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Abstract 

Muhammad Hanif 

Stratigraphy and Paleoenvironment of the Paleocene/Eocene boundary 

interval in the Indus Basin, Pakistan 

Marine sedimentary sections across the Paleocene/Eocene (P/E) boundary 
interval are preserved in the Patala Formation (Upper Indus Basin) and Dungan 
Formation (Lower Indus Basin), Pakistan. The P/E interval of the Patala 
Formation is composed of limestone and shale inter-beds indicating deposition 
on a carbonate platform. The analysis of larger foraminifera across the P/E 
interval from the Patala Fonmation (Kala Chitta Ranges), allows the recognition 
of the Larger Foraminifera! Turnover (LFT). The Larger Foraminrferal Turnover 
(LFT) observed in the Patala Fonnation is associated with the PETM 
(Paleocene Eocene Thermal Maximum) global climatic event and allows the 
recognition of the P/E boundary in shallow water carbonates of the Indus Basin. 
This turnover is already reported from other Tethyan sections and from the Salt 
Range (Upper Indus Basin), Pakistan. The recognition of the LFT allows the 
inter-basinal and intra-basinal correlation of the P/E interval of the shallow 
carbonates of the Indus Basin, Pakistan, The available literature on the 
Paleocene-Eocene Patala and Dungan formations is used to review the 
planktonic foraminiferal biostratigraphy of the P/E interval. The planktonic 
foraminiferal zones in the P/E interval of the Indus Basin are identified and 
reviewed in the light of new international zonations. The planktonic foraminiferal 
content of the Dungan Formation allows its correlation with the Laki Fonnation 
of Rajesthan (India). 

Four dinoflagellate zones in the P/E interval of the Rakhi Nala section 
(Lower Indus Basin) are identified and correlated with international and regional 
zonations. The quantitative analysis of the dinoflagellate cyst assemblages 
together with geochemical data {i.e., carbon isotopes (organic only), C/N ratio, 
TOC, carbonate content) is used to reconstruct the palaeoenivronment across 
the P/E interval. The dinocyst assemblages in general, and the abundance of 
Apectodinium spp. in particular, indicate the warmer surface water conditions of 
the global PETM event. The dinocyst assemblages allow the local correlation of 
the Dungan Fonnation (part) of the Sulaiman Range with the Patala Formation 
(part) of the Upper Indus Basin and global correlation of the Zone Pak-DV with 
the Apectodinium acme Zone of the Northern and Southern hemispheres. 

The carbon isotopic excursion (CIE) associated with PETM is now 
globally used to identify the P/E boundary. The CIE in total organic carbon (i.e., 
5^^CTOC= -28.9%o) and total fine fraction organics (i.e., 5^^CFF= 26.4%o) from the 
Indus Basin is reported for the first time. This CIE record from the Indus Basin is 
compared with other Tethyan sections from Egypt and Uzbekistan and is also 
compared with the global sections from USA (Northern hemisphere) and from 
New Zealand (Southern hemisphere). 
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Chapter 1: Introduction 

1.1. Introduction 

The Earth experienced climatic variations from a wfaim 'greenhouse' to a cooler 

'icehouse' world during the Paleogene (Zachos et al.. 2001). The Paleocene {65 

to -55 Ma) was a time of great environmental change, within both the marine 

and terrestrial realms and represents a period of significant perturbation and 

punctuated biotic changes, bounded by two important events in Earth history: 

initiated by the Cretaceous/Paleogene extinction event at the base and 

culminating in the Paleocene Eocene Thermal Maximum (PETM). This 

warming phase started in the mid-Paleocene (~59Ma) following the perturbation 

at the K/Pg boundary and ended in a hyperthermal event now known as the 

Paleocene Eocene Thermal Maximum. A timescale for the Paleocene-Eocene 

is shown in Figure 1.1. 

The PETM is a brief, but extreme and rapid global wanning event 

superimposed on the overall warming trend of the Paleocene (Kennett & Stott, 

1991). A negative carbon isotopic excursion (CIE) marks the onset of the PETM 

(Kennett & Stott, 1991; Zachos et al., 2001). Evidence for the warming is 

observed in marine and terrestrial basins around the world (e.g., Kennett & Stott 

1991; Thomas e ta l , 2002; Sluijsetal., 2006). The PETM occurred at 55.5 Ma 

(Gradstein et al., 2004) and is associated with a number of other events (Fig. 

1.2). 

Climatic events: 

• 9-10°C rise in high latitude Sea Surface Temperature (SST); 

• 4-5°C rise in deep sea and equatorial SST (Zachos et al., 2003; Tripati & 

Elderfield, 2005); and 

• 5''C rise on land (Wing et al., 2005). 
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Tectonic events: 

• North Atlantic rifting and volcanism (Lawveret al., 1998); and 

• India-Asia collision (Copeland, 1997). 

Biotic events: 

• Deep sea benthonic foraminiferal extinction (Thomas, 1990a,b; Thomas 

etal., 2002); 

• Acme of the planktonic foraminiferal genus Acahnina (Arenillas & Molina, 

1996; Kelly et al., 1998), with the dominance of Morozovella and the 

absence of Subbotlna during the excursion (Petrizzo, 2007); 

• Distinctive assemblages of calcareous nannoplankton (Bralower, 2002); 

• Acme of the dinocyst Apectod/n/um (Crouch etal., 2001); 

• Rapid radiation of mammals on land (Koch et al., 1992); 

• Shallow water benthonic foraminferal extinction and repopulation (Speijer 

etal., 1997); and 

• Turnover of larger foramintfera on the Tethyan shelf (Orue-Etxebarria et 

al., 2001). 

A number of palaeoceanographic changes associated with the PETM have 

been reported worldwide. These include changes in oceanic circulation such as 

the shift in the site of deep water formation from the southern hemisphere to the 

northern hemisphere (e.g., Kennett & Stott. 1991; Nunes & Morris, 2006). 

Increased productivity is recorded along the southern margin of Tethys. and the 

upwelling of low oxygen intermediate water into the epicontinental basin led to 

increased biological productivity and anoxia at the sea floor before and during 

the PETM (Speijer & Schmitz, 1998; Speijer & Wagner, 2002). The 

epicontinental basins bordering the Tethys appear to have been particularly 

prone to severe oxygen deficiency during the PETM. A total organic carbon 



(TOC) rich sapropel unit <1 m thick has been recorded in numerous localities 

over a large area between the Crimea and Uzbekistan (northern Tethyan 

margin) by Gavrilvet al. (1997). Similarly, Speijeretal. (1997) found dark 

sapropelic beds, with micropaleontological indications for anoxia, in association 

with a benthic extinction event in localities in Turkmenistan (northern Tethys) 

and Egypt (Southern Tethys). Speijer & Wagner (2002) refered to these 

deposits as black shales. 

The PETM has been the focus of interest in recent years as this event is 

considered to be a close analogue to future global warming (Pancost et al., 

2007; Zeebe et aL, 2009), The Momzovella velascoensis Zone of Berggren et al. 

(1995) is the host zone for the PETM (the Paleocene/Eocene boundary interval). 

As a result of this, therefore, a large amount of high resolution biostratigraphical 

data from Tethyan and global sections have been produced in recent years 

across this interval (Fig. 1.3). Bolli (1966) described this zone as the 

Globorotalia velascoensis Zone and defined it as the interval between the last 

orcurrences of Globorotalia pseudomenardii (below) and Globorotalia 

velascoensis (above). Stainforth et al. (1975) retained the existing name and 

definition although Blow (1979) redefined it by dividing it into two zones (P6 and 

P7) based on the lowest occurrence o1 Acarinina berggreni. It was named the 

Morozovella vetascoensis Zone by Toumarkine & Luterbacher (1985). They 

defined it as the interval between the last appearance of Planorotalites 

pseudomenardii (below) and the highest occurrence of M. velascoensis (above). 

Canudo & Molina (1992) divided this zone into two zones based on the lowest 

occurrence of Pseudohastigerina wilcoxensis. These are the Morozovella 

aequa Zone below the lowest occurrence of P. witcoxensis and the P. 

wilcoxensis Zone above the lowest occurrence of P. wilcoxensis. Later, 



Berggren et al. (1995) retained the name given by Toumarkine & Luterbacher 

(1985) and, in addition, called it P5 and defined it as the interval between the 

last occurrence of G, pseudomenardii (below) and the highest occurrence of M. 

velasoensis (above). Molina et al. (1999) provided a high resolution 

biostratigraphy of the M. velascoensis Zone of Toumarkine & Luterbacher (1985) 

and they divided it into five subzones. Berggren & Pearson (2005), based on 

high resolution biostratigraphic data, have divided it into three zones (Fig. 1.3). 

1.2. This Study 

In a comparable situation to the extensive epicontinental basins on the southern 

margin of the Tethys, the Indus Basin on the north western margin of the Indian 

Plate provides excellent opportunities for faunal and geochemical studies, 

allowing the evaluation of the relations between the trophic regimes and their 

biota and the improvement of the stratigraphic resolution in the area.The Indus 

Basin can be subdivided into three depositlonal provinces: 

• The Potwar-Kohat deposttional province (Upper Indus Basin); 

• The Sulatman depositional province (Lower Indus Basin); and 

• The Kirther depositional province (Lower Indus Basin). 

The Potwar-Kohat depositiona! province is separated from the rest of the Indus 

Basin by a west-northwest-trending positive axis which extends from the Indian 

shield through the Kirana-Sargodha Hills up to the Khisor Range. The Sulalman 

depositional province is also separated from the Kirther province in the south by 
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the sub-surface high called the Jacobabad High. Numerous well-exposed 

outcrops yielding well preserved microfossils are easily accessible in several 

localities. In addition to surface exposures, data regarding the sub-surface is 

available in the public domain as a result of the increasing hydrocarbon 

exploration activities in the Indus Basin. 

Cenozolc marine sequences deposited in the Tethys Ocean before its 

demise, as a result of the collision between the Indo-Pakistan and Eurasian 

Plates, are well exposed throughout the Indus Basin. Cenozoic sedimentary 

records in the Indus Basin exhibit a change from Paleocene-Eocene marine 

sequences to non-marine littoral and terrestrial molasse-type deposits during 

the Neogene and Quaternary. In the Sulaiman Range, and in the Baluchistan 

Ophiolite and Thrust Belt, the Cenozoic-Mesozoic contact changes from an 

angular unconformity between the Paleocene and older units, to a disconformity 

and overlap in the Kohat-Potwar-Salt Range region (Raza et al., 1989; Gee & 

Gee, 1989). In the Lower Indus Basin, the contact between the Paleocene and 

the Cretaceous is disconformable (Williams, 1959) although it is transitional in 

places according to the Hunting Survey Corporation Ltd (1961). The non-marine 

Chitanwata Formation unconformably rests on the Pateogene marine strata 

(Kazmi, 1995). This marine Paleogene sequence consists of four formations 

which are, in ascending order, the Dungan, Shaheed Ghat, Baska and Kirther 

formations (see Fig 3.5, Chapter 3). In the Upper Indus Basin both the lower 

and upper boundaries of the Paleogene are unconformable (Shah, 1977). The 

Paleogene sequence consists of the following formations in ascending order: 

Paleocene; Hangu, Lockhart, Patala and Eocene; Nammal, Sakesar, Chorgali 

(see Fig 3.3, Chapter 3). 
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The stratigraphy of the fossiliferous Paleogene sediments of the Indus 

Basin, as it is represented in Pakistan, has been a subject of research since the 

late nineteenth century. The early studies have provided a detailed record of the 

lithology, biostratigraphy and palaeoenvironments (Wynne, 1872, 1874; 

Blanford, 1880; Davies, 1927; Davies & Pinfold, 1937; Eames. 1952; Haque, 

1956; Nagapa, 1959; Hunting Sun/ey Corporation, 1960; Latif, 1961, 1964, 

1970; Hemphill & Kidwai, 1973; Fatmi. 1974; Middlemiss. 1986). This earlier 

work was compiled and published by the Geological Survey of Pakistan (GSP) 

(Shah, 1977) and, more recently, by Afzal et al. (2009). Since deep water to 

open marine sequences of early Cretaceous to late Eocene age are widely and 

excellently exposed in the Kirther and Sulaiman Ranges (Lower Indus Basin) 

there have been a number of studies of the Paleogene planktonic foraminifera 

(Haque, 1956, 1959; Latif. 1961, 1964; Samanta, 1973; Dorreen, 1974; 

Warraich et al., 2000). In the Salt Range (Upper Indus Basin) the frequent 

interfingering of both shallow and open marine sediments during the Paleogene 

offers an excellent opportunity to study the microfossils (including foraminifera, 

calcareous nannoplankton and dinoflagellates) in a wide spectrum of 

palaeoenvironments. This opportunity has been exploited in a number of 

previous studies (Davies & Pinfold, 1937; Haque, 1956; Kbthe et al., 1988; 

Gibson. 1990; Weiss, 1988. 1993; Afzal & Von Daniels, 1991; Ashraf & Bhatti. 

1991; Bybell& Self-Trail, 1993; Afzal, 1997). As a result of these publications a 

large amount of biostratigraphical and lithostratigraphical data are available for 

the Paleogene and, in particular, for the Paleocene/Eocene boundary interval of 

the Indus Basin. However, not enough work has been done in the area of 

palaeoenvironmental analysis using a multiple proxies approach including 

geochemical work (particularly stable isotopes). Therefore, a multiple proxy 
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approach is needed for better palaeoenvironmental interpretations and 

improved biostratigraphical resolution. This study is, therefore, an integrated 

attempt to improve the resolution and review (where needed) the planktonic 

foraminiferal and dinoflagellate biostratigraphy, the palaeoenvironmental 

interpretation across the Paleocene/Eocene boundary interval, and the 

correlation of this record from the Indus Basin with other Tethyan and global 

sections. 

Since no proxy is truly sensitive to only one environmental parameter, for 

the most reliable reconstructions, a multi-proxy approach is preferable. This 

procedure should reduce the potential for misinterpretation. In this research a 

multi-proxy approach has been applied. Most other modern authors use multi-

proxy data sets and so this makes comparison easier and more reliable. 

1.2.1. Foraminifera 

The aim of the foraminiferal investigation was to interpret the 

palaeoenvironment and biostratigraphy of the Paleocene/Eocene boundary 

interval, A number of factors related to the state of the water column generally 

control the evolution, diversification and extinction of planktonic foraminifera. 

Such factors are primarily associated with stratification within the water column, 

variations in the trophic structure and vertical temperature and density gradients 

(Leckieetal., 1998; Hart. 1999; Price & Hart, 2002; Keller, 2002; Keller SPardo 

2004; Coccioni & Luciani, 2004). High diversity assemblages in the modern 

ocean are typically seen within a well stratified water column, with normal 

salinity and nutrient content (Coccioni & Luciani, 2004). Depth stratification 

provides distinct biotic and physical environments in which stable ecological 

niches can be filled, and potentially competing species are separated (Lipps, 
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1979; Hemleben et al., 1989). The structure of foraminiferal assemblages W\i\ 

change with different nutrient conditions. Unstable eutrophic conditions are 

formed by increased nutrient influx which favours opportunisitic (r-selected) 

species. These species are typically small in size and characterized by fast 

reproduction. A reduction in nutrient influx however will lead to more stable 

oligotrophic conditions favouring more specialised (K-selected) species. These 

species are larger in size and have much lower reproductive potential and 

longer life spans (MacArthur & Wilson, 1967; Hottinger, 1982, 1983; Scheibner 

et al., 2005). The intermediate species between two extremes are r/K, adopted 

to mesotrophic environments have a range of trophic strategies (Coccioni & 

Luciani, 2004). The abundance, diversity and morphology of Paleocene-Eocene 

planktonic and benthonic foraminifera provide information on the state of the 

water column and ecological niches filled. 

Murray (2006) describes five broad groups of benthonic foraminiferal 

applications and these are; 

1) Biostratigraphy: 

2) Interpretation of palaeoenvironmental analysis 

3) Interpretation of specific details of environments or processes such as 

palaeoproductivity, low oxygen, seasonal stratification of the water 

column, etc. (palaeoceanography); 

4) A proxy for natural environmental change (e.g., sea level, climate); and 

5) Monitoring of changes induced by the activities of man. 

According to Murray (2006), benthonic foraminifera are the only important 

benthonic group of organisms for recording the history of events on the sea 

floor in a broad spectrum of environments from the intertidal zone to hadal 

11 



depths. Benthonic foraminifera have been used to interpret past bottom 

conditions such as bottom-water masses, presence/absence of an oxygen 

minimum zone (OMZ), currents, methane seeps, Aragonite Compensation 

Depth (ACD) and Calcite Compensation Depth (CCD) and their associated 

tysoclines. They have also been used for interpreting surface productivity; i.e., 

flux of organic material from the sea surface. 

During the PETM benthonic foraminifera suffered a severe extinction 

(e.g., Tjalsma & Lohmann, 1983; Thomas, 1990a, b; Pak & Miller, 1992; Ortiz, 

1995; Speijer, 1994). In a large number of previous studies this group of 

foraminifera, with the aid of other proxies, has been used as one of the basic 

tools in the reconstruction of the palaeoenvironments across the PETM. 

Although the deep sea has been the main focus of such studies, attempts have 

also been made at the interpretation of shallow marine environments and it has 

been shown that the benthonic foraminifera are an equally important proxy in 

the palaeoenvironmental reconstruction of shallow waters. 

An enormous amount of research is devoted to studies of the application 

of foraminifera to palaeoenvironmental and environmental interpretation. 

Foraminifera are principally divided into benthonic (living within or on the sea 

floor) and planktonic (living in the water column). The benthonic foraminifera are 

used to reconstruct the bottom conditions while planktonic foraminifera are used 

as a proxy for surface water and water column conditions. Foraminifera are 

present in a broad spectrum of marine environments, ranging from coastal 

marshes to abyssal plains. As the distribution of foraminifera is controlled by a 

number of factors (i.e., nutrients and oxygen availability, temperature, salinity 

and pH) their presence/absence can be used to interpret the 

palaeoenvironments of geological successions. In addition to 
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palaeoenvironmental interpretation the foraminifera have been extensively used 

in biostratigraphy. Their fossilization potential is high, explaining their extensive 

use in the fossil record. 

