9420 1442 14.07 29.26 3155 2.11 0.07 29.94 0.03 0.014 109 0.03 0.252 0.014 0.044 0.008 0.169 0.03 0.032

JJ-27 Dol-II 7.95 0.13 2.46 9030 1770 16.61 33.77 2671 1.52 0.04 35.47 0.038 0 176 0 0 0 0 0.016 0 0 0.249

JJ-30 Dol-I 37.58 0.25 6.37 10510 770 8.12 15.58 4487 3.47 0.06 11.47 0.032 0 201 0.032 0.285 0.014 0.046 0.01 0.147 0.032 0.019

JJ-33 Dol-I 35.82 0.09 2.26 7000 678 7.25 11.61 4145 1.21 0.05 16.69 0.106 0.005 184 0.031 0.237 0.031 0.038 0.003 0.05 0 0.06

Section Sample No. Stage SiO2 (% ) TiO2 (% ) Al2O3 (% ) Fe (ppm) Mn (ppm) MgO (% ) CaO (% ) Na (ppm) K2O (% ) P2O5 (% ) LOI V2O5   (%) Cr2O3(%) Sr (ppm) NiO(% ) CuO(% ) ZnO(% ) Rb2O(% ) Y2O3(%) ZrO2(%) WO3(%) Cl(% )

JK-2a Dol-II 18.06 0.37 2.87 22120 2078 12.97 25.26 1345 2.9 0.06 33.3 0 0 252 0.04 0 0 0.026 0.016 0.144 0.076 0

JK-2b Dol-II 18.06 0.37 2.87 22120 2078 12.97 25.26 1345 2.9 0.06 33.3 0 0 252 0.04 0 0 0.026 0.016 0.144 0.076 0

JK-3 Dol-II 6.68 0.32 2.07 21840 2543 11.1 42.05 3229 1.4 0.02 5.1 0 0 119 0.05 0 0 0 0 0 0 0

JK-4a Dol-II 13.61 1.05 9.35 32060 2539 14.84 35.99 2723 9.41 0.11 8.6 0 0 151 0.049 0 0.469 0.064 0.012 0.252 0 0.299

JK-4b Dol-II 13.61 1.05 9.35 32060 2539 14.84 35.99 2723 9.41 0.11 8.6 0 0 151 0.049 0 0.469 0.064 0.012 0.252 0 0.299

JK-05 Dol-III 11.25 1.31 12.01 25130 3773 13.31 32.44 2978 7.99 0.06 31.84 0 0.08 176 0 0 0.03 0.07 0.02 0.58 0 0

JK-6a Dol-II 12.01 0.42 1.81 17920 1555 14.15 28.24 1865 2.17 0.05 36.83 0 0 201 0 0.029 0 0.01 0.017 0.232 0

JK-6b Dol-II 12.01 0.42 1.81 17920 1555 14.15 28.24 1865 2.17 0.05 36.83 0 0 201 0 0.029 0 0.01 0.017 0.232 0

JK-11 Dol-II 2.91 0.09 0.43 13160 2155 15.99 32.72 1084 0.45 0.01 44.53 0 0 201 0 0 0 0 0 0 0 0

JK-12a Dol-III 8.01 0.82 7.34 36230 3693 13.3 9.73 2977 8.08 0.08 42.39 0.00 0.00 178 0.00 0.049 0.00 0.049 0.011 0.283 0.00 0.772

JK-12b Dol-II 19.01 0.82 7.34 26530 2631 10.95 39.73 2641 8.08 0.08 12.39 0.00 0.00 152 0.00 0.049 0.00 0.049 0.011 0.283 0.00 0.772

JK-12c Dol-II 19.01 0.82 7.34 26530 2631 10.95 39.73 2641 8.08 0.08 12.39 0.00 0.00 152 0.00 0.049 0.00 0.049 0.011 0.283 0.00 0.772

JK-13a Dol-II 5.71 0.17 0.9 19600 2463 19.78 40.51 2087 1.03 0.01 27.73 0.00 0.00 226 0.00 0.00 0.00 0.00 0.00 0.038 0.00 0.00

JK-13b Dol-II 5.71 0.17 0.9 19600 2463 19.78 40.51 2087 1.03 0.01 27.73 0.00 0.00 226 0.00 0.00 0.00 0.00 0.00 0.038 0.00 0.00

JK-16a Dol-II 4.79 0.14 0.75 13510 2078 15.04 32.05 2716 0.94 0.00 42.69 0.00 0.00 235 0.045 0.00 0.00 0.00 0.00 0.028 0.00 0.533

JK-16b Dol-II 4.79 0.14 0.75 13510 2078 15.04 32.05 2716 0.94 0.00 42.69 0.00 0.00 235 0.00 0.00 0.00 0.00 0.00 0.028 0.00 0.533

JK-17 Dol-II 16.45 0.51 3.87 17500 1847 11.39 31.78 3162 4.32 0.05 27.73 0.00 0.00 184 0.00 0.00 0.00 0.027 0.001 0.187 0.00 0.00