1.2.2. DinofJagellates 

The single-celled dinoflagellates are predominantly marine, eukaryotic plankton 

that typically occur as motile cells in surface waters, sometimes in astonishing 

concentrations called 'red tides' (e.g., Fensome et al., 1996a). They are 

characterized by having a variety of nutritional strategies. The lifestyles of most 

dinoflagellates are autotrophic but many have an heterotrophic lifestyle and may 

rank among the zooplankton. Some dinofiagellates produce preservable 

organic-walled hypnozygotic resting cysts (dinocysts) as a part of their often-

complex life-cycle. In addition, (mainly vegetative) calcareous and siliceous 

cysts are known. The cyst part of the dinoflagellate life cycle is usually 

associated with sexual reproduction and is induced by particular surface water 

parameters, predominantly seasonal nuthent depletion, that only prevails for a 

brief period (Taylor, 1987). Typically, the motile stage does not preserve, but 

organic dinocysts are found from the late Triassic onwards (e.g., MacRae et al., 

1996). 

The dinoftageHates, together with diatoms and coccolithophorids, are 

amongst the most prominent marine primary producers in the oceans today and 

they play an important role in the global carbon cycle (e.g., Brasier. 1985). 

Moreover, they were probably an important factor in the development of coral 

reef systems; the ecological success of scleractinian corals since the Triassic 

was probably a direct result of their acquisition of dinoflagellate symbionts. 

which allowed them to exploit nutrient-poor environments (Trench, 1987). 
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Dinoflagellate symbionts are also known from some groups of extant and fossil 

planktonic foraminifera (e.g., Be & Hutson, 1977; Spero, 1987). Over the past 

decades, the importance of dinocyst analysis has been increasingly recognized 

in hydrocarbon exploration where dinocyst biostratigraphy has now emerged as 

a routine tool (see, for example. Stover et al., 1996 and Williams et al., 2004, for 

a summary of existing Triassic to Neogene dinocyst biozonations). In many oil 

and gas provinces, such as the Paleogene of the North Sea Basin, they have 

yielded a higher stratigraphical resolution than calcareous microfossils (e.g., 

Gradstein et al., 1992). Remains of dinoflagellates are also major components 

of petroleum source rocks {Ayres et al.. 1982) due to their ability to store lipids 

{Bold, 1973; Homer, 1985). 

The organic-walled dinocysts have been increasingly employed as 

sensitive (palaeo-) environmental indicators over the past 30 years (e.g., 

Downieetal.. 1971; Wallet al., 1977; Mudie & Harland, 1996; Dale, 1996; 

Pross et al., 2004; Prauss, 2009). The organic walled cyst-producing 

dinoflagellates are known to be highly sensitive to even small changes in 

surface water characteristics (e.g., Turon, 1981; Harland, 1983; de Vernal & 

Mudie, 1992; Harland & Long. 1996; Dale. 1996.2001; Rochonetal.. 1999; 

Targarona et al., 2000; Boessenkool et al., 2001; Marret & Scourse. 2002; 

Sangiorgi et al.. 2002, 2003; Matthiessen et al., 2005). A wealth of Paleogene 

dinocyst data are available from recent ocean drilling (e.g., in the Southern 

Ocean) boosting more integrated, multidisciplinary studies and interpretations 

(Brinkhuis et al., 20a3a.b; Sluijs et al., 2003; Rbhl et al..2a04a. b; Schellenberg 

et al., 2004; Williams et al., 2004; Huber et al., 2004; Stickley et al., 2004; van 

Simaeys et al., 2005). These and other recent research have led to 
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considerable progress in Paleogene dinocyst palaeoecology in the last twenty 

years. 

For palaeoenvironmental studies the dinoflagellate cysts (= dinocysts) 

preserved in sediments provide the most important infomnation. The high-

resistant cysts have a great preservation potential. This group has been 

successfully adopted in a number of research projects of the reconstruction of 

sea-surface productivity, sea level change and temperature. Changes in 

productivity are thought to influence the ratio between the heterotrophic 

protoperidinioid and the autotrophic gonyaulacoid dinocysts (Harland, 1973; 

Almogi-Labin et al., 1993). The peridtnioid/gonyaulacoid ratio may, therefore, be 

a good approximation of a palaeoproductivity signal in the fossil record, 

although Prauss (2009) and references therein have highlighted the problems 

involved with use of the ratio. Dinocyst preservation is, however, extremely 

sensitive to oxygen availability.The organic-walled dinocysts are neither 

affected by chemical dissolution nor by secondary mineralization and, therefore, 

offer a most reliable and promising tool for biostratigraphy in carbonate poor 

areas. This research attempts to interpret the palaeoenvironment by 

quantitative analysis of the dinocysts as well as use them as a tool for 

biostratigraphy and correlation. 

1.2.3. Organic Geochemistry 

Carbon isotopes relate to the amount of dissolved inorganic carbon (DIC) in 

seawater, which is maintained relatively near to zero (relative to the Vienna Pee 

Dee Beiemnite (VPDB) international standard), balanced by the influx of carbon 

from terrestrial weathering, volcanic sources, oxidation of organic matter, and 

the output through the production of marine carbonates and burial of organic 
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matter (Berger & Vincent, 1986; Marshall, 1992). Typically there is not a large 

variation in the amount of DIC in the ocean. A gradient of 5 '̂'C values is, 

however, seen through the water column (Berger & Vincent, 1986; Marshall, 

1992). This is related to ocean productivity. Organic matter is predominantly 

composed of light carbon and, therefore, has very negative 6^^C values. 

Removal of organic carbon from the oceanic reservoir renders surface waters 

relatively enriched in 5^^C (Berger & Vincent 1986; Marshall 1992). As the 

organic matter moves down through the water column to the sea floor, it begins 

to break down and is oxidised, returning the light carbon back into the ocean 

waters. The surface waters, therefore, often show more positive b^^C values 

than deeper in the water column and at the sea floor, and the more enhanced 

the productivity, the more pronounced this difference in surface and deep water 

5^̂ C values becomes. Organisms, such as foraminifera, are thought to 

precipitate their tests in equilibrium with the isotopic composition of the water 

(e.g., Fairbanks etal., 1980; Savin etal., 1985). 

Oxygen isotopes are similarly related to the oxygen isotope composition 

of the water (related to salinity) and, importantly, the temperature of the water 

mass. Globally, the oxygen isotope value of seawater is predominantly 

controlled by the amount of polar ice. Polar ice preferentially takes up the lighter 

^®0, leaving global ocean waters enriched in the heavier ^̂ O and this results in 

more positive 6^^0 values of the global ocean waters (e.g., Kennett & Stott, 

1990). At times such as the PETM, when it is believed that there may have 

been no polar ice, the ocean waters were enriched with the lighter ^̂ O and more 

negative values are seen (e.g., Kennett & Stott, 1991). Similar to the carbon 

isotopes, the calcium carbonate tests of foraminifera and calcareous 

nannofossils may precipitate in equilibrium with the oxygen isotope value of the 

16 



seawater. Any values from a calcite test that differs from the equilibrium value of 

its ambient water shows fractionation or disequilibrium, expressed as AS^^O and 

A6^^C (Murray 1991). 

This disequilibrium is caused by life processes collectively known as vital 

effects. These are: 

1. Uptake of metabolic CO2 during calcification; 

2. Growth or calcification rate; 

3. Physiological changes with ontogeny; 

4. Kinetic isotope effects in the transport of carbonate ions to the site of 

calcification 

5. Photosynthetic activity of symbionts; and 

6- Diagenesis 

Variations in the proportion of ^^C/̂ ^C in biogenic carbonates are due to: 

1. Global and regional changes in surface-water productivity; 

2. Different water masses and circulation patterns; 

3. Vital effects; and 

4. Microhabitat effects. 

Hence, assuming little or no 'vital effects' in the foraminifera, the planktonic 

foraminifera living in the water column record the isotopic composition of the 

surface waters while benthic foraminifera record the isotopic composition at the 

bottom of the water column. Isotopic data, and their comparison from these 

forminifera, provides valuable information on water column productivity, thennal 
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strartlfication and water mass circulation- Whole-rock samples are primarily 

composed of calcareous nannofossils with a minor component of planktonic and 

benthonic foraminiferal fragments and can be used as a proxy to detennine 

5'^C trends for the general surface water conditions (Charisi & Schmitz, 1995, 

1998). In nearshore settings in particular, variation in the isotopic composition of 

water can be caused by variations in evaporation and precipitation and/or 

freshwater runoff. 

Diagenesis can cause large changes in the primary isotopic signal. The 

original isotope values of the carbonate become overprinted by recrystalisation 

of the original sediment and its components, in an environment different from 

that in which it originally formed. The amount ofdiagenesis depends on the type 

of sediments and their diagenetic history related, for instance, to burial depth 

and rate. Diagenesis can occur early (e.g., on the sea floor) or in shallow burial, 

or much later at depth. These different mechanisms have a differing effect on 

the isotope signals, but all will overprint any original isotope signal. All samples 

were assessed for diagenesis using scanning electron microscopy and thin 

section analysis. The foraminifera in all samples were found to be diagenetically 

altered and unsuitable for isotopic analysis. 

The reconstruction of productivity patterns is of great interest because of 

the important links to current patterns, mixing of water masses, wind, the global 

carbon cycle and biogeography. Productivity is often reflected in the flux of 

carbon into the sediment. Generally speaking, there is a relationship between 

productivity in surface waters and organic carbon accumulation in the 

underlying sediments (Sarnthein et al., 1992). Below the central gyres, the 

deserts of the ocean, the organic carbon content in sediments is extremely low. 

In upwelling areas, the organic carbon content of the sediments can be 
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extremely high. From this observation it may be expected that, at any one place, 

a change in the content of the sediment organic carbon indicates a change in 

productivity through time (Weferet al.. 1999). 

One marker for the fertility of sub-surface waters (that is, nutrient 

availability) is the carbon isotope ratio within the water {^^C/^^C, expressed as 

6^^C) Further information about the terrestrial portion is provided by the C/N 

ratios. Values between 7.0 and 9.0 are considered to indicate marine and 

those >15 are assumed to be of terrestrial origin. Uncertainties in the end 

memt>er values, when using these methods of identifying the proportion of 

terrigenous carbon, result in semi-quantitative estimates only (Wefer et al., 

1999), This research utilizes a number of organic geochemical proxies as a tool 

to reconstruct palaeoenvironment. These include TOC (total organic carbon), 

S^^CTOC (total organic carbon) and S^^CFF (total fine fraction organic carbon) 

isotopes and C/N ratios. 

1.2.4. Carbonate content 

The carbonate content is predominantly constituted of biogenic components, 

and this may add information on variations in palaeoproducttvity. In the ocean 

and above the continental slopes, the cartDonate production is dominated by 

phytoplankton and zooplankton, whereas in near shore environments benthonic 

organisms are the major sources (Ruhlemann et al., 1999). In shallow water 

settings the terrestrial input also plays an important role. Low carbonate values 

can indicate an increased terrigenous component. In arid areas, the deep 

weathering of exposed rocks is of importance and low carbonate sediments 

might result due to the transportation of the weathered terrigenous material to 

the basin (Ei Kammar & El Kammar, 1996). Carbonate content together with 
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planktonic foraminjferal numbers and planktonic/benthonic ratio of the 

sediments can be used to estimate carbonate dissolution (Guasti & Speijer, 

2007; see discussion on foraminifera in Chapter 4). 

1.3. Aims of Research 

This research aims to assess the palaeoenvironmental changes across the 

Paieocene-Eocene transition, to improve the resolution and review (where 

needed) the foraminiferal and dinoflagellate biostratigraphy, and provide new 

information on the stable isotope stratigraphy. 

1.3.1. Objectives 

In order to deliver on the aims of this research the following objectives are 

important and have been addressed: 

• Study geological succession in the Indus Basin across the P/E transition; 

• Foraminiferal analysis to detemiine the palaeoenvironment and review 

the biostratigraphy; 

• Dinocyst biostratigraphical analysis of the previously unzoned P/E 

boundary interval from the Sulaiman Range (Lower Indus Basin) and 

provide a correlation to the existing dinocyst zones of the Upper Indus 

Basin and other Tethyan and global sections; 

• Quantitative dinocyst and geochemical analyses (i.e., carbonate content, 

TOC and C/N ratios) to interpret palaeoenvironmental changes across 

the P/E boundary interval; and 

• Stable carbon isotope analysis (i.e., S^^Cjoc (total organic carbon) and 

5 " C F F (total fine fraction organic carbon)) of the P/E transition and 

provide a comparision of the isotope data from the Indus Basin with other 

Tethyan and global sections. 
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1.3.2. Study Locations 

In order to achieve the above mentioned objectives, samples and data from the 

following areas of the Indus Basin have been collected; Sulaiman Ranges 

{Lower Indus Basin), Kala Chita Range (Upper Indus Basin) (Fig. 1.4). 

Sulaiman Range (Lower Indus Basin) 

Rakhi Nala (29°59' N and 70° 03' E) exhibits undisturbed and very well 

exposed Paieocene-Eocene marine successions. This section Is easily 

accessible by means of the Dera Ghazi Khan-Quetta road. It lies on the 

easternmost flank of the Sulaiman Range. All four Paleogene fonnations are 

typically exposed in this section. 

Kala Chitta Range (Upper Indus Basin) 

The Kala Chitta Range forms the northern edge of the Potwar Sub-basin (Upper 

Indus Basin). It merges laterally towards the east into the Hazara Mountains 

and Margala Hills and westwards into the Samana Range. The range lies 

between latitudes 33° 30' and 34°N and longitudes 72° and 72° 45'E. The 

stratigraphical sections from where the samples were collected are linked by 

metalled, unmetalled and fair weather roads accessible by four-wheel drive 

vehicle- Sections of the Paleocene and Eocene rocks were measured at the 

following two localities; 

• Chak Dalla section: latitude 33° 39' 56.2"N; longitude 72° 23' 41.3" E 

• Kali Dilli section: latitude 33° 39' 9.4"N; longitude 72° 18' 20"E 

The Chak Dalla section is located in a gorge north of Sakhi Zinda Pir Rest 

House. The gorge exposes a section of the Lockhart Limestone Formation and 

the Patala Shale Formation. 
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Fig. 1.4: Geological map of Pakistan showing field locations and main geological features; A- Chak Dalla and Kali 

Dilli sections (Kala Chitta Range), B- Rakhi Nala section {Sulaiman Range), IWIKT- Main Karakoram Thrust, MMT-

Main Mantle Thrust and MBT- Main Boundary Thrust, SRT-Salt Range Thrust, 



Chapter 2: Methodology 

This chapter describes the methods used to process and analyse the samples 

used in this research. Over 200 samples were collected during the field work 

from sections in the Indus Basin, Pakistan. 

Sampling in the Indus Basin was undertaken in November 2007 and 

November 2008 It is clear from the literature that the P/E boundary in the Indus 

Basin lies in the upper-most part of the Dungan Formation (Lower Indus Basin) 

and the Patala Formation (Upper Indus Basin) (e.g., Afzal, 1997; Warraich et 

al., 2000). Therefore, these two formations were the target for sample collection 

in this research. In order to ensure un-weathered rock sample collection, the 

weathered surface material was removed before collecting a sample. A fine 

sample interval (e.g.. 25-50 cm) was used across the expected P/E boundary. 

Coarser sample intervals of 1-5 m and >5 m were used elsewhere with 

additional samples taken of any new lithologies which would be missed by this 

sample spacing. Samples were systematically labelled (e.g., Td-1, T represents 

Tertiary, d represents the Dungan Formation and 1 represents the sample 

number) and transported to the University of Plymouth for processing and 

analysis. Some of the samples were thin sectioned at National Centre of 

Excellence in Geology, University of Peshawar. 

The following methods were adopted to achieve the objectives of this 

research (see Section 1.3.1 Chapter 1 for objectives); 

• Planktonic and smaller benthonic foraminifera were obtained from 

lithologies; i.e., mainly clays and silts by using white spirit method (see 
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Section 2.2.1 for details). A representative assemblage of the species 

present was obtained by picking >300 (where possible) specimens per 

sample. Foraminifera were identified using the following literature; Haque 

(1956, 1959), LeRoy (1953), Samanta (1973), Berggren & Aubert (1975), 

Aubert & Berggren (1976), Tjalsma & Lohmann (1983), Van Morkhoven 

et al. (1986), Kaminski et al.(1989), Speijer (1994), Afzal (1997) and 

Wan^aich et al, (2000). The planktonic/benthonic ratio was determined 

and key planktonic genera were calculated as percentages. 

Representative specimens were photographed in the Electron 

Microscopy Centre at the University of Plymouth, UK. 

Thin sections were prepared from strongly lithified lithologies (i.e., 

limestone) to study the larger benthonic foraminifera and other 

sedimentolcgical features (see Section 2.2.1 for details). Key genera 

were identified following the work of Schaub (1981), Adams (1988), 

White (1989). Al-Sayigh (1998), Hottinger (2009) and Haynes et al. 

(2010). The representative specimens were photographed using the 

petrographic microscope facility at the Manchester Metropolitan 

University, UK. 

Dinocyst slides were prepared following the standard techniques (see 

Section 2.1.1 for details), >200 specimens per sample were counted. 

Key genera were calculated as percentages and the data were plotted 

against the stratigraphic section. The dinocyst genera were identified 

using the work of Davey et al. (1966), Wilson & Clowes (1980). Jan du 

Chene & Adediran (1984), Kothe et al. (1988), Bujak & Brinkhuis (1998), 
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lakovleva et al. (2001), lakovleva & Kulkova (2003) and Sluijs & 

Brinkhuis{2009). 

• Stable carbon isotope analysis i.e., S^^CTOC (total organic carbon) and 

6^^CFF (total fine fraction organic carbon) were performed using a Carlo 

Erba 1500 EA online to a VG TripleTrap plus a secondary cryogenic trap 

in the mass spectrometer (see Section 2.3.2 for details). The isotope 

data were plotted against the stratigraphic section. 

• The total organic carbon (TOC) and C/N ratios were determined using a 

Carlo Erba 1500 elemental analyser. 

• The carbonate content and total organic carbon (TOC) were determined 

by using the loss on ignition (LOI) method. The data were calculated in 

percentages (see Section 2.4 for details). 

2.1. Preparation of dinocyst slides 

Analysis of the dinocyst assemblage has been carried out on a selection of 63 

samples collected from the Rakhi Nala section (see Figure 1,4 from Chapter 1). 

Sample intervals of 25-50 cm were used for the uppemiost part of the Dungan 

Formation (see Figure 5.1 from Chapter 5). These samples were selected from, 

and across, a foraminiferal barren interval. The aim of the dinocyst investigation 

was to interpret the biostratigraphy and palaeoenvlronment of this interval. The 

samples were processed at Geotechniques Research by Jonah Chitolie using 

the standard palynological processing methodology (hydrochloric acid followed 

fay hydrofluoric acid for demineralisation). Oxidation was not deemed necessary 
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because of the well-preserved nature of the palynomorphs. The detailed 

procedure adopted for these samples is described as follows (Chitolie, pers. 

comm.). 

Samples were cleaned of surface contamination by scraping the outer 

layers with a stainless steel scalpel (for hard rocks), or by brushing with a dry 

nylon toothbrush (for soft rocks). Some pieces were too small to be cleaned by 

these methods. Samples were oven-dried at 100°C for approximately ten hours. 

After weighing (carbonate-rich samples weighed 50-118 g; clay samples 

weighed 5-8 g), the samples were placed in glass beakers (2 litre beakers for 

the chalk and 1 litre for the clay) and 100 ml of distilled water added to each 

sample, followed by a small amount of 50% hydrochloric acid, with any reaction 

being allowed to subside before the addition of more acid. The carbonate-rich 

samples foamed due to their high reactivity. After being washed through a 1 Spm 

sieve with filtered tap water, the residues were returned to the glass beakers 

where concentrated hydrochloric acid was added to eliminate un-dissolved 

carbonate. After further washing, the samples were placed in 250 ml 

polypropylene beakers and 50% hydrofluoric acid was added and left overnight. 

Samples were then washed through a 15pm polyester sieve. 

The recovered residues, in almost all of the samples, contained well 

preserved palynomorphs, some of which were transparent. Oxidation was not, 

therefore, deemed necessary. All residues were examined before mounting and 

any that were found to contain calcium fluoride precipitate were treated with 

50% hydrochloric acid and heated at 80°C for approximately one hour. The 

residues were divided in two. with one part stained using Bismark brown R. 
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For each sample two glass coverslips were cleaned and placed on a 

waim plate, A small amount of residue was placed in a vial and mixed with 

polyvinyl actetate. The residue was pipetted onto the coverslip and left to dry. A 

small amount of Elvacite was used as the mounting medium and was placed on 

each slide and then inverted onto the coversiip. Elvacite is made by dissolving 

20g of Elvacite 2044 resin (a trade name for methacrylate resin) in 35 ml of 

xylene. The slides were kept in a fume hood over night and then placed in a 

drying oven at 80°C for two hours. 

For all samples, a minimum of 200 dinocysts (where possible) were 

counted and the entire slide was scanned for the presence of additional age 

diagnostic taxa. Photomicrographs were taken using the digital 

photomicroscope facilities at the University of Plymouth. 

2.2. Foraminiferal analysis 

Foraminiferal analysis has been carried out on a selection of over 100 

samples. In order to analyse the samples for foraminifera, each sample 

was processed, according to the rock type (i.e., limestones were thin 

sectioned; clays and silts were disaggregated), to liberate the foraminifera 

and differentiate the species. Where it was not possible to break down the 

sediments, thin sections were made in order to detennine foraminifera and 

the relative abundance of the assemblages in the samples. Liberated 

foraminifera were utilised for the determination of both biostratigraphy and 

palaeoenvironmental change. 
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2.2.1. Preparation 

White Spirit Method 

Sample composed of clays and silts were processed using the white spirit 

method of Brasier (1980). According to this process samples were broken down 

into <1cm^fragments, dried in an oven overnight at -40°C, cooled and weighed. 

The sample fragments were then placed in beakers in a fume cupboard and 

white spirit was poured onto each sample. Samples were covered with the white 

spirit and the effectiveness checked visually (air bubbles seen leaving the 

rocks). While soaking was taking place the bowls were covered in 'ding-film' to 

contain vapour and placed in a fume cupboard. The samples were left until they 

were completely saturated; the time of saturation varied from 30 minutes to 8 

hours depending on the porosity and type of lithology. In order to achieve full 

absorption, the samples were kept in white spirit for 8 hours. Upon saturation 

the excess white spirit was removed and hot water was poured onto the 

samples until covered. The samples were then allowed to break down, being 

gently and intennittently stirred throughout the process. Once breakdown was 

completed the samples were thoroughly washed over a 63 pm sieve to remove 

any residue of the white spirit and wash out the finer clay and silt. A portion of 

the <63 pm sample was collected for geochemical analysis. The >63 pm portion 

was washed, collected, dried in a cool oven and weighed. The residues were 

then placed in sample storage tubes prior to analysis. 

Cold acetolysis Method 

The "cold acetolysis" method of Lirer (2000) has been applied in a number of 

studies (e.g., Fornaciari et al., 2007; Luciani et al., 2007; Coccloni et al., 2004) 
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to disaggregate strongly lithified samples where standard methods are not 

successful in disaggregation. Luciani et al, (2007) tested this method against 

standard methods and found no differences in the assemblage composition 

obtained from these two different methods. 

According to prevous workers this method is very effective in the 

disaggregation of highly lithified rocks in a short time. Some argue that it can 

also be used to "clean" samples processed by other methods making 

microscope work easier. Lirer (2000) applied this method on Tertiary sediments 

of the central and southern Apennines (Italy) and found it very effective and 

useful. This method uses cold digestion with highly concentrated acetic acid. 

Similar techniques (but with diluted acetic acid) are commonly used to 

disaggregate conodonts from samples {Table-2.1). 

According to the "cold acetolysis" technique the strongly lithified samples 

are broken down into small fragments of about 5mm in diameter. The small size 

of the samples will increase the surface area and will allow the acetic acid to 

react faster. A solution called "ethanoic acid" CH3COOH (80% acetic acid and 

20% H2O) is prepared. The small fragments of sample are then placed in a 

glass beaker and are covered with ethanoic solution in such a way that the level 

of solution remains 2cm higher than the sample fragments. This solution slowly 

disaggregates the rock. In order to avoid any damage to the fossil content, Lirer 

(2000) recommended a continuous check while the samples are in the solution. 

In cases where the amount of acetic acid is not sufficient to cover the rock 

fragments, the sample may harden by absorbing all the acetic acid. In such 

cases it is sufficient to place the sample into an ultrasonic cleaner to dissolve it. 

The time of disaggregation varies with different rock types (Table-2.2). The time 
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of disaggregation for each sample is decided according to its type and strongly 

lithrfied samples are allowed to stay in the solution for a relatively longer period 

of time. Regular checks should be made until the disaggregation is completed. 

On completion of reaction the samples are immediately removed from 

the solution to prevent etching of the foraminifera by the prolonged contact with 

the acid. The samples are then washed over a 63|jm sieve with abundant 

deionised water to collect the residue and eliminate any remaining acid from the 

sample. If the residue still contains inorganic matter and the foraminifera are not 

completely clean, the residue is dipped again in a beaker containing water 

diluted Desogen and is placed into an ultrasonic cleaner for one to two hours 

(Tabte-2.2). After thorough washing (care is taken to prevent the contact 

between skin and the residue) the sample is dried ovemight at <40° C, cooled 

and dry sieved on a 63pm sieve. After weighing the samples are then placed in 

specimen tubes to get them ready for analysis. 

This method was tested in this study but was not found as useful as 

described in previous works. It was also costly both in terms of time and 

expense compare to white spirit method. The foraminifera obtained through this 

method were found to be etched by acid reaction. The white spirit method was, 

therefore, used for the material from the Indus Basin. 

Thin Sections 

Lithified sedimentary rocks which could not be processed with the above 

methods were thin sectioned in order to analyse their foraminiferal components 

as well as their sedimentological characteristics. Selected samples were cut into 
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billets using the cutter machine. These billets were then mounted on the glass 

slides using the "magic fast" and ground dow/n using a grinding machine. They 

were then polished with the help of abrasive powder. This grinding powder, 

which is silicon carbide powder, is available in different sizes; i.e.,100, 220, 400, 

600, 800, and 1000. By using a combination of these powders the specimen is 

polished to a very thin size (i.e., 30 micron and >30micron in carbonate rocks) 

suitable for microscopic examination. 

Picking 

Care was taken in picking a representative measure of the fauna from a sample 

in order to ensure unbiased analysis of all samples. There is no absolutely 

standard method adopted by every worker but it is obvious from existing 

literature that a number of variables such as sieve size, splitting sample into 

fractions and number of individuals per sample (the figure of 300 or 301 is often 

quoted as a minimum) must be decided in developing a picking rationale and 

these variables depend on the nature of sediment, foraminlferal assemblages 

and purpose of study (e.g., biostratigraphy and palaeoenvironment). 

Most of the previous work done on Tethyan sediments used >lO0pm 

(mostly 125-500pm) fraction size for the analysis of foramininfera: e.g., Speijer 

et al. (1996), Kouwenhoven et al. (1997), Speijer et al. (1997), Speijer & 

Schmitz (1998). EI-Dav*/y (2001) and Orue-Etxebarria et al, (2001). In this study 

the >63pm residue was sieved and picked at two different sieve sizes: i.e., 63-

125[jm and 125-630 pm. The smaller fraction was only scanned for age 
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diagnostic foraminifera and important palaeoenvironmental indicators. This 

small fraction provided a better spectrum of potential indicator species and 

larger assemblages (>300 specimens) were produced. When using a larger 

sieve size small but potentially important environmental indicator species may 

be lost especially within the stressed marine conditions of the P-E transition 

(Ortiz 1995; Alegret et al.. 2005) and may create artificial barren intervals in 

samples dominated by small sized species. This is particularty important for clay 

rich sediment w/ith rare foraminifera (Fisher, 2006). 

Each sample was examined on a gridded tray and >300 specimens were 

picked to obtain a representative assemblage of the species present. Phelger 

(1960) suggested that 301 specimens provide sufficient accuracy for most 

quantitative studies. 

Methods of analysis 

The foraminifera were identified using the works of LeRoy (1953), Samanta 

(1973), Berggren & Aubert (1975), Aubert & Berggren (1976), Tjalsma & 

Lohmann (1983), Van Morkhoven et al. (1986), Kaminski et al.(1989), White 

(1989), Speijer (1994), Afzal (1997) and Warraich et al. (2000). Counts of key 

genera were calculated as percentages. Foraminifera in the thin section were 

photographed using a petrographic microscope and scanning electron 

microscopy was undertaken utilizing the facilities of the Electron Microscopy 

Centre at the University of Plymouth, UK. 
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2.3. Stable Isotopic Analysis 

In order to gain isotopic information on the whole water column. B̂ Ĉ and 6^°0 

analyses were carried out on both bulk and fine fraction (<63pm) specimens of 

carbonate and organic components of the samples. 

2.3.1. Preparation 

Bulk isotopic analysis 

For samples that had been processed for foraminiferal analysis, bulk isotope 

analysis was carried out on the fine (<63Mm) fraction of the sediment samples. 

This fraction was chosen over ground homogenised whole rock samples in 

order to control the source of the carbonate in the sediment being analysed 

and, therefore, the part of the water column that the isotope results represent. 

The <63pm fraction was collected during the processing of the samples for 

foraminrferal analysis. Following the breakdown of sediments as outlined above, 

a portion of the <63pm fraction can be collected as the samples are washed 

over a 63[im sieve to oallect the coarser foraminiferal portion. In the <63pm size 

fraction carbonate allochems such as shell fragments and foraminifera found in 

the coarser fractions, can be kept to a minimum. Therefore, the results from the 

fine fraction are thought to represent the isotopic composition of the surface 

waters. The fine fraction samples were collected in a basin placed below the 

63pm sieve. As a lot of water was also collected the samples were filtered 

through filter paper in order to remove the water and the samples were than 

placed in an oven at 40°C overnight until dry. Once dried the samples were 
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stouge & Boyce (1983) 

1) dJIutJon of acetic acid made up of 10-

15% of CH3COOH and 90-85% HjO 

2) disaggregation time at least 1 week to 
obtain the first results 

3) change of acid at least 2-3 times 

4} to keep the sample in a plastic or poly-
thylene bucket 

5) no ultrasonic cleaner 

6) size of fragments about 5cm in diameter 

Lirer (2000) 

1) dilution of acetic add made up of 80% 

of CH3COOH and 20% of HzO 

2) disaggregation time at least 2 hours 

3) no change of acid 

4) to keep the sample in a beaker to 
continuously check the disaggregation 

5) use of ultrasonic cleaner 

6) size of fragments about 5mm in diameter 

Table-2.1: Comparision between the Stouge & Boyce (1983) disaggregation 

technique and the technique of Lirer (2000, text-figure 1). 

Lithotogies 

fine-grained clacarenite 

calcilutite 

marly-limestone 

marly-limestone 

shaiy-marl 

Time/hour 
Acetic acid 

at least 10 

5-7 

5 

2-3 

2 

Time/hour 
ultrasonic cleaner 

at least 2-3 

1 to 2 

1 to2 

1 to2 

1 to 2 

Table-2.2: Times of dipping in acetic acid and of the ultrasonic cleaner 

treatment for different studied lithologies (Lirer, 2000, text-figure 2). 
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removed from the beakers and ground in an agate pestle and mortar to 

homogenize the sediment ready for analysis. The samples were then weighed 

and placed in small sample bags to await analysis. 

Organic isotopic analysis 

After crushing and forming a powder by using an agate pestle and mortar, the 

bulk samples and the <63|jm fractions obtained during the processing of the 

samples forforaminiferal analysis were de-carbonated using 10% HCL and 

neutralised by repeated washing with distilled and deionised water before 

organic carbon isotope analysis. The bulk de-carbonated samples dominantly 

represent the complete organic components present both in the water column 

and on the sea floor. The <:63pm de-carbonated fraction represents the organic 

component of the water column. 

2.3.2. Instrumentation 

In order to analyse the isotopic composition of the bulk carbonate, fine fraction 

carbonate, bulk organic and fine fraction organic a number of different mass 

spectrometers were used. A brief outline of the instruments used in this study is 

given below. 

Isotope methods for carbonate analysis 

Intitially the 5''̂ C and 5^°0 analyses on the fine fraction carbonate from the 

Rakhi Nala section were undertaken at the University of Plymouth. Due to the 

variation in carbonate content in the samples, the amount of sediment for 

analysis was calculated according to the carbonate content present in the 
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samples (Table-2.3) The samples were reacted with 100% phosphoric acid at 

QCC. The evolved C02 was analysed on a GV Instruments Isoprime Mass 

Spectrometer with a Gilson Muitiflow carbonate auto-sampler. The results were 

calibrated against Vienna Peedee Beleminte (VPDB) using the international 

standard NBS-19 (National Bureau of Standards 19; 5^^C=1.95%o, 5^^0= 

-2.20%o). Reproducibility of replicate analyses for both 5^̂ C and 5^^0 was better 

than 0.2%o. 

Due to the low carbonate content of some of the samples there was a 

need to use sample masses above those recommended for the technique. As a 

result of the excess mass there was an incomplete reaction with the acid, which 

led to fractionation of the isotopes. 

In order to confirm the results from the University of Plymouth Mass 

spectrometer, oxygen and carbon isotope analyses on the same fine fraction 

carbonate were undertaken at the Natural Environment Research Council 

(NERC) Isotope Geosciences Laboratory at the British Geological Survey in 

Keywoth, UK. Each sample was analysed using standard offline vacuum 

methods (McCrea, 1950) on a dual inlet stable isotope mass spectrometer. 

Isotope methods for organic analysis 

The organic carbon content of the samples was measured using a Carlo Erba 

1500 elemental analyser at the NERC Isotope Geosciences Laboratories 

(NIGL) at Keyworth (UK). Acetanilide was used as the calibration standard. 

Samples were weighed into tin capsules. Replicate analyses indicated a 

precision of ±0.1% In well-mixed samples (1 Standard Deviation, SD). 
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The organic carbon '̂ C/^^C analyses were performed at NIGL using a 

Carlo Erba 1500 EA online to a VG TripleTrap plus a secondary cryogenic trap 

in the mass spectrometer for these very low carbon values were calculated to 

the VPDB scale using a within-run laboratory standard (BR0C1) calibrated 

against NBS 19 and NBS 22. Replicate analysis of well-mixed standards 

indicated a precision of ± <0.1% (1 SD). 

2.4. Total organic carbon; Loss on ignition method 

Total Organic Carbon (TOC) analysis was carried out at the National Centre of 

Excellence in Geology (NCEG), University of Peshawar, Pakistan. Samples 

were analysed for TOC using the loss on ignition (LCI) method. This method is 

commonly used to estimate the organic and carbon content of sediments (e.g., 

Dean. 1974; Bengtsson & Enell. 1986). Around 200-500mg of sediment was 

placed in weighed cnjcibles. The sediment was then weighed and dried in an 

oven overnight at lOS^C. Once dried and cooled they were weighed again to 

determine the dry weight. Samples were then placed in a muffle furnace at a 

temperature of 550°C for two hours. At this temperature any organic matter in 

the sediment will become oxidized to carbon dioxide and ash. The samples 

were then removed from the furnace, cooled and weighed again. The amount of 

organic matter can then be calculated as a weight percent using the weight loss 

measured. The samples were then returned to the furnace at a temperature of 

950°C for four hours to detennine the weight percent of carbonate in the 

sample. At 950''C the carbonate in the samples will release carbon dioxide. 

Once removed from the furnace the samples were again cooled and weighed to 
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detemiine the weight loss and weight percent of carbonate in the samples. The 

concentrations of calcium carbonate were calculated for all samples by using 

(% weight of inorganic carbon x 8.33). Dean (1974) evaluated the method and 

concluded it was a fast, effective and inexpensive method of detemiining the 

carbonate and organic content of sediments. However, Dean (1974) indicates 

that the method may not be as good for clay-poor sediments and notes that 

various losses of salts, structural water and inorganic carbon can occur. 