JK-18 Dol-II 3.17 0.1 0.46 13160 1778 15.401 32.42 2071 0.51 0.00 45 0.00 0.00 67 0.00 0.00 0.013 0.00 0.00 0.00 0.00 0.00

JK-20 Dol-II 4.43 0.05 1.14 26530 2924 19.46 28.24 1855 0.33 0.20 44.2 0.30 0.00 168 0.051 0.05 0.00 0.008 0.00 0.05

JK-24 Dol-II 17.54 0.57 4.6 19600 1793 12.18 36.92 1755 5.65 0.08 21.79 0.00 0.048 184 0.00 0.00 0.029 0.008 0.312 0.00 - 0.00

JK-25a Dol-II 2.21 0.08 0.32 13510 1355 16.37 33.779 2455 0.34 0.00 44.05 0.00 0.00 161 0.00 0.00 0.00 0.00 0.00 0.025 - 0.00

JK-25b Dol-II 2.21 0.08 0.32 13510 1355 16.37 33.779 2455 0.34 0.00 44.05 0.00 0.00 161 0.00 0.00 0.00 0.00 0.00 0.025 - 0.00

JK-33 Dol-I 31.05 0.04 0.28 4375 466 4.78 11.33 4431 0.2 0 14.25 0.01 0 282 0 0.04 0 0 0 0.03 0 0

JK-47 Dol-I 35.44 0.35 2.8 7140 770 7.06 6.76 4568 3 0.03 14.45 0.00 0.00 235 0.00 0.00 0.00 0.021 0.043 0.079 0.00 0.00

JK-49 Dol-I 33.02 0.02 0.48 5600 849 5.8 14.12 4941 0.39 0 13.41 0.00 0.00 252 0.00 0.37 0.00 0 0 0 0.00 0.00
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Section Sample Stage SiO2 (% ) TiO2 (% ) Al2O3 (% ) Fe (ppm) Mn (ppm) MgO (% ) CaO (% ) Na (ppm) K2O (% ) P2O5 (% ) LOI SO3(% ) Y2O3(%) Sr (ppm) NiO(% ) CuO(% ) ZnO(% ) Rb2O(% ) Y2O3(%) ZrO2(%) WO3(%) Cl(% )

MJ-1 Dol-II 10.33 0.14 12.13 11410 1854 13 10.68 1458 0.41 0.13 39.05 0.019 0.018 142 0.042 0 0 0.012 0.071

MJ-2 Dol-II 5.22 0.06 1.1 21420 1840 18.24 27.53 3561 0.39 0.06 42.1 0.596 129 0.028 0.028 0 0 0.0161 0.1

MJ-5 Dol-III 12.9 0.31 4.38 25130 3673 13.31 20.76 1978 2.9 0.07 30.08 0.048 0.018 176 0 0 0.032 0.137 0.033

MJ-15 Dol-II 13.69 0.19 0.256 18620 2156 14.7 22.89 3413 1.61 0.04 40.91 0.04 0.008 210 0 0

MJ-20 Dol-I 22.72 0.71 13.39 3220 616 6.01 41.75 5155 7.9 0.14 5.14 0.04 0.013 210 0.04 0.04 0.064 0.088 0.002

MJ-23 Dol-I 18.9 0.43 5.15 1890 1001 8.09 35.45 4087 3.65 0.12 14.17 0.045 0.013 194 0 0 0 0.16 0.002

MJ-26 Dol-I 39.98 0.31 4.32 1940 618 6.67 22.29 4377 2.82 0.06 11.77 0.052 0.006 277 0 0 0.032 0.059 0.006

MJ-27 Dol-I 40.09 0.58 7.64 4620 924 7.98 14.89 4823 5.5 0.12 11.05 277

Section Sample No. Stage SiO2 (% ) TiO2 (% ) Al2O3 (% ) Fe (ppm) Mn (ppm) MgO (% ) CaO (% ) Na (ppm) K2O (% ) P2O5 (% ) LOI SO3(% ) Rb2O(%) Sr (ppm) BaO(% ) CuO(% ) ZnO(% ) Rb2O(% ) Y2O3(%) ZrO2(%) WO3(%) Cl(% )

KSJ-1 Dol-II 18.05 0.07 1.46 10710 1694 9.84 34.921 4006 1.01 0.7 21.54 0.288 0.015 168 0.171 0.015 0.038 0.125 0.466

KSJ-3 Dol-II 10.08 0.19 1.76 11970 2541 14.38 33.18 5565 0.91 0.32 35.4 0.243 0.013 285 0.23 0.013 0.638 0 0.524

KSJ-4 Dol-II 18.03 0.1 1.27 10990 2464 16.67 24.13 2745 0.76 0.21 37.01 0.435 0 92 0.021 0.012 0.073

KSJ-6 Dol-II 11.551 0.68 1.52 10710 1771 18.08 24.65 8310 0.88 0.11 39.55 0.159 0.013 303 0.213 0.013 0.105 0 0.567

KSJ-9 Dol-II 10.36 0.1 2.01 11480 1617 19.09 25.12 4031 0.9 0.1 39.94 0.147 0.02 319 0.203 0.02 0.155 0 0.414