Bengtsson & Enell (1986) warn that clay may lose structural water during LOI 

and, according to Ball (1964), this can occur at temperatures as low as SOCC, 

causing a weight loss of up to 20% in clay minerals. 

When the TOC for isotopic analysis was also calculated at the NERC 

Isotope Geosciences Laboratories (NIGL) at Keyworth (UK), using Carlo Erba 

1500 elemental analyser as mentioned earlier, the weight percentages of 

organic carbon were found to be much higher in the LOI method. This was 

thought to be due to the high clay content of the sediments and the presence of 

interstitial waters. 

38 



Td 
sample 

30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 

Carbonate 
Wt% 

10.2 
10.7 

11.2 
14.8 
2.5 
2.1 
2.2 
2.8 
6.1 
8.4 

12.0 
17.1 
18.8 
16.2 
16.6 
24.8 
17.6 
13.4 

Approx weight for <63 urn 
5^̂ C 

1st run 
2.0 
1.9 
2,0 
1,8 
1.4 
7.9 
9.4 
9.1 
7.1 
3.3 
2.4 
1.7 
1.2 
1.1 
1.2 
1.2 
0.8 
1.1 
1.5 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

2nd run 
2.0 
1,9 
2.0 
1.8 
1.4 

15.8 
18.8 
18.2 
14.2 
3.3 
2.4 
1.7 
1.2 
1.1 
1.2 
1.2 
0.8 
1.1 
1.5 
2.0 
2.0 
1.0 
2.0 
2.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 

3rd run 

1.9 
2.0 

1.4 

18.8 
36.4 
28.4 

3.3 
2.4 
1.7 

1.1 

0.8 

1.5 
2.0 
1.5 
1.0 

10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 

4th run 

18.8 
37.0 
14.2 

20.0 
10.0 
10.0 
15.0 
20.0 
20.0 
30.0 

Table-2.3: The amount of sample analysed for stable isotopes (fine 

fraction carbonate) and the carbonate weight percent. 
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Chapter 3: Introduction to the lithostratigraphy and the "field geology" 

3.1. Introduction 

The geological history of the terrain covered by Pakistan is very complex as it is 

situated along the contact between the Indo-Pakistan and the Eurasian Plates. 

The depositional history of the Indo-Pakistan Plate, along with volcanic events, 

pre- and post-collision events and accretion of the Arabian Plate are reflected in 

the stratigraphic succession exposed in Pakistan. Sedimentary sequences that 

range from Precambrian to Recent were deposited along the western wedge of 

the Indian Shield. 

The Tethys Ocean occupied the region between the southern margin of 

the Eurasian Plate and north of the Indo-Pakistan Plate. This ocean closed 

gradually as a result of the northward movement of the Indo-Pakistan Plate and 

several microplates lying in-between were attached to the Eurasian Plate, along 

with the sedimentary sequences of the Indo-Pakistan Plate (Bender, 1995). In 

the Pakistani Himalayas, the Eurasian Plate is separated by the Main 

Karakoram Thrust (MKT) in the north and the Indo-Pakistan Plate by the Main 

Mantle Thnjst (MMT) in the south of the famous Kohistan Island Arc (Tahirkheli 

et al., 1979). The Sulaiman and Kirther ranges lie in a transpressional zone on 

the northwest and west respectively resulting from the collision between the 

India and Afghan Blocks (e.g., Banks & Warburton, 1986; Humayonet al.. 1991; 

Jadoon, 1991; Jadoon et al., 1992; Davies & Lillie. 1994; Warraich et al., 1995) 

(Fig. 3.1). 

The Mesozoic to Paleogene sedimentary sequence is widely exposed 

along the northwestern margin of the Indus Basin of the Indian subcontinent, 
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central Pakistan. This is the sedimentary cover of the Indo-Pakistan Plate that 

was folded during the continent-to-continent collision with the Eurasian Plate 

and which fomned several fold and thrust belts such as the Kirther, Sulaiman 

and Salt ranges. These sediments were deposited in the Tethys Ocean that 

once covered the region between the southern margin of the Eurasian Plate 

and the north of the Indo-Pakistan Plate (e.g., Banks & Warburton, 1986; 

Humayonetal., 1991; Jadoon, 1991; Jadoon et al., 1992; Davies & Lillie, 1994; 

Warraichetal., 1995; Becketal., 1995; Robinson etal., 2000) .These 

sediments are exposed along the Kirther, Sulaiman and Salt ranges which are 

seen from south to north in Pakistan. The Indus Basin can be subdivided into 

three depositional provinces: 

a. The Potwar-Kohat depositional province (Upper Indus Basin); 

b. The Sulaiman depositional province (Lower Indus Basin); and 

c. The Kirther depositional province (Lower Indus Basin). 

The Potwar-Kohat depositional province is separated from the rest of the Indus 

Basin by a west-northwest-trending positive axis which extends from the Indian 

Shield through the Kirana-Sargodha Hills. The Khisor Range, where Paleocene 

rocks are absent, may be the surface expression of this axial trend. The 

Paleocene rocks of this province consist, in ascending order, of the Hangu, 

Lockhart and Patala formations (Figs 3.2, 3.3). The Paleocene rocks gradually 

thin southeastwards toward the eastern end of the Salt Range, suggesting a 

shoreward shallowing of the sea during Paleocene time (Gibson, 1990). 

The Sulaiman depositional province is also separated from the Kirther 

province in the south by the sub-surface high known as the Jacobabad High. 

The Paleogene sequence of the Sulaiman Range consists of the Paleocene-
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Eocene Dungan Formation, the early Eocene Shaheed Ghat and Baska 

formations, and the mid-late Eocene Kirther Formation, all of v r̂hich overly the 

Mesozoic marine shelf sediments {Figs 3.4, 3.5). The Paleogene fauna 

reported from the Dungan Formation include abundant tropical and sub-tropical 

indicators, suggesting a habitat of tropical-subtropical Tethyan waters (Warraich 

etal..2000). 

The Kirther depositional province is comparable in size to the Sulaiman 

province; both are more than three times as large as the Potwar-Kohat province 

(Fig. 3.1). The Paleocene sequence of the Kirther province consists of the 

Ranikot Group which includes (in ascending order) the Khadro, Bara and 

Lakhra formations. The Lakhra Formation of this province can be correlated 

with the Pataia Formation of the Potwar-Kohat depositional province and with 

the upper part of the Dungan Formation of the Sulaiman province. 

3.2. Lithostratigraphy 

3.2.1. Salt Range, Punjab (Upper Indus Basin) 

For many years the Upper Indus Basin has been a centre of geological and 

palaeontological activities as a result of the oil producing Potwar depression. 

Around this depression a number of geological elements are found. In the north, 

it is surrounded by the Kala Chitta Range and Margala Hills and on the southern 

side by the Salt Range (Fig. 3.1). The name Salt Range is derived from the 

occurrence of gigantic deposits of rock salt embedded in the bright red marls of 

the Precambrian, stratigraphlcally known as the "Salt Range Formation" 

(fomnerly "Punjab Saline Series"). The Salt Range is essentially an 
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Fig. 3.1: Geological map of Pakistan showing main geological features; 

MKT- Main Karakoram Thrust, MMT- Main Mantle Thrust, MBT- Main 

Boundary Thrust, SRT- Salt Range Thrust. N. B. Colours of the different 

units are simply to identify the regions discussed in the text. Green 

coloured area indicates Karakoram Block. 
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E-W trending, elongated narrow mountain belt deeply cut by the River Indus 

near Kalabagh. from where it takes a sharp turn, like a hair-pin bend, running in 

almost a N-S direction (Fig. 3.1). It has a great variety of geological features for 

which it is rightly known as the "Field Museum of Geology" where strata from 

the Pennian to Cenozoic are richly fossiliferous, contain diagnostic faunas and 

are almost completely exposed due to a lack of vegetation (Fig. 3.2). Apart from 

the easily available road-side geology, there are some prominent gorges which 

provide fantastic locations for the study of the Pre-Cenozoic and Cenozoic 

sedimentary succession. 

Pioneer palaeontological investigations sub-divided the lower Cenozoic 

sediments into three time-rock units; i.e., the Ranikot Group, Kirther Series and 

Laki Series (Blandford, 1876) Later a six fold sub-division for the lower 

Cenozoic sediments was introduced (Davies, 1935; Pinfold, 1939). As they are 

Wummu/ztes-bearing both the Ranikot and Laki sediments were previously 

considered to be of Early Eocene age (e.g., Blandford, 1876; Noetling, 1903; 

Pinfold, 1939; Davies, 1935). Further palaeontological research has suggested 

that the Ranikot Beds are, in fact, Paleocene in age (Haque, 1956; Adams, 

1970). For all practical purposes therefore, the lithologtcal boundary between 

the (Paleocene) Ranikot Beds and the (Eocene) Laki Series (i.e., the currently 

recognised contact between the Patala and Nammal formations) throughout the 

Upper Indus Basin was used to mark the Paleocene/Eocene boundary. This 

was considered concomitant with the extinction level of the larger foraminifera 

Miscellanea miscella and Lockhartia haimei (Adams, 1970). Within the 

succession of deeper marine strata, where this group of fossils was completely 

missing, only the lithological boundary between Patala and Nammal formations 
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was used to mark this boundary. In some areas the placing of the lithological 

boundary is, in itself, controversial. Some workers have placed the 

Paleocene/Eocene boundary within the lower part of overlying Nammal 

Formation (Haque, 1956). 

Subsequently, the dating of these rocks through the use of other groups 

of fossils (i.e., planktonic foraminifera, calcareous nannoplankton and 

dinofi age Hates) opened a new approach. Using these groups of fossils, the 

Paleocene/Eocene boundary was placed within the lower part of the Patala 

Formation in the Khairabad area (i.e., at the highest occurrence (HO) of 

Morozovelta velascoensis and/or lowest occurrence (LO) of Acarinlna 

wilconxensis berggreni and LO of Tribrachiatus bramlettel (Weiss, 1988, 1993; 

Kothe etal-, 1988; Afzal & von Daniels, 1991). The placing of this boundary is 

still controversial (see Gibson, 1990). As a result of these biostratigraphical 

investigations, it was recognised that a major facies change may exist in this 

area. In such an area, where a major facies change from very shallow water to 

deep marine occurs, demarcation of the Paleocene/Eocene boundary is not a 

simple task especially in the situation like the Indus Basin where the 

Paleocene/Eocene boundary has not been officially defined. Therefore, a more 

suitable criteria is needed to be worked out to define this boundary for the Salt 

Range. 

Lockhart Limestone Formation 

Shah (1977) reported that the Lockhart Limestone was named by Davies (1930) 

from exposures near Fort Lockhart, about 5 miles west of the border of the 

Kohat quadrangle. Meissner et al. (1974, 1975), Wells (1984) and Pivinik (1992) 
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studied the Ifthofacies relationships of the Lockhart Limestone Formation and 

interpreted the unit as being deposited in a Paieocene shallow marine 

environment prior to the collision between India and Asia. According to Afeal 

(1997) the uppermost beds are fossil if erous, medium to dark brownish grey, cliff 

forming, nodular limestones containing abundant foraminifera, bivalves, 

gastropods, echinoid fragments, bryozoans, ostracods, corals and algae. This 

fossil assemblage is indicative of a shallow marine environment (carbonate 

platfonn). Shah (1977) correlated the formation with the Bara Formation and the 

lower parts of the Dungan and Rakhshani formations of the Lower Indus Basin. 

Only the top-most bed yielded the planktonic foraminifera that reflect a very 

brief and short term sea level rise (Afzal, 1997). 

Wells (1984) and Yeats & Hussarn (1987) considered its deposition was 

in a Paleocene-Eocene foreland basin. The Lockhart Limestone weathers, in 

places, into rounded nodules and is brecciated (as was observed by Davies, 

1930) in its lower part near Fort Lockhart. 

The lithological characteristics of the Lockhart Limestone Fonnation and 

the presence of larger and smaller benthonic foraminifera suggest that the unit 

was deposited in an high energy, shallow marine environment (Shafique, 2001). 

The following larger benthonic foraminifera are reported; Miscellanea miscella. 

Rotalia trochidiforwis. Lockhartia haimi, L conica, Operculina patalensis, O. 

jiwani, O. salsa, Redmodina henningtoni and Discocyclina ranikotensis. The 

smaller benthic foraminifera are represented by Ciblcides alleni, 

Chbogloborotalia challinon and Anomalina spp. On the basis of this assemblage 

Middle to Late Paieocene age has been assigned to the Lockhart Formation 
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(Afeal, 1997), It is also noted that "The fonnation confomiably and transitionally 

overlies and underlies the Hangu Fomiation and Patala Formation respectively" 

(Shah, 1977). 

Patala Shale Formation 

The temi Patala Fonnation was fomnalized by the Stratigraphic Committee of 

Pakistan for the Patala Shale of Davies & Pinfold (1937) and its usage was 

extended to other parts of the Kohat-Potwar and Hazara areas. According to 

Shah (1977) the formation includes the Tarkhobi Shales of Eames (1952a, b), 

part of the Hill Limestone of Wynne (1872) and Cotter (1933), part of the 

Nummulitic Formation of Waagen & Wynne (1872), part of the Nummulitic 

Series of Middlemiss (1896) and the Kuzagali Shale of Latif (1970). 

This formation in the Salt Range area comprises dark greenish grey, 

selenite-bearing (probably the result of weathering) and in places carbonaceous 

and calcareous shales and marl. There are subordinate white to light grey and 

nodular limestone and yellowish brown calcareous sandstone (Shah, 1977). 

The lower part of the Patala Shale Fomnation is a dark grey to brownish 

grey shale, in places gypsiferous, with common layers of medium grey, thin. 

nodular limestone. The middle unit is composed of dark brownish grey shale 

with very thin beds of claystone, sandstone and limestone. The middle unit is in 

places glauconite bearing. The lower and middle parts are rich in larger 

foraminifera. Other important constituents are ostracods, bivalves, corals, fish 

teeth, echinoid fragments, algae, bryozoans, etc. The top of the formation is 

marked by a thin layer of dark, rusty brown, sandy, fossiliferous, ledge-forming 
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limestone. This limestone ledge is overlain by dark grey to black shale, rich in 

planktonic, smaller and larger foraminifera (Afeal, 1997). The Patala Shale 

Formation has a transitional lower contact with the Lockhart Limestone 

Fonnation (Porth & Raza, 1990: Kothe et ai., 1988). The lower-most part of the 

Patala Shale Fonnation indicates an environment representing the deeper part 

of a shelf with an open marine influx. The remainder of the lower portion 

indicates a restricted marine lagoonal environment. The middle and upper part 

of the formation suggest a deepening of the environment (Afzal, 1997). Based 

on the fauna recovered from Patala Shale Formation, it has been assigned a 

late Paleocene and early Eocene age (Gibson, 1990) and is correlated with the 

Dungan Fonnation of the Sulaiman province. According to Shah (1977) "the 

Patala Formation is conformably and transitionally overlain by the Nammal 

Fonnation in the Salt Range, the Panoba Shale in the Kohat area and the 

Margala Hill Limestone in the Hazara and Kala Chitta areas". 

Nammal Fomiation 

According to Shah (1977) the term Nammal Formation has been formally 

accepted by the Stratigraphic Committee of Pakistan for the Nammal Limestone 

and Shale of Gee (in Fermor, 1935) and Nammal Marl of Danilchik & Shah 

(1967) occurring in the Salt and Trans-Indus ranges. The Nammal Gorge 

section in the Salt Range is the type section for the Nammal Formation (Shah, 

1977). 

The Nammal Formation consists of alternations of shale (grey to olive 

green) and limestone (light grey to bluish grey and argillaceous in places) and it 

has a lower contact with the Patala Shale Formation and an upper contact with 
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the Sakesar Limestone Formation vî ith both the contacts being transitional 

(Shah, 1977). The lower part of the Nammal Formation is predominantly light 

olive-grey to bluish-grey marl with light to medium grey, thin to medium bedded 

limestone. The upper part is light bluish grey, medium bedded, cliff-forming 

limestone; both upper and lower parts are rich in planktonic and smaller 

benthonic foraminifera. The lower part indicates deep inner to middle shelf 

environments, while the upper part of the formation is suggestive of an inner 

shelf environment (Afzal, 1997). 

3.2.2. Sulaiman depositional province, Punjab (Lower Indus Basin) 

The Sulaiman depositional province extends south-southwest from the Khisor 

Range to the town of Quetta. The Sulaiman depositional province is separated 

from the Kirther depositional province by the Jacobabad sub-surface high in the 

south while, to the north, it is separated from the Kohat-Potwar depositional 

province by the Kirana-Sargodha Hills which are a surface exposure of the 

Indian Shield. The Sulaiman Range is a broad fold and thrust belt of the 

Himalayan Mountains. It has a lobe shape along with the Kirther Range and 

was formed as a result of the oblique collision of the indo-Pakistan Plate with 

the Afghan Block in a transpressional zone on the northwest and western 

margin of the Indo-Pakistan Plate (Yeats & Lawrence, 1984). The Sulaiman 

Range is bordered by an ophiolite and flysch belt on the western side, whereas 

it forms the continuation of the Kirther Range around the tight arc of the Sibi 

Trough, where it Is separated by a broad fold overlain by the alluvial deposits of 

the Indus River system in the east (Fig. 3.1). 
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Fig.3.2: Generalized Cenozoic stratigraphy of the Upper Indus Basin; yellow coloured areas with vertical bars indicate hiatus 

(after Shah, 1977); Fm = Formation. LSt = Limestone. 
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Previous work on the Sulaiman Range has resulted in a great deal of published 

literature. Warraich & Natori (1997) compiled and summarized the existing and 

some very old literature. They reported that Blandford (1883), Oldham (1890), 

Davies (1939), Pinfold (1939) and Eames (1952b) had produced some basic 

stratigraphical work, whereas Shah (1977; 1987; 1990) has compiled an 

updated stratigraphy. Hemphill & Kadwai (1973) did the initial mapping in the 

northern Sulaiman Range while the Hunting Survey of Pakistan completed the 

major reconnaissance mapping. Sanwar & Dejong (1979), Banks & Warburton 

(1986), Lillieetal. (1989), Jadoon etal. (1992; 1993), Jadoon (1991. 1992). 

Humayaonetal. (1991), Warraich etal. (1995), Jones (1997), Wanwicketal. 

(1998) and Warraich et al. (2000) have discussed the structural and tectonic 

development and stratigraphy of the different parts of the Sualiman Range. 

The end of the Mesozoic is marked by a period of emergence in parts of 

Pakistan. The Cenozoic rocks, therefore, have an unconformable lower contact 

with older units and the same is reported from the Sulaiman Range by the 

Hunting Survey Corporation Ltd (1961). Cenozoic rocks were deposited in a 

broad sea that gradually narrowed and retreated southwards with the passage 

of time to occupy its present position as the Arabian Sea. The rocks of the 

Cenozoic exhibit a variation in thickness and lithology in different areas. 

However, the Paleocene and Eocene sediments are mainly limestone and 

siltstone/mudstone whereas the younger sediments are dominantly sandstone, 

siltstone and mudstone (Warraich et al., 2000). The Paleocene sediments are 

almost entirely representative of marine environements. The Eocene 

succession consists of limestone, calcareous shale with subordinate sandstone 

and conglomerate. Locally red beds, gypsum, anhydrite, salt and coal are also 
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found and described in different parts of the Indus Basin (Warraich & Natori, 

1997). Towards the end of the Paleocene, there was a partial emergence 

followed by submergence in the early Eocene when the sea inundated major 

parts of Pakistan. Nagappa (1959) has reported a short-lived regression at the 

end of the early Eocene as a result of which evaporites were formed in the 

Kohat area. This regression affected a large area, including Kohat, the Southern 

Indus Basin, the Axial Belt and Baluchistan. 

Pab Sandstone Formation 

The term Pab Sandstone was introduced by Vredenburg (1906). the name 

being derived from Pab Range in the Kirther depositional province (Shah, 

1977). The formation typically comprises white, cream or brown quartzose 

sandstone which weathers yellow brown and is medium to coarse grained. The 

bedding is thick to massive and shows sedimentary structures such as cross-

stratification. Marls and argillaceous limestone are found intercalated with the 

sandstones in places (Shah, 1977; Warraich & Natori, 1997). 

Dungan Limestone Fonriation 

The name Dungan Limestone was introduced by Oldham (1890) to a thick 

limestone succession between the Parh limestone and the Ghazij Formation In 

the Dungan Hills of the Sulaiman province. Williams (1959) renamed Dungan 

Limestone as Dungan Formation, and excluded the basal beds (his Fort Munro 

Limestone Member) which were found to have an unconformable relationship 

viflth the rest of the unit (Shah, 1977). 
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Shah (1977) redefined the Dungan Formation of Williams (1959) and 

included the Lower Rakhi Gaj Shales, Zinda Pir Shales and Zinda Pir Limestone 

(lower part) of Fames (1952a, b) and the Dungan Group (excluding the Moro 

Formation), the Dab Formation and the Karkh Group of the Hunting Survey 

Corporation Ltd (1961) (Fig. 3.5). 

The Dungan Limestone Formation consists mainly of nodular to massive 

limestones with subordinate siltstone, marl, sandstone and limestone 

conglomerate. The limestone is dark grey to brown and cream white, 

weathering to brown, grey and buff yellow. The dark blue-grey, brown and oiive 

siltstone, which weathers green, becomes dominant in the southern Sulaiman 

Range. The Dungan Limestone Formation is widely distributed in the Sulaiman 

Range, The lower contact of the Dungan Formation is unconformable and 

marks one of the major unconfomnities in the basin. The upper contact with the 

Ghazij Formation is reported to be conformable (Warraich & Natori. 1997). Rich 

fossiliferous assemblages of foramtnifera, gastropods, bivalves and algae have 

been reported by the Hunting Survey Corporation Ltd. (1961), Latif (1961, 

1964), Samanta (1973), Dorreen (1974), Kazmi (1988), Warraich & Natori 

(1997) and Warraich etal. (2000). 

The late Paleocene- early Eocene Dungan Limestone Formation, which 

is the focus of the present study, is well exposed along the land sections of the 

Zinda Pir and Rakhi Nala areas and is unconformably underlain by the 

Cretaceous Pab Sandstone Formation and overlain by the Shaheed Ghat 

Formation of Eocene age (Plates 3.1 & 3.2). 
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Shaheed Ghat Mudstone Formation 

Williams (1959) redefined the Ghazij Group of Oldham (1890) as the Ghazij 

Fonnation. Later. Shah (1977) incorporated the Shales and Alabaster, Rubbly 

Limestone, Green and Nodular Shales, Upper Rakhi Gaj Shales and Zinda Pir 

Limestone (upper part) of Fames (1952b), Chat beds of Nagappa (1959) and 

the Ghazij Shales, Tiyon Formation and the upper part of the Gidar Dhor Group 

of the Hunting Survey Corporation Ltd. (1961) in the definition of the Ghazij 

Fomnation (see Warraich & Natoh, 1997). Shah (1987, 1990) has published a 

revised version of his stratigraphy in which he has replaced his Ghazij 

Formation with the "Ghazij Group" which consists of the following four 

formations; Baska Fonnation, Tol Formation, Drug Formation and Shaheed 

Ghat Formation. Warraich & Natori (1997) revised and re-described both the 

Shaheed Ghat and Drug formations of Shah (1990) as the Shaheed Ghat 

Fonnation. According to Warraich & Natori (1997) the lithology of the Shaheed 

Ghat Formation dominantly consists of green grey to olive green mudstone, 

gradually changing from siltstone to nodular siltstone to limestone from the base 

upwards. Warraich & Natori (1997) retained the Baska Formation of Shah 

(1977). Hence the Ghazij Group of Shah (1990), as redefined by Warraich & 

Natori (1997), consists of only two formations; the Shaheed Ghat and Baska 

formations. 

Shah (1987, 1990) introduced the Shaheed Ghat Formation, including 

within it the Upper Rakhi Ghaj Shales and the Green and Nodular Shales of 

Eames (1952b), Ghazij Formation of Oldham (1890) and Rakhi Gaj Shale 

Member of Jamilddin etal. (1971). The Shaheed Ghat Formation is dominantly 
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composed of olive green, chocolate brown and grey coloured clays, with 

associated gypsum beds. Subordinate limestone and argillaceous limestone 

beds occur frequently and irregular calcite veins are described as common in 

the middle part of the formation (Warraich & Ogasawara, 2001). The age of the 

Shaheed Ghat Fomnation is described as Paleocene (Hunting Survey 

Corporation Ltd, 1961) to early Eocene (Eames, 1952a; Lattf, 1964; Samanta, 

1973; Warraich & Natori, 1997). 
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Plate 3.1 

Fig.1: Camera facing west at the contact between Dungan Fomnation and Pab 

Sandstone Fonnation, Rakhi Naia (cliff height approximately 10 m), A: Showing 

quartzose sandstone of Pab Sandstone Fonnation (Cretaceous), B: Showing 

burrowed calcareous sandstone of Dungan Formation. 

Fig.2: Left- Camera facing SW at the intra-formational faulted contact between 

burrowed calcareous sandstone (A) and Shale (B) of Dungan Fonnation, Rakhi 

Nala section (note figure for scale). Right- Camera facing East at the shale of 

the Dungan Formation, Rakhi Nala section (the strata visible is approximately 8 

m thick. 
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Plate 3.2 

Fig.1; Camera facing east 

at the black shale and thin 

linnestone Interbeds of the 

Dungan Formation, Rakhi 

Nala. Note the figures for 

scale. 

Fig.2: Camera facing NE 

at the upper most part of 

the Dungan Fomiation, 

Rakhi Nala. Note the figure 

for scale. 

Fig.3: Camera facing east 

at the Eocene Shaheed 

Ghat Formation, Rakhi 

Nala (approximate 

distance to the nearest 

point on main cliff is 5m). 
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Ch 4: Late Paleocene-early Eocene foraminiferal biostratigraphy: A review 

4.1. Introduction 

Biostratigraphical studies of the Paleogene pianktonic foraminifera is thought to 

have originated in the Former Soviet Union (Berggren, 1960). In the mid-late 

1930's (e.g., Glaessner, 1934, 1937a, b: Subbotina, 1934, 1936, 1939; 

Morozova, 1939) the importance of pianktonic foraminifera in biostratigraphical 

studies had been realized as this group of foraminifera is cosmopolitan in nature 

and can be applied as a reliable biostratigraphical tool globally. Important 

biostratigraphica! studies/reviews concerning at least part of the Paleogene 

were subsequently published by Subbotina (1953), Alimarina (1962, 1963), 

Leonov & Alimarina (1964), Shutskaya (1956, 1958, 1960a, b, 1970), Bolli 

(1957 a, b, 1966), Shutskaya et al. (1965), Krasheninnikov (1965, 1969), 

Berggren (1969), Krasheninnikov & Muzylev (1975), Stainforth et al. (1975), 

Blow (1979), Toumarkine & Luterbacher (1985). 

The late Paleocene-early Eocene pianktonic foraminiferal biostratigraphy 

has been improved in the last two decades, due to the great interest dedicated 

to the Paleocene Eocene Thermal Maximum (PETM) since its discovery by 

Kennett & Stott (1991). A number of pianktonic foraminiferal biostratigraphic 

zonal schemes across the Paleocene/Eocene boundary have been proposed. 

These include the following tropical to subtropical pianktonic foraminiferal 

biostratigraphicai schemes; Canudo & Molina (1992), Berggren et al. (1995), 

Arenillas & Molina (1996), Berggren & Norris (1997). Pardo et al. (1999). Molina 

et al. (1999), Berggren & Ouda (2003), Berggren et al. (2003) and Berggren & 

Pearson (2005). 
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An attempt to improve the biostratigraphical resolution across the 

Paleocene/Eocene boundary has been made by Arenillas & Molina (1996). 

They proposed the Igorina laevigata Zone for the lower part of the Morozovella 

velascoensis Zone of Berggren et al. (1995). It was soon realized that this zone 

was not applicable as /. laevigata is a rare morphotype and may be a junior 

synonym of Igomia albeati (e.g., Blow, 1979; Berggren & Noms, 1997). Later 

Zone P5 of Berggren et al. (1995) was subdivided by Pardo et al. (1999). This 

subdivision was based on the Lowest Occurrence (LO) oi Acarinina 

sibaiyaensis and/or Acarinina africana. Following the work of Pardo et ai. 

(1999), Molina et al. (1999) subdivided the M. velascoensis Zone of Berggren et 

al. (1995) into five subzones (see Figure 1.3 in Chapter 1). 

Berggren & Pearson (2005) proposed that the distinct and 

stratigraphically limited planktonic foraminifera "excursion taxa" are associated 

with the Carbon Isotope Excursion (CIE). These taxa are of great utility in 

identifying the Paleocene/Eocene boundary (e.g., Kelly et al., 1996. 1998) 

which lies within the middle part of Zone P5 of Berggren et al. (1995). Following 

the work of Pardo et al. (1999) and Molina et al. (1999), Berggren & Pearson 

(2005) divided Zone P5 of Berggren etal. (1995) based on the LO of one of the 

excursion taxa, Acarinina sibaiyaensis. They also used the LO of 

Pseudohastigerina wilcoxensis to further subdivide the older Zone P5. 

The Dungan Formation in the Lower Indus Basin and the Patala 

Formation in the Upper Indus Basin are of late Paleocene-early Eocene age on 

the basis of planktonic foraminiferal zones (see Latif, 1964; Samanta, 1973; 

Wan^ich & Natori, 1997; Gibson, 1990; Afzal. 1997; Warraich et al., 2000; 
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Shafique, 2001). The Dungan and Patala formations can be correlated and the 

nomenclature of the existing planktonic foramlnifera! biostrati graphical zones of 

the Indus Basin can be reviewed (Fig. 4.1) using the late Paleocene-early 

Eocene planktonic foraminiferal zones P3 to E2 of Berggren & Peareon (2005). 

The late Paleocene-early Eocene successions in the Indus Basin also yield 

larger benthonicforaminifera which have been used in previous research (e.g., 

Afzal, 1997) to supplement the planktonic foraminiferal biostratigraphy (see Fig. 

4.6). In order to avoid confusion created by the acronym 'LO' denoting both 

'lowest' and 'last' occurrences in the literature the lowest (LO) and highest (HO) 

occurrences of palaeontofogical events are adopted here (after Berggren & 

Pearson, 2005) to define the limits of a biozone. They applied the first 

appearance datum (FAD) and last appearance datum (LAD) of palaeontological 

events to define time limits of a biochron {sensu Aubry, 1995). The 

Paleocene/Eocene notation of Berggren & Pearson (2005) is used in this 

research. The planktonic foraminifera recorded in the Rakhi Nala section are 

represented in Plates 4.1-4.4 and their biostrati graphical distribution is shown in 

Figure 4.2. Taxonomic notes on foraminifera are provided in Appendix 1. 

4.2. Planktonic foraminiferal biostratigraphy 

4.2.1. Zone P3. Morozovella angulata Lowest-occurrence Zone 

The planktonic foraminiferal zone P3 (i.e., Morozovella angulata-Globanomalina 

pseudomenardii zone of Berggren et al., 1995; Berggren & Norris, 1997 and of 

Olsson et al..1999) from the Lower Indus Basin has been identified by Warraich 

et al. (2000). Following the convention that the nominate taxon should be 

present within the zone, Berggren & Pearson (2005), retaining the definition, re-
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named the P3 zone as the 'Morozovella angulata Lowest-occurrence Zone'. 

This zone was also subdivided by Berggren et al. (1995) as subzones P3a and 

P3b based on the LO of Igorina albeari. This subdivision was also followed by 

Berggren S Pearson (2005). However, because of the sporadic occurrence of /. 

albeari the LO of Morozovella acuta was used for this subdivision in the Lower 

Indus Basin. Berggren & Pearson (2005) adopted the recalibrated age of the G. 

pseudomenardli (FAD) as 59.4 Ma (after Berggren et al., 2000) instead of 59.2 

Ma (after Berggren et al., 1995). The subzone P3a was modified after Berggren 

etal. (1995) and designated as the M. angulata-M. acuta Interval Subzone by 

Warraich et al. (2000) in the Lower Indus Basin. However, following Berggren & 

Pearson (2005) this subzone can be renamed as the Igorina pusHla Partial-

Range Subzone. In order to avoid the use of M. angulata as the nominate taxon 

for both P3 and P3a, this subzone is redefined here as the partial range of 

Igorina puslla between the LO of M. angulata and the LO of M. acuta. Similarly, 

the subzone P3b of Warraich et al. (2000) can be re-named and modified after 

Berggren & Pearson (2005) as the M. acuta Lowest-occurrence Subzone. The 

zone P3 is equivalent to the G. angulata Zone of Dorreen (1974) of the Kirther 

Range (Lower Indus Basin). Zone P3 is not reported from the Upper Indus 

Basin (Afzal, 1997). 

4.2.2. Zone P4. Globanomalina pseudomenardii Taxon-range Zone 

The name and definition of Zone P4 in the Lower Indus Basin follows Warraich 

et al. (2000). However, the nomenclature of its two-fold subdivision is revised. 

Due to the absence of Parasubbotina variosplra the P4a/P4b subzonal 

boundary cannot be demarcated, although the P4b/P4c subzonal boundary can 
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be identified by A. soldadoensis (LO) as reported by Warraich et al, (2000). 

Therefore, the P4a and P4b jointly and P4c subzones of Berggren & Pearson 

(2005) are equivalent to the Globanomalina pseudomenardil-Acarinina 

soldadoensis Interval Subzone and the Acarinina soldadoensis 

soldadoensisiGlobanomalina pseudomenardii Concurrent Range Subzone 

respectively of Warraich et al. (2000). In the Kirther Range (Lower Indus Basin) 

Zone P4 is equivalent to the lower part of the G, velascoensis Zone of Dorreen 

(1974). Zone P4 in the Upper Indus Basin can be established on the total range 

of the Planorotatites pseudomenardii (=G. pseudomenardii) following Afzal 

(1997). Similar to the Lower Indus Basin, only the P4b/P4c subzonal boundary 

in the Upper Indus Basin can be established, based on the Muricoglobigerina 

soldadoensis (LO) reported by Afzal (1997). Therefore, the subzones P4a and 

P4b of Berggren & Pearson (2005) are equivalent to the P. pseudomenardii 

Zone of Afzal (1997) and the P4c subzone of Berggren & Pearson (2005) is 

equivalent to the Mg. soldadoensis Zone of Afeal (1997). 

4.2.3. Zone P5. (Morozovella velascoensis Partial-range Zone^ 

Zone El. (Acarinina sibaiyaensis Lovi/est-occurrence Zone^ and 

Zone E2. (Pseudohastigerina wilcoxensis/Morozovella velascoensis 

Concurrent-range Zone) 

Zone P5 of Warraich et at. (2000) in the Lower Indus Basin (Sulaiman Range) is 

revised following Berggren & Pearson (2005). Due to the absence of Planktonic 

Foraminiferal Excursion Taxa (PFET) such as Acarinina africana, Acarinina 

sibaiyaensis and Morozovella allisonensis in the Lower Indus Basin, therefore, 
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the zonal boundary P5/E1 can only be recognized based on the onset of the 

Carbon Isotopic Excursion (CIE- see Chapters 5 & 6) and Benthonic 

Foraminiferal Extinction Event (BFEE- Warraich et al. (2000), see Figure 4.2). 

However, the zonal boundary E1/E2 is recognized based on the lowest 

occurrence (LO) of P. wilcoxensls. P5 and El together and E2 are, therefore, 

equivalent to the P5 (lower-middle) and P5 (upper) respectively of Warraich et 

al. (2000). In the Lower Indus Basin (Kirther Range) zones P5, El and E2 are 

equivalent to the G. velascoensis Zone of Dorreen (1974). In the Upper Indus 

Basin, due to the absence of PFET and the sporadic occurrence of 

P.wilcoxensis, neither the zonal boundary P5/E1 nor E1/E2 can be identified. 