KSJ-12 Dol-II 22.53 0.12 2.78 13160 18.43 33.98 4155 1.57 0.6 25.31 0 0.02 345 0.289 0.02 0.087 0 0.731

KSJ-15 Dol-II 11.99 0.09 1.56 10080 1232 12.75 40.125 4006 0.97 1.87 26.18 0.869 0.013 388 0.432 0.013 0.222 0.0858 0.486

KSJ-18 Dol-II 16.15 0.11 1.35 10430 3157 12.75 28.02 3264 0.75 1.94 29.76 8.429 0 436 0.409 0 0.211 0 0.285

KSJ-21 Dol-I 36.06 0.15 1.83 700 1234 10.59 17.23 7716 1.23 0.83 25.89 2.093 0.016 344 0.238 0.016 0.298 0.661

KSJ-24 Dol-I 43.03 0.22 2.22 6300 1848 11.02 11.09 7345 1.73 0.82 16.87 9.67 3.9 411 0.264 3.9 0.268 0.722

KSJ-27 Dol-I 38.21 0.04 0.75 4900 1156 7.05 6.58 7049 0.39 0.46 18.16 11.616 428 0.024 0.087 0.718

KSJ-30 Dol-I 43.84 0.16 3.9 6300 1232 10.71 11.48 6455 2.21 0.47 19.97 8.284 0.025 368 0.23 0.025 0.108 0.536

KSJ-32 Dol-I 42.41 0.16 2.8 7280 1227 6.06 8710 371
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 (Isotopes data) 
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Section Sample No. Stage δ18O δ13C Sr 
87/86

δ
25

Mg δ
26

Mg 

JJ-1 Dol-II -6.15 -1.67

JJ-6 Dol-II -5.82 -1.55

JJ-9 Dol-III -5.71 -0.49 0.711571 -0.75 -1.43

JJ-10 Dol-II -5.86 -0.36

JJ-15 Dol-II -5.88 -0.85

JJ-18 Dol-II -5.93 -0.53

JJ-27 Dol-II -6.45 -0.61

JJ-30 Dol-I -4.88 -0.77

JJ-33 Dol-I -4.97 -2.58

Section Sample No. Stage δ
18

O δ
13

C Sr 
87/86

δ
25

Mg δ
26

Mg 

JK-2a Dol-II -6.368 -1.60

JK-2b Dol-II -6.368 -1.60

JK-3 Dol-II -6.368 -1.30 0.713198

JK-05 Dol-III -7.29 -1.831

JK-6a Dol-II -6.42 -1.11

JK-6b Dol-II -6.42 -1.11

JK-9 Dol-II -6.64 -1.3 0.710711

JK-11 Dol-II 0.710643 -0.70 -1.34

JK-12a Dol-III -7.73 -0.96

JK-13a Dol-II -6.22 -0.80

JK-13b Dol-II -6.22 -0.80

JK-16a Dol-II -5.24 -0.09

JK-16b Dol-II -5.24 -0.09

JK-18 Dol-II 0.710601 -0.86 -1.67

JK-20 Dol-II 0.711500 -0.83 -1.59

JK-23a Dol-II -6.2 -0.04

JK-23b Dol-II -6.2 -0.04

JK-26 Dol-II -5.99 0.10

JK-31 Dol-II -6.13 -0.09

JK-32 Dol-I -5.75 -0.42

JK-33 Dol-I -5.31 -0.26 0.710628

JK-47 Dol-I -5.44 -0.54

JK-48 Dol-I -5.15 0.13

JK-49 Dol-I -5.44 -0.54 0.710154 -0.70 -1.27

JK-50 Dol-I -5.44 -0.54
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Section Sample Stage δ18O δ13C Sr 
87/86

δ
25

Mg δ
26

Mg 

MJ-2 Dol-II -6.11 -0.30 0.711601

MJ-4 Dol-II -6.41 -0.40

MJ-5 Dol-III -7.20 -1.831

MJ-10 Dol-II -6.31 -0.50

MJ-20 Dol-I -4.06 -2.02 -0.61 -1.19

MJ-23 Dol-I -5.03 -1.18

MJ-26 Dol-I -3.76 -0.513

MJ-27 Dol-I -4.26 -2.05

Section Sample No. Stage δ18O δ13C Sr 
87/86

δ
25

Mg δ
26

Mg 

KSJ-1 Dol-II -3.52 -1.2

KSJ-4 Dol-II -1.98 -1.38 0.710497 -0.85 -1.66

KSJ-12 Dol-II -2.05 -1.88

KSJ-16 Dol-II -2.98 -1.6

KSJ-21 Dol-I -1.18 -1.46

KSJ-22 Dol-I -1.198 -1.48

KSJ-26 Dol-I -1.77 -1.48

KSJ-27 Dol-I -1.89 -1.57

KSJ-29 Dol-I -2.01 -1.69

KSJ-30 Dol-I -2.17 -1.67

KSJ-32 Dol-I -2.22 -1.73
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