Therefore, the P5, El and E2 of Berggren & Pearson (2005) are equivalent to 

the Acarinina wilcoxensis berggrenl Zone (lower to middle) of Afzal (1997). 

4.2.4. Zone E3. Morozovella marginodentata Partial-range Zone 

The Eocene Planktonic Foraminiferal Zone E3 can be recognized in both the 

Lower and Upper Indus basins. This zone is equivalent to the P6 Zone (lower 

part up to the LO of M. formosa) of Warraich et al. (2000) in the Lower Indus 

Basin (Sulaiman Range) and to the Globorotalia rex (lower part) Zone of 

Dorreen (1974) in the Lower Indus Basin (Kirther Range) and to the A. 

wilcoxensis berggreni (upper) Zone of Afzal (1997). 

4.2.5. Zone E4. Morozovella Formosa Lowest-Occurrence Zone 

The Eocene Zone E4 is equivalent to the rest of the P6 Zone (from the LO of 

Morozovella formosa) of Warraich et al. (2000) In the lower Indus Basin 

(Sulaiman Range) and to the middle part of the G. rex Zone of Dorreen (1974) 
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Fig.4.1: Planktonic foranniniferal and nannofossil zones for tlie late 

Paleocene - early Eocene of the Indus Basin, Biostratigraphical data are 

compiled from various sections of the Indus Basin; e.g., Samanta (1973), 

Dorreen (1974), Kothe et al. (1988) Afzal (1997), Wan-aich & Natori (1997), 

Warraich et al. (2000). Planktonic foraminiferal zones of the Indus Basin 

correspond to the zones of Berggren & Pearson (2005). P-Zones = 

Planktonic foraminiferal zones of Berggren & Pearson (2005). NP-Zones = 

Calcareous nannoplankton zones of Martini (1971), Chronostratigraphy of 

Berggren et al. (1995) with modifications of Berggren & Pearson (2005), HO 

= Highest occurrence, LO = Lowest occurrence. 
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Black shale 

Fig. 4.2: Measured columnar section along the Rakhi Nala showing lithology, 

sample locations and biostratigraphical distribution of the recorded planktonic 

foraminifera. The yellow coloured area indicates an interval with no foraminifera, 

and vertical green bars indicate lowest and highest occurrences of the important 

planktonic foraminiferal species reported by Warraich et al. (2000). The area 

under the red rectangle shows the Paleocene/Eocene interval planktonic 

foraminiferal zones. Red horizontal arrow shows the position of P5/E1 boundary 

based on BFEE ofWaraich etal. (2000). 
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in the Lowrer Indus Basin (Kirther Range) and to the M. formosa Zone of Afzal 

(1997) in the Upper Indus Basin. 

4.2.6. Zone E5. Morozovella aragonensis/Momzovella subbodnae 

Concurrent-range Zone 

The Eocene Zone E5 Is equivalent to the P7 Zone of Warraich et al. (2000) and 

P7. P8 of Warraich & Ogasawara (2001) in the Lower Indus Basin (Sulaiman 

Range) and to the upper part of G. rex Zone of Dorreen (1974) in the Low/er 

Indus Basin (Kirther Range) and to the M. aragonensis Zone of Afzal (1997) in 

the Upper Indus Basin. 

4.3. The P/E boundary interval and its intra-basinal correlation (Lower 

Indus Basin) 

The Dungan Formation in the Lower Indus Basin, the Patala Formation in the 

Upper Indus Basin (see details in Section 4.6) and the Laki Formation of 

Rajesthan (India) contain the P/E boundary interval (Fig. 4.4), In order to 

reconstruct the depositional environment of marine sedimentary rocks, 

foraminifera have been widely used in a number of previous studies worldwide. 

For example, Grimsdale & van Morkhoven (1955), Smith (1955) & Ingle (1980) 

used the percentage of planktonic foraminifera to determine the distance to the 

shore. They noted that the plankton percentage increases from shelf to open 

ocean and exceeds 50% in the deeper environments of the outer shelf. A 

similar approach using the P/B ratio has been applied to modern patterns of 

planktonic and benthonic foraminiferai distributions by Gibson (1989) and the 

data obtained were compared with the results from Paleogene sediments. He 

found that the results derived from the P/B ratios are reliable and in accordance 
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with the palaeoenvironmental interpretations made from other methods. There 

are, however, a number of philosophical objections to the application of P/B 

ratios for palaeoenvironmental interpretation citing such things as 'differential 

dissolution or oxygen conditions' (e.g., Adelseck & Berger, 1975; Van der 

Zwaan et al., 1990; Murray, 1991). Despite these, Warraich (2000) has 

observed high P/B (98-99%) in association with high values of species richness 

and diversity in the Dungan Formation (Sulaiman Range). He suggested that 

the deposition of the Dungan Formation occurred in a deep marine 

environment. Furthennore, he noted that the westward thinning of the limestone 

interbeds indicated a westward dipping slope environment. A carbonate-rich 

turbidite facies exists in the lower part of the Dungan Formation, which hampers 

the identification of the early Paleocene pianktonic foraminiferal zones (e.g., 

Samanta 1973; Warraich, 2000; Kalla & Kinsto, 2006; this study). 

The neritic Paleogene sedimentary sequence in the Jaisalmer Basin 

(India) is the eastward extension of the Indus Basin. In the Jaisalmer Basin 

(Fig. 4.3) pianktonic foraminiferal zones were described by Kalia and Kinsto 

(2006) for the late Paleocene-early Eocene succession in the Tanot-1 well. 

Similar to the lower part of the Dungan Formation of the Raki Nala succession 

in the Sulaiman Range, the lower part of their Ranikot Fonnation is composed 

of quartz sandstone and claystone and did not yield any pianktonic foraminifera. 

The upper part of their Ranikot Formation is predominantly composed of 

marlstone and claystone with subordinate quartz sandstone. This upper part of 

the Ranikot Formation and the succeeding Laki Formation, which is composed 

of carbonate rocks, yielded the following pianktonic foraminiferal zones; P4a, 

P4(b+c), Globanomalina pseudomenardli-Acarinina sibaiyaensis Interval 
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Subzone (P5a), Acarinina sibaiyaensis-Pseudohastlgerina wllcoxensis Interval 

Zone (P5b) and the Pseudohastigehna wilcoxensis -Morozovella velascoensis 

Concurrent range Zone (P5c). 

According to Kalia and Kinsto (2006) the planktonic foraminiferal Zone 

P4 is composed of sandstone, claystone, siltstone, marl and limestone beds in 

the upper Ranikot Formation and lower Laki Formation of Rajesthan (India), 

This zone is dominantly represented by shale in the Sulaiman Range, Pakistan 

(Fig. 4.2). Zone P5 (equivalent to P5, El and E2) in Rajesthan is composed of 

claystone, quartz-sand, marl, limestone and shale (Kalia & Kinsto, 2006), In 

Sulaiman Range, the Zone P5 (equivalent to P5, E1 and E2) is composed of 

black shale, claystone and siltstone (Fig. 4.2), A claystone horizon, barren of 

foraminifera, is encountered in both Rajesthan (~3m thick according to Kalia & 

Kinsto, 2006) and the Indus Basin (-170cm thick according to this study, see 

Fig. 4.2), An interval immediately above this claystone horizon records the 

PFET in Rajesthan (Kalia & Kinsto, 2006). However, the P/E boundary (base of 

P5b of Kalia & Kinsto, 2006) is being placed at the base of this claystone 

horizon in Rajesthan (Fig. 4.4). The PFET are used to recognize the P/E 

boundary (Fig. 4.5) but these taxa are neither reported in the literature or have 

been encountered in the present study of the Indus Basin, Pakistan. The 

interval considered to represent the P/E boundary interval (as reported by Kalia 

& Kinsto. 2006) is barren of foraminifera. This interval is, therefore, suitable for 

the investigation of other microfossil groups (such as dinoflagellates) and other 

proxies (such as stable isotopes) which have been used to study the P/E 

boundary interval in the Indus basin (see Chapters 5 & 6 for details). During the 

late Paleocene and early Eocene the deposition of a dominantly limestone 
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facies in the Laki Formation in Rajesthan (India) represents a carbonate 

platform. The deposition of a dominantly planktonic foramin'iferal shale and 

siltstone facies in the Dungan Fomiation (Plate-4.1 D & 4.1 H) of the Sulaiman 

Range (Pakistan) yields late Paleocene-early Eocene planktonic foraminifera 

(Plates 4.2-4.4) and represents deposition on a westward dipping slope under 

deep marine conditions. Therefore, by combining the results from both these 

areas, it can be suggested that during late Paleocene-early Eocene times 

deposition in the Indus Basin occurred in an east-west oriented basin. The 

Indian part of the Indus Basin in the east represents a shallow environment of 

deposition (e.g., Kalia & Kinsto, 2006; Rabha & Kalia, 2007; Bhandari, 2008), 

while the Sulaiman Range (in the west) represents an open marine environment 

of deposition. 

4.4. Larger foraminiferal biostratigraphy 

The upper Paleocene to lower Eocene Patala Formation (Upper Indus Basin) 

from which most of the fauna was recorded {see Plates 4.5-4.18 and 

Appendix-1), mainly comprises an inter-bedded succession of shales and 

limestones and was deposited in a shallow marine shelf environment (Afzal, 

1997). The Patala Fonnation is broadly equivalent to the Dungan Formation in 

the Lower Indus Basin (Fig. 4.1). 

Different groups of Cenozoic larger foraminifera from the Indus Basin 

have been described and used to formulate zonal schemes in previous 

research (e.g.. Nuttall, 1925. 1926; Davies & Pinfold. 1937; de Cizancourt, 

1938; Gill, 1952, 1953; Smout, 1954; Smout & Hague, 1956; Hague, 1956; 
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Nagappa, 1959; Hottinger, 1960; Adams, 1970; Blondeau, 1972; Kureshy, 

1978; Schaub, 1981; Weiss, 1988; Butt, 1989, 1991). 

The upper Paleocene to lower Eocene sedimentary rocks in the Upper 

Indus Basin represent a shallow marine shelf environment of deposition where 

the foraminfferal assemblage is more readily controlled by the environment of 

deposition. The inter-fingering of larger foraminiferal dominated and planktonic 

foramtniferal dominated intervals hampers the development of a complete 

biostratigraphicai scheme based on a single group of foraminifera (Afeal, 1997). 

Consequently, it becomes impossible to develop a complete biostratigraphic 

zonal scheme based exclusively on the larger foraminifera. Therefore, Afzal 

(1997) proposed a local zonation scheme for the Indus Basin. This local larger 

foraminiferal zonal scheme of Afeal (1997) is compared with other Tethyan 

schemes of Serra-Kiel et al. (1998), Scheibner et al. (2005) and Scheibner & 

Speijer (2009) (Fig. 4.6). 

The Paleocene-Eocene interval and the position of the 

Paleocene/Eocene boundary are of major importance to this research. 

Therefore, only the late Paleocene to early Eocene larger foraminiferal 

biostratiraphy is reviewed according to the Tethyan larger foraminiferal 

biostratigraphio schemes (e.g., Hottinger, 1960; Serra-Kiel etal., 1998; 

Hottinger, 1998; Scheibner & Speijer, 2009). 

An important event that occurred within the Paleocene/Eocene boundary 

interval is the Larger Foraminiferal Turnover (LFT). The LFT was first described 

by Hottinger & Schaub (1960) and is characterized by the start of adult 

dimorphism and large shell size in larger foraminifera (particularly the 
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nummulitids and alveolinids). The LFT marks the base of the llerdian, which is 

placed between zones SBZ5 and SBZ6 of Serra-Kiel et al., 1998 (Hottinger, 

1998). Serra-Kiel et al. (1998) proposed a shallow waters benthonic zonal 

scheme for the Paleocene and Eocene but the position of the 

Paleocene/Eocene boundary remained uncertain. De Graciansky et al. (1998), 

on seismic evidence, placed the Paleocene/Eocene boundary in the middle part 

of the P5 Zone of Berggren etal. (1995), which is equivalent to the SBZ5/SBZ6 

boundary of Serra-Kiel et al. (1998). Later, the Carbon Isotopic Excursion (CIE) 

has been accepted as a marker criterion (calibrated at 55 Ma by Norris & Rohl 

(2000) and re-calibrated by Gradstein et al. (2004) at 55.8 Ma) for the 

Paleocene/Eocene boundary (Aubry & Ouda, 2003). The CIE marks a 

significant global warming event (see Chapter 6 for details on the CIE). This CIE 

is detectable worldwide in both marine and terrestrial records. Therefore, this 

marker provided a base for correlation of the Paleocene/Eocene boundary 

across a wide range of depositional environments. 

Recent research confirms the synchronicity of the LFT and the CIE (e.g., 

Orue-Etxrebarria et al., 2001; Pujalte et al., 2003). The placement of the 

Paleocene/Eocene boundary at the SBZ4/SBZ5 boundary and its correlation 

with various planktonic and benthonic boundary markers is confirmed by 

Scheibner et al. (2005) and Scheibner & Speijer (2009). 
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4.4.1. Shallow Benthonic Zone 4 (SBZ4) 

The SRX-1 larger foraminfferal Zone of Afzal (1997) is the late Paleocene Zone 

in the Indus Basin, The base of this zone was not encountered by Afeal (1997) 

but the top is defined by the simultaneous Lowest Occurrences (LO's) of 

Nummulltes deserti, N. thalicus, AssHlna spinosa, A. dandotica and A- prisca. 

This zone is characterized by the complete absence of the genus Nummulltes. 

The important larger foraminifera encountered by Afzal (1997) include 

Miscellanea miscella, M. stampi. Lockhartia haimei, Lockhartia sp., Ranikothalia 

sindensis, R. nuttalli. Rotalia sp., Operculina jiwanl. O. subgranulosa and O. 

salsa. 

The SBZ4 Zone is equivalent to the Glomalveollna levis Zone of 

Hottinger (1960) and SBZ4 Zone of Serra-Kiel et al. (1998) and Scheibner & 

Speijer (2009) (Fig. 4.6). The SBZ4 larger benthonic foraminifera recorded in 

the present research is given in Figure 4.7B, and include; Ranikothalia sp. cf. 

R. kohatica (e.g., Plates 4.10A, 4.16C), Ranikothalia spp. {e.g.. Plates 4.14A, 

4.15D & 4.16B), Lockhartia spp (e.g., Plates 4.81, 4.11B, 4.13A, 4.15N & 

4.16L), Caudhna sp. cf. C. soldadensis (e.g., Plates 4.14M & 4.18G), 

Miscellanea spp ( e g , Plates 4.9S, 4.10D, 4.110, 4.12A, 4.13D, 4.14G, 4.15C, 

4.16P, 4.17A & 4.188), Assilina sp. cf. A. ranikoti (e.g.. Plates 4.8D, 4.9A & 

4.111), Nummulitoides sp. cf. N. inaequHateralis (e.g.. Plates 4.11A, 4.12C, 

4.13E & 4.18C), Operculina sp. cf. O. hardiei (e.g., Plate 4.9Q), Operculina spp. 

(e.g., Plates 4.10B, 4.14B & 4.16H) 
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4.4.2. Shallow Benthonic Zones 5/6 (SBZ5/6) 

Scheibner & Speijer (2009) combined SBZ5/6 based on the co-occurrence of 

the index species of both biozones (Fig. 4.6), According to Hottinger (1960) the 

precursor biozones of SBZ5 and SBZ6 are the Aleovllna cucumiformis and 

Alveollna ellipsoidalis biozones, identified by the total ranges of Alveolina 

cucumiformis (junior synonym oi Alveolina vredenburgi, Hottinger et al., 1998) 

and Alveolina ellipsoidalis, respectively. Based on the first appearance of true 

alveolinids characterized by an increase in size, flosculinisation, axial thickening 

and adult dimorphism (Hottinger, 1960), the larger foraminifera of this biozone 

can be very easily recognized (Scheibner & Speijer, 2009). 

The SRX-2 & 3 zones of Afzal (1997) in the Indus Basin represent the 

SBZ4 and SBZ5/6 of Scheibner & Speijer (2009). The SRX-2 Zone is defined by 

the simultaneous LO's of Nummulites deserti. N. thallcus, Asslllna dandotica, A. 

splnosa and A. prisca to the Highest Occurrence (HO) of Alveolina vredenburgi 

(= Alveolina cucumifonnis). The SRX-3 Zone is defined by the simultaneous 

HO's of Miscellanea miscella, M. stampi. Lockhartia haimelto the simultaneous 

HO's o1 Alveolina cucumifonnis and Assilina dandotica. 

The larger foraminifera of SBZ5/6 encountered in this research is given 

in Figure 4.8B, and include; Nummulites spp. (e.g., Plates 4.5A, 4.6E & 4.8N), 

Alveolina spp. (e.g., Plates 4.8A & 4.9M), Nummulites sp. cf. N. globulus (e.g., 

Plate 4.91), Assilina sp. (e.g., Plate 4.10T). 
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4.5. Faunal turnovers in the Indus Basin and global correlation 

The famous late Paleocene-early Eocene event called the Paleocene-Eocene 

Thermal Maximum (PETM) is associated with a number of biotic events. These are: 

• An acme in the planktonic foraminrfera genus Acarinina (Arenillas & Molina, 

1996; Kelly et al., 1998), the dominance of morozovellids and an absence of 

subbotinids (Petrizzo, 2007); 

• Distinctive assemblages of calcareous nannoplankton (Bralower, 2002); 

• Acme of the dinoflagellate cyst Apectodinium (Crouch et al., 2001); 

• Rapid radiation of mammals on land (Koch et al., 1992); 

• Shallow benthonic foraminiferal extinction and repopulation (Speijer et al., 

1997); and 

• Larger Foraminrferal Turnovers on Tethyan shelves (Alegret et al., 2005). 

Some of the PETM biotic events can be identified in the Indus Basin as reported in 

the previous literature. Based on such events, the P/E boundary interval of the 

Indus Basin can be corelated globally. 

AH larger foraminrfera are extreme K-strategists; i.e., characterized by long 

individual lives and low reproductive potential. Following the work of Hettinger & 

Schuab (1960). Ome-Etxebarrla et al. (2001) reported a larger foraminiferal 

turnover (LFT) characterized by a change in the nummulitid morphotypes at the 

base of Ilerdian stage which is nearly coeval with the Paleocene Eocene Thermal 

Maximum (PETM) in Spain. Similarly, from Egypt, Scheibner et al. (2005) reported 

the LFT within the planktonic foraminiferal Zone P5, predating the PETM by 300 
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k.y. Their LFT is characterized by the gradual disappearance of Paleocene taxa 

such as Ranikothalia and Miscellanea and the rise of Nummulites and Alveolina. A 

similar trend of LFT as that described by Scheibner et al. (2005) can be recognized 

in the Salt Range (Upper Indus Basin) based on the larger foraminiferal data 

reported in the literature (e.g., Afzal, 1997) as well as that observed in the Kala 

Chitta Ranges, Upper Indus Basin in this study (Figs 4.4, 4.6 & Plate 4.19). 

The extinction of Velasco type fauna (Berggren & Aubert, 1975) in the 

middle of planktonic foraminiferal Zone P5 (at P5/E1 boundary) marî s the 

Benthonic Foraminiferal Extinction Event (BFEE) in the Sulaiman Range, Indus 

Basin (Fig. 4.4).This BFEE is reported by Warraich (2000) from the w/ort< done by 

Dr Ritsu Nomura of Shimane University, Japan. Another biotic event associated 

with the PETM is the acme occurrence of the dinoflagellate cyst Apectodinium 

which is reported from the late Paleocene nannoplankton Zone NP9 prior to the 

Paleocene/Eocene boundary in the Upper Indus Basin (Kothe et ai., 1988). The 

Apectodinium acme is regarded as an event associated with the P/E boundary in 

the previous literature. However, this acme is reported prior to the P/E boundary 

(e.g., Sluijs et al., 2007b) which is in accordance with the results from the Indus 

Basin (see detailed discussion in Chapters 5 & 6). 

4.6. Depositional environment across the P/E interval (Upper Indus Basin) 

The Patala Shale and Margala Hill Limestone (= Nammal Limestone Formation of 

the Salt Range) formations in the Kala Chitta Range represent upper Paleocene 

and lower Eocene successions respectively. The Patala Shale Formation was 

logged and sampled in the Kali Dilli Section (see Figure 1.4 from Chapter 1 and 

Figures 4.7A & 4.7B). The Patala Shale Fonnation in the Kali Dilli Section contains 

limestone and shale inter-beds. Only the limestone samples were processed from 
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the Patala Shale Foimation. Based on a petrographic analysis, and according to 

the classification of Dunham (1962), the following microfacies from the upper 

Paleocene Patala Shale Formation is recognized 'Miscellanea micro-bloclastic 

wacke-packstone' 

The Margala Hill Limestone Formation was logged and sampled in the Chak Dalla 

Section (see Figure 1.4 from Chapter 1 and Figures 4.8A & 4.8B). The Margala 

Hill Limestone Fomnation is dominantly composed of limestone with minor shale 

inter-beds. Only the limestone samples were processed from the Margala Hill 

Limestone Formation. Based on a petrographic analysis and according to the 

classification of Dunham (1962), the following microfacies from the lower Eocene 

Margala Hill Limestone is recognized Nummulites Peloidal wacke-packstone' 

4.6.1. Miscellanea micro-bioclastic wacke-packstone 

This fades contains the skeletal fragments of foraminifera and other microfossils 

(i.e., micro-bioclasts). The major allochem types are Miscellanea spp., 

Nummulitoides spp., Ranlkothalla spp. and Lockhartia spp., Orbitolltes spp., 

Alveolina spp., bryozoans, dasyciad algae and other Miliolidae occur as minor 

constituents. Partial replacement of the allochems by spar is common in this 

microfacies. 

4.6.2. Numnfiulites Peloidal wacke-packstone 

The major allochem types of this microfacies are Nummulites spp., peloids and 

micro-bioclaste. Dasyclad algae, Assllina spp,, Alveolina spp. and Discocyclina spp. 

occur as minor allochem types. Partial replacement of the allochems by spar is 
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common (e.g., Plate 4.30A). Calcite filled micro-fractures, cutting across the 

allochems in some samples, can be seen. 

4.6.3. Interpretation 

The abundant occurrence of larger foraminifera in both the Patala Shale and 

Margala Hill Limestone formations indicate that the environment of deposition was 

shallow marine across the Paleocene/Eocene interval of the Kala Chitta Range. 

The presence of lime mud as a matrix indicates a generally sub-tidal environment 

below fair-weather wave conditions. The partial replacement of allochems by spar 

and the presence of calcite filled micro-fractures in both microfacies indicate later 

phases of diagenesis. The common presence of micro-bioclasts in the microfacies 

of the Patala Shale Formation imply higher energy conditions and/or transportation 

of the bioclasts to the site of deposition. 

According to Murray (1973) Miliolidae require salinity conditions higher than 

32 ppt. Clarke et al. (1973), from the Persian Gulf, describe that the modern 

imperforate foraminffera (e.g., Miliolidae) are particularly common in protected 

embayments and lagoons. Therefore, the presence of Miliolidae in the upper 

Paleocene Patala Shale Formation implies higher salinity conditions. 

The absence of Miliolidae and the presence of relatively more Alveolina spp. 

in the Nummulites peloidal wacke-packstone microfacies of the lower Eocene 

Margala Hill Limestone Formation indicate nonnal salinity conditions. Peloids are 

generally of diverse origin. Some that have regular outlines and good sorting are 

regarded as faecal pellets while others, which occur as a range of different shapes 

and sizes, are believed to be micritized skeletal fragments. These two different 

types of peloids indicate two different types of energy conditions. The peloids of 
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faecal origin can only be preserved in low energy sub-tidal conditions, while the 

peloids of miciritized skeletal fragments origin may survive the higher energy 

conditions. The peloids present in association with other skeletal bio-clasts in the 

Nummulites peloidal wacke-packstone microfacies are believed to be of skeletal 

origin indicating higher energy conditions. 
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Limestone Formation, Chak Delia Section, Kala Chitta Range (Upper Indus Basin). 

^)Alveolina sp., 2) Assilina sp., 3) Assilina sp. cf. ranikoti, 4) Lockhartia sp., 5) 

Miscellanea sp., 6) Nummulites sp., 7) Nummulites sp. cf. mammilatus. 8) 

Nummulites sp. cf. atacicus, 9) Nummulites globulus. 10) Operculina sp., 11) 

Operculina sp. cf, baniiei, 12) Palaeonummulifes sp. 
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Plate 4.1 

Fig. A {Td17): Photomicrograph of lower part of the Dungan Formation at Rakhi 

Nala, Suiaiman Range, showing quartz sandstone facies devoid of any age 

diagnostic planktonic foraminrfera. 

Fig. B (Td9): Photomicrograph of lower part of the Dungan Formation at Rakhi 

Nala, Suiaiman Range, showing quartz sandstone facies, Subbotlna (a) and 

Morozovella (b) species are present. 

Fig. C (Tdl 3): Photomicrograph of lower part of the Dungan Fomiation at Rakhi 

Nala, Suiaiman Range, representing mixed planktonic foraminlfera quartz 

sandstone facies with dominant morozovellids. 

Fig. D (Td34): Photomicrograph of upper part of the Dungan Fonmation at Rakhi 

Nala, Suiaiman Range, representing planktonic foraminiferal siltstone facies, 

Morozovella sp. cf. M. aequa (a) is present. 

Fig. E (Td34): Photomicrograph of upper part of the Dungan Formation at Rakhi 

Nala, Suiaiman Range, representing ptanktonic foramlniferal siltstone facies, 

Morozovella sp. cf. M. aequa (a). 

Fig. F (Td 13): Photomicrograph of lower part of the Dungan Fomiation at Rakhi 

Nala, Suiaiman Range, representing mixed planktonic foraminlfera quartz 

sandstone facies, Morozovella sp. cf. M. gracilis (a) is present. 

Fig. G {Td31): Photomicrograph of upper part of the Dungan Formation at Rakhi 

Nala, Suiaiman Range, representing planktonic foraminiferal slltstone facies. 
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Fig. H (Td46); Photomicrograph of upper part of the Dungan Formation at Rakhi 

Nala, Sufaiman Range, representing planktonic foraminiferal siltstone fades, 

showing change in planktonic foraminiferal assemblages from morozovellid-

dominated to subbotinid/acarininid-dominated assemblages. 
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Plate 4.1 

.. •»*^*S1:^;>' .'--̂  1 
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Plate 4.1 (continued) 
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Plates 4.2-4.4 

Planktonic foraminifera from the Paloecene/Eoc^ne interval Dungan Formation, 

Rakhi Nala, Sulaiman Range, Lower Indus Basin. 

Plate 4.2 

A-l, K. M, O, P, S-X. Z-B1, D1 (Scale bar = lOOpm). J, L, N, Q. R, Y, CI (Scale 

bar= 50pm), (A)- Acannina sp. cf. A. wilcoxensis. sample # (Td-33), (B)-. 

Acarinina sp-, (Td-30), (C)- Acarinlna sp., {Td-50), (D)- Acarinina sp., (Td-50), 

(E)- Acarinina sp., (Td-50), (F)- Acarinina sp., cf. A. pseudotopilensis (Td-32), 

(G)- Acarinina sp., (Td-45), (H)- Acarinina sp., (Td-43), (I)- Acarinina sp. cf. A. 

wilcoxensis, (Td-43), (J)- Acarinina sp., (Td-44), (K)~ Acarinina sp., (Td-44), (L)-

Acarinina sp. cf. A. wilcoxensis, (Td-44), (M)- Acarinina sp., (Td-44), (N)-

Acarinina sp., (Td-44), (O)- Acarinina sp., (Td-44), (P)- Acarinina sp., (Td-44), 

(Q)- Acarinina sp., (Td-44), (R)- Globanomalina chapmani, (Td-32), (S)-

Globanomalina sp. cf. G. chapmani, (Td-32), (T)- Pseudohastigerina sp. cf. P. 

wilcoxensis. (Td-32), (U)- Gtobanomalina sp. cf. G. chapmani, (Td-32), (V)-

Globanomalina sp., (Td-42), (W)- Globanomalina sp., (Td-42), (X)-

Pseudohastigerina sp. cf. P. wilcoxensis, (Td-47), (Y)- Globanomalina sp., (Td-

45), (2)- Globanomalina sp., (Td^4). (A1)- Globanomalina sp., (Td^M), (B1)-

Globanomalina sp. cf. G. luxorensis, (Td-44), (CI)- Globanomalina sp., (Td-44), 

(D1)- Globanomalina sp., (Td-45). 
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Plate 4.2 
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Plate 4.3 

A-A1, C I , D1 {Scale bar= 100pm), B1 (Scale bar= 50pm), (A)- Morozovella sp. 

cf. M. conicotruncata. sample # (Td-43), (B)- Morozovella sp. cf. M. formosa 

Formosa, (Td-33), (C)- Morozovella aragonensis, {Td-33), (D, E, F)-

Morozovella acutispira, (D-Td-33, E-Td-33, F-Td-33), (G)- Morozovella aequa. 

(Td-33), (H)- Morozovella formosa formosa. (Td-33), (I)- Morozovella sp. cf. M. 

conicotruncata, (Td-30), (J, K)- Morozovella sp. cf. M. aragonensis, (J-Td-30, K-

Td-30), (L)- Morozovella acutispira. (Td-30), (M, N)- Morozovella subbotinae. 

(M-Td-48, N-Td-48), (O)- Morozovella sp., CTd-48), (P, Q. R)- Morozovella 

aequa, (P-Td-50, Q-Td-45, R-Td-45), (8)- Morozovella subbotlnae, (Td-45), (T)-

Morozovella sp.. (Td-45), (U)- Morozovella sp., (Td-44), (V)- Morozovella sp., 

(Td-48), (W)- Morozovella occlusa. (Td-45), (X)- Morozovella acuta. (Td-47), 

(y)-Morozovella sp., (Td-47), (2)- Morozovella acuta, (Td-44), A1. B1. 

Morozovella aequa, (C1)- Morozovella acuta, (Td-32), (D1)- Morozovella sp. cf. 

M. acutispira, (Td-32). 
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Plate 4.3 
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Plate 4.4 

B-E, G, H, J-R, T, U, W, X, Y, Z. B1-D1 (Scale bar= lOOMm), A, F, I, S, V, A1 

(Scale bar = 50^jm), (A)- Subbotina triloculinoides. sample # {Td-43), (B, C)-

Subbotina triangularis. (B-Td-43. C-Td-33), (D)- Subbotina velascoensis, (Td-

33), (E)- Subbotina triangularis. (Td-33). {F)-Subbotina triloculinoides, (Td-33). 

(G)- Subbotina velascoensis. (Td-48), (H)- Subbotina triangularis, (Td-50), (I)-

Subbotina sp- cf. S. triloculinoides, (Td-50), (J)- Subbotina sp., (Td-50), (K, L)-

Subbotina triloculinoides. (K-Td-50, L-Td-50), (M, N)- Subbotina sp. cf. S. 

triangularis. (M-Td-50, N-Td50), (O)- Subbotina triangularis. (Td-50), (P)-

Parasubbotina sp- cf. P. varianta, (Td-43), (Q)- Subbotina sp. cf. S. 

velascoensis. (Td-43), (R)- Subbotina sp. cf. S. triangularis, (Td-44), (S)-

Subbotina sp., (Td-48), (T)- Subbotina sp. cf. S. patagonica. (Td-50), (U, V)-

Subbotina sp. cf. S. triloculinoides, (U-Td-43, V-Td-44), (W)- Parasubbotina sp., 

(Td-45), (X)- Subbotina triloculinodes, (Td-45), (Y)- Subbotina sp. cf. S. 

velascoensis, (Td-44), (Z)- Subbotina sp, cf. S. patagonica, (Td-44), (A1) 

Subbotina triloculinoides, (Td-32), (81)- Parasubbotina sp., (Td-33), (C1, D1)-

Subbotina triloculinoides. (C1-Td-45, D1-Td-50). 
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Plate 4.4 
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Plates 4.5-4.18 

Larger foraminifera from Paleocene - Eocene Lockhart, Patala and Margala Hill 

Limestone fomiations of the Kali! Dilli and Dalla sections, Kala Chitta Ranges 

(Fig.3.1), Upper Indus Basin. Sample numbers are given against each 

specimen, examples; d20= sample* 20 in Dalla section, kd1= sample# lin 

Kalli dilli section. 

Plate 4.5 

(A, B, D, F-D- Nummulites spp., sample # (d20), (C, J, M)- Nummulites sp. cf. 

N. mammilatus, (d20), (E)- Nummulites sp. cf. N. atacicus, (d20), (N, O)-

Alveolina spp., (d26). 

Field of View (FOV) = 5.7 mm (Figs A, C-G, I. K-0); 2.7 mm (Figs A, B, H, J). 

Plate 4.6 

(O)- Operculina sp., (d23), (E, F, K, N)- Nummulites spp,. (E, F- d20; K, N-

d23), (R)- Nummulites sp. cf. N. mammilatus. (d23), (A, B, D, G, H, I, J, L)-

Nummulites sp. cf. N. atacicus. (A. B. D- d20; G, H- d22; I. J, L- d23), (C, K, M)-

Nummulites sp. cf. N. globulus, (C- d20; K. M- d23), (P, Q)- Assilina spp., (d23). 

FOV = 5.7 mm (Figs B-I, K-R); 2.7 mm (Figs J, A). 

Plate 4.7 

(I, L, N)- Nummulites spp.. (I, L- d23; N- d25), (A, B, C, G, M, O)- Nummulites 

sp. cf. W. mammilatus, (A, B, C, G, M- d23; O- d25), (D, E, H, K)- Nummulites 

sp. cf. N. atacicus, (d23), (F)- Nummulites sp. cf. N. globulus, (d23), (J)-

Assilinasp.. (d23). 
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FOV = 5.7 mm (Figs A-0); 2.7 mm (Fig. C). 

Plate 4.8 

(I, P)- Lockhartia spp., (I- d24; P- d26), (N)- Nummulites sp., (d24). (F)-

Nummulites sp. cf. N. mammilatus, (d24), (B, E, G, H, J)- Nummulites sp. cf. N. 

atacicus, (d24), (K, L, M)- Nummulites sp. cf. N. globulus, (d24), (D)- Assilina 

sp. cf. A. ranikoti (Nuttall), (d24), (Q)- Assiiina sp.. (d26), (A, C, O)- Alveolina 

spp., (A, C-d24; 0-d26). 

FOV = 5.7 mm (Figs A, C-E. G, H. I. J. M, 0-Q); 2.7 mm (Figs B, F, K, L, N). 

Plate 4.9 

(S)- Miscellanea sp., (d30), (B)- Nummulites sp., (d28), (Q)- Operculina sp. cf. 

O. hardiei, (d30), (D, E, N, O)- Nummulites sp. cf. N. mammilatus. (D, E- d28; 

N. O - d29), (C, F, G, H, K, P)- Nummulites sp. cf. N. atacicus, (C, F. G, H- d28; 

K, P- d29), (I)- Nummulites sp. cf. N. globulus, (d28), (A. R)- Assilina sp. cf. A. 

ranikoti (Nuttall), (A- d28; R- d30), (J)- Operculina sp., (d28), (L. M)- Alveolina 

spp.. (d29). 

FOV = 5.7 mm (Figs A, B, D-Q); 2.7 mm (Fig. C). 

Plate 4.10 

(D, E, F, G, I, K)- Miscellanea spp., (D, E, F, G- d31; I - d32: K- d37), (B)-

Operculina sp., (d30), (M, P, S, U)- Nummulites sp. cf. N. mammilatus, (M- d37; 

P- d23; S, U- d38), (O)- Nummulites sp. cf. N. atacicus. (d23), (Q, R)-

Nummulites sp. cf. N. globulus, (Q, R- d38), (J, T, V)- Assilina spp., (J- d37; T, 
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V- d38), (L)- Alveolina sp., (d37), (H)- Palaeonummulltes sp., (d31), (A, C, N)-

Ranikothalia sp. cf. R. Kohatica, {A, C- d30; N- d37). 

FOV = 5,7 mm (Figs A-R, T); 2.7 mm (Figs S, U, V). 

Plate 4.11 

(O, P)- Miscellanea spp., (kdl), (B, C)- Lockhartia spp., (d38), (G)- Nummulites 

sp., (d39), (E, H)- Nummulites sp. cf. N. mammilatus, (E- d38; H- d39), (F, K, L, 

M)- Nummulites sp. cf. N. atacicus, (F- d38; K, L, M- d39), (D, J, N)-

Nummulites sp. cf. N. globulus. (D- 38; J. N- d39), (I)- Assilina sp. cf. A. ranikoti 

(Nuttall), (d38), (A)- Nummulitoides sp. cf. N. inaequilateralis, (d38). 

FOV = 5.7 mm (Figs J-M, O); 2.7 mm (Figs A-l, N, P). 

Plate 4.12 

(A, B, D, E, F, I, L)- Miscellanea spp., (A, B, D, E. F, I- kdl ; L- kd4), (H)-

Miliolidae, (kdl), (G)- Discocyclina dispansa, (kdl), (C, J, K, M)- Nummulitoides 

sp. cf. N. inaequilateralis, (C- kd1; J, K, M- kd4). 

FOV = 5.7 mm (Figs A, C, E-M); 2.7 mm (Figs B, D). 

Plate 4.13 

(D, M)- Miscellanea sp., (D- kd4; M- kd12). (A, B, C)- Lockhadia spp., (kd4), 

(J, K, L)- Miliolidae. (kd4), (E, F, H, N)- Nummulitoides sp. cf. N. 

inaequilateralis. (E, F, H- kd4; N- kd12), (G, I)- Discocyclina spp., (kd4). 

FOV = 5.7 mm (Figs A-N). 
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Plate 4.14 

(D, E, G, I, J)- Miscellanea spp., (D. E, G- kd14; I. J- kd15), (A, F, H, K, L)-

Ranikothalia spp., (A- kd12; F- kd14; H, K, L- kd15), (M)- Caudrina sp. cf, C. 

soldadensis, (kd15), (B, C)- Operculina spp., (kd12). 

FOV = 5.7 mm (Figs A-M). 

Plate 4.15 

(C, E, F, G, K, L, M, O, P)- Miscellanea spp., (C, E, F- kd16; G- kd17; K, L. M, 

O, P- kd18), (H, N)- Lockhartia spp., (H- kd17; N- kd18), (D, I, Q)- Ranikothalia 

spp., {D- kd16; I- kd17; Q- kd18). (A, B)- Miliolidae spp., (kd16), (J)- Orbitolites 

sp.,{kd17). 

FOV = 5.7mm (Figs C, G-Q); 2.7 mm (Figs A, B, D-F). 

Plate 4.16 

(A, E, F, G, I, J, K, N, O, P, Q. S)- Miscellanea spp., (A, E, F, G, I, J, K, N, O, P, 

Q- kd19; S- kd25, (L, R)- Lockhartia spp., (L- kd19; R- kd25), (B)- Ranlkothalia 

sp., (kd19), (H)- Operculina sp., (kd19), (C, D, M)- Ranikothalia sp. cf. R. 

kohatica, (kd19). 

FOV = 5.7 mm (Figs A-S). 

Plate 4.17 

(A, B, C, D, E, F, G, H, I, J, K, M, N, O. P, Q)- Miscellanea spp., (kd25), 

(L, R, S)- Operculina spp., (kd25). 

FOV = 5.7 mm (Figs A-S). 

103 



Plate 4.18 

(B, H, K, L, M, N)- Miscellanea spp., (B, H- kd30; K, L, M, N- kd35), (E, I)-

Nummulitoides spp., (kd30), (G)- Caudnna sp. cf. C. soldadensis. (kd30), (C)-

Nummulitoides sp. cf. N. inaequilateralis. (kdSO), (A, D, J)- Operculina spp., 

(kd30). (F)- Lockhartia tiaimei, (kd30). 

FOV=5.7mm(FigsA-N), 
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Plate 4.5 
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Plate 4.6 
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Plate 4.7 
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Plate 4.8 
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Plate 4.9 
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Plate 4.10 
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Plate 4.11 
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Plate 4.12 
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Plate 4.13 
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Plate 4.14 
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Plate 4.15 
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Plate 4.16 
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Plate 4.17 
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Plate 4.18 
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Plate 4.19 

Showing Larger Foraminiferal Turnover from Paleocene Ranikothalia I 

Miscellanea - dominated assemblages (Fig. B) to Eocene Nummulites-

dominated assemblages (Fig. A). 

Fig. A: Eocene Margala Hill Limestone, Dalla section (= Nammal Limestone 

Fonnation of Salt Range) of the Kala Chitta Range, Nummulites spp. (a-d), 

Asslllna sp. (e), FOV= 5.7 mm. 

Fig. B: Paleocene Patala Formation of the, Kalli Dilli section, Kala Chitta 

Range, (a) Nummulitoides sp. (Haynes et al., 2010) (mistakenly identified as 

Ranikothalia sindensis by Butt (1991)), Miscellanea sp. (b), FOV= 5.7 mm. 

119 



Plate 4.19 

FOV= 5.7 mm 

FOV= 5.7 mm 
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Plates 4.20-4.26 

Miscellanea micro-bioclastic wacke-packstone microfacies from upper 

Paleocene Patala Shale Fonnation of the Kalli Dilli section, Kala Chitta Range, 

Upper Indus Basin. FOV = 5.7 mm, 2.7 mm (Fig. 4.25B). 

Fig. 4.20A: Miscellanea spp, (a), Nummulltoides sp. (b), Lockhartia spp. 

Fig. 4.20B: Miscellanea sp. (a), bryozoans (b), coral (c). 

Fig. 4.21A: Miscellanea sp. (a), Coral (b) 

Fig. 4.21B: AlveoHna sp. (a), calcrte filled stylolite following the periphery of 

Alveolina sp. (b), Nummulitoides sp. (c). 

Fig, 4.22A: Miscellanea sp. (a), Ranikothalia sp. (b), bioclast of Ranikothalia sp. 

(c). 

Fig. 4.22B: Orbitolites sp. (a), Discocyclina sp. (b) 

Fig. 4.23A: Miscellanea sp. (a), Lockhartia sp. (b), Caicite filled micro-fracture 

(c) 

Fig. 4.23B: Discocyclina spp. (a), Miscellanea spp. (b), Miliolidae spp. (c) 

Fig. 4.24A: Ranikothalia sp. (a). Miscellanea sp. (b) 

Fig. 4.24B: Ranikothalia sp. (a), Miliolidae spp. (b), planktonic foraminiferid (c), 

fragment of dasyclad algae (d) 

Fig. 4.25A: Unidentified larger foraminifera (a), Ranikothalia sp. (b), 

Nummulitoides sp. (c), Miscellanea sp. (d), Algae (e), dasyclad 

algae (f) 

Fig. 4.25B: Unidentified larger foraminifera (a) 

Fig. 4.26A: Miscellanea spp, (a), Miliolidae spp. (b), dasyclad algae (c) 

Fig. 4.26B: Miscellanea spp, (a) 
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Plate 4.20 

FOV= 5.7 mm 

FOV= 5.7 mm 122 



Plate 4.21 

FOV= 5.7 mm 

FOV= 5.7 mm 
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Plate 4.22 

FOV= 5.7 mm 

FOV= 5.7 mm 
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Plate 4.23 

FOV= 5.7 mm 

FOV= 5.7 mm 125 



Plate 4.24 

FOV= 5.7 mm 

FOV= 5.7 mm 
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Plate 4.25 

FOV= 5.7 mm 

FOV= 2.7 mm 
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Plate 4.26 

FOV= 5.7 mm 

FOV= 5.7 mm 
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prate 4.27-4.32 

Nummulites peioidal wacke-packstone microfacies from lower Eocene Margala 

Hili Limestone Formation of the Dalia section, Kaia Chitta Range, Upper indus 

Basin. 

FOV = 5.7 mm. 

Fig. 4.27A: Assllina spp. (a), Nummulites spp. (b), peioid (c), re-crystaliised 

intra-clasts (d). 

Fig. 4.27B: Nummulites spp. (a), Assilina spp. (b), re-crystaliised intra-ciasts 

(c). 

Fig. 4.28A: Nummulites spp. (a), Assilina spp. (b), bryozoan (c), peloid (d). 

Fig. 4.288: Nummulites spp. (a), Assilina spp. (b). 

Fig. 4.29A: Nummulites spp. (a), bryozoan (b), re-crystaIiised intra-clast (c). 

Fig. 4.29B: Nummulites spp. (a), re-crystaliised intra-clast (b) 

Fig. 4.30A: Alveolina spp. partialiy replaced by spar (a). 

Fig. 4.30B: Alveolina spp. (a), Nummulites spp. (b), peloid (c), dasyclad algae 

(d). 

Fig. 4.31A: Nummulites spp. (a), calcisphere (b), dasyciad aigae (c). 

Fig. 4.31 B: Calcisphere (a), Assilina spp. (b), unidentified foraminiferid (c). 

Fig. 4.32A: Discocyclina spp. (a), dasyclad algae (b). 

Fig. 4.32B: Assilina spp. (a), calcJte filled micro-fracture (b). 
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Plate 4.27 

FOV= 5.7 mm 

FOV= 5.7 mm 
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Plate 4.28 

FOV= 5.7 mm 

FOV= 5.7 mm 
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Plate 4.29 

FOV= 5,7 mm 

FOV= 5.7 mm 
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Plate 4.30 

FOV= 5.7 mm 

FOV= 5.7 mm 
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Plate 4.31 

FOV= 5,7 mm 

FOV= 5.7 mm 
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Plate 4.32 

FOV= 5,7 mm 

FOV= 5.7 mm 
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Chapter 5: Stratigraphy and palaeoenvironmental assessment of the 

Paleocene/Eocene boundary interval (Dungan Formation), Indus Basin 

Pakistan. 

5.1 Introduction 

Since dinoflageHates are consistently present in Paleogene depositis of 

northern latitudes (e.g., lakovleva, 2000) and in the North Sea Basin (e.g., 

Heilman-Clausen, 1985; Powell. 1992; Mudge & Bujak, 1994, 1996; Bujak & 

Mudge, 1994), the organic-walled dinoflagellate cysts (dinocysts) in particular 

have shown potential for age determination, correlation, and 

palaeoenvironmental assessment. The organic-walled dinocysts have been 

increasingly employed as sensitive (palaeo)-environmental indicators (e.g., 

Sluijs et al,, 2005; Sluijs & Brinkhuis, 2009) particularly in carbonate-poor 

sediments. Other micropalaeontological approaches (e.g.. foraminifera, 

coccolithophorids, diatoms and radiolaria) are highly susceptible to 

mineralization and chemical dissolution (including diagenesis), which also 

restricts their use in palaeoenvironmental studies (de Vernal & Mudie, 1992). 

However, well preserved foraminifera, specifically smaller benthonic 

foraminifera have been widely used in palaeoenvironmental research (e.g.. Van 

derZwaan et al., 1990; Speijer et al., 1996 and references herein). The organic-

walled dinocysts are neither affected by chemical dissolution or by secondary 

mineralization, they are only affected by progressive oxidation of the sediments 

(Versteegh & Zonneveld, 2002; Reichart & Brinkhuis, 2003). 

A key outcrop of the Paleocene/Eocene boundary interval is found in the 

Rakhi Nala section, which is located in the Sulaiman Range near D.G. Khan 

City, Indus Basin, Pakistan (Fig. 5.1). During late Paleocene - early Eocene 

times this area was located at a low latitude in an equatorial region (Fig. 5.2). 
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Previous work on this section has resulted in a substantial literature base (e.g., 

Eames, 1952b; Haque, 1956; Latif, 1961. 1964; Samanta, 1973; Kotheetal., 

1988; Afzal, 1996; Wan-aich et al., 1997. 2000). Most of this earlier work has 

been focused on lithostratigraphy and biostratigraphy. Kothe et al. (1988), as a 

result of a lack of known dinocyst marker species, proposed a new dinocyst 

zonation for the Paleogene of the Indus Basin (Pakistan). Their work resulted in 

the description of 11 dinocyst zones, but they marked the upper Paleocene -

lower Eocene Dungan Formation (Rakhi Nala section) as un-zoned. A 

continuous marine sedimentary section in the Dungan Formation across the 

Paleocene/Eocene boundary interval is preserved in Rakhi Nala and yields well-

preserved and rich dinocyst assemblages. The present study is aimed at a high 

resolution global and local dinocyst correlation and palaeoenvironmental 

assessment of the Paleocene/Eocene interval of the Rakhi Nala section. The 

palaeoenvironmental assessment is based on dinocyst and foraminifera. 

5.2. Materials and Methods 

Analysis of the dinocyst assemblage has been carried out on a selection of 63 

samples collected from the Rakhi Nala section. Sample intervals of 25-50 cm 

were used for the uppermost part of the Dungan Fonnation. The 5 m thick 

Morozovella velascoensis Zone of Warraich et al. (2000) yielded 20 samples at 

a sample interval of <25 cm. All samples for dinocyst examination were 

processed at Geotechniques Research by Jonah Chitolie using a standard 

palynological processing methodology (hydrochloric acid followed by 

hydrofluoric acid for demineralisation). A detailed description of the 

palynological preparation technique used in this study can be found in Chapter-

2. The recovered residues, in almost all of the samples, contained well 

preserved palynomorphs, some of which were transparent. 
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For all samples, a minimum of 200 dinocysts (v/here possible) were 

counted and the entire slide was scanned for the presence of additional age 

diagnostic taxa. In this chapter, most attention is given to the stratigraphically 

and palaeoenvironmentally significant dinocyst taxa, the ranges of which have 

been determined from previous research in lower latitude regions (e.g., Jan du 

Chgne & Adediran. 1984; Kothe etal.,1988; Bujak & Brinkhuis. 1998; lakovleva 

et al., 2001; lakovleva & Kulkova, 2003). The dinocyst zonation of Kdthe et al. 

(1988) was found to be the most appropriate and used in this study, A list of the 

recorded species and taxonomic notes on the recorded dinocysts can be found 

in Appendix 2. 

Photomicrographs were taken using the digital photomicroscope facilities 

at the University of Plymouth. For photographed specimens England Finder 

coordinates are provided (Plates 5,1, 5.2 & 5.3). 

The total organic carbon and nitrogen content of the samples was 

measured using a Carlo Erba 1500 elemental analyser at the NERC Isotope 

Geosciences Laboratories (NIGL) at Keyworth (UK): see detail in Chapter 2. 

The TOC (%), Nitrogen (%), C/N ratio are given in Table-3 in Appendix 2. 

5.3, Dinocyst Zonation 

As indicated above the dinocyst zones of Kdthe et al. (1988) have been applied 

to the samples from Rakhi Nala and can be identified as follows. 

5.3.1. The Pak-DIVZone 

The base of this zone is defined by the Lowest Occurrence (LO) of 

Minisphaehdium latirictum (previously Cordosphaeridium minimum) and 

Acfiomosphaera crasslpellis. The top of the zone is marked by the onset of the 

Apectodinium acme. Kdthe et al. (1988) correlate this zone with the late NP8 
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Zone based on Bomolithus elegans which has its LO in the early Pak-DIV Zone 

and ranges to the top of NP8 of Martini (1971). The Pak-DIV Zone can be 

correlated with the planktonic foraminifera zone P4 of Berggren & Pearson 

(2005). The chronostratigraphic age of NP8 and late P4 is late Paleocene 

(Thanetian). Consequently, the Pak-DIV Zone in the Indus Basin can be 

attributed to the Thanetian. 

5.3.2. The Pak-DV Zone 

This zone is defined as the interval of the Apectodinlum acme. It is correlated 

with the early NP9 of Martini (1971) and with the P5 Zone of Berggren & 

Pearson (2005). The chronostratigraphic age is, therefore, latest Paleocene 

(Thanetian). 

5.3.3. The Pak-DVI Zone 

This zone is defined as the interval from the top of the Apectodinium acme to 

the Lowest Occun-ence (LO) of Wetzeliella astra. The onset of the Carbon 

Isotopic Excursion (CIE) is now globally accepted marker for the placement of 

the P/E boundary (e.g. Aubry & Ouda, 2003). In the present study the onset of 

the CIE was encountered in Td41 (also see Chapter 6) prior to the LO of W. 

astra (Td42). Therefore, the P/E boundary can be placed in the top-most part 

of this zone. The top of the Apectodinlum acme (below) and the lowest 

occurrence of W. astra (above) bracket the P/E boundary in the Indus Basin. 

This zone can be con^elated with the NP9 Zone of Martini (1971) and the late P5 

and early El zones of Berggren & Pearson (2005). The chronostratigraphic age 

of the part of this zone before the onset of the CIE is, therefore, latest Thanetian 

and the part of this zone after the onset of the CIE belongs to the early Ypresian. 
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5.3.4. The Pak-DVll Zone 

This zone is defined as the interval from the lowest occun^ence of W. astra to 

the lowest occun'ence of Homotryblium tenuispinosum. The base of the Eocene 

approximates to the onset of the CIE instead of the lowest occurrence of W. 

astra. The chronostratigraphic age of this zone in the Indus Basin is, therefore, 

early Ypresian. 

5.4. Local correlation 

The Paleocene/Eocene interval dinocyst zones established in the Dungan 

Fonnation (part) of the Rakhi Nala section can be correlated locally with the 

established zones of Kdthe et al. (1988) in the Surghar Range and Salt Range, 

Upper Indus Basin {Fig. 5.3). The dinocyst assemblages recovered from the 

Rakhi Nala section show a close resemblance with those of the Kdthe et al. 

(1988) and Edwards (2007) recorded from the Patala Formation (Upper Indus 

Basin). The zones Pak-DIV to part of the Pak-DVI are considered to be late 

Thanetian (late Paleocene) in age while late Pak-DVt & Pak-DVll are early 

Ypresian (early Eocene) in age and can be correlated with the Pak-DIV to Pak-

DVll zones of Kothe et al. (1988) from the Patala Formation of the Upper Indus 

Basin. 

5.5. Global correlation 

The Pak-DV Zone, as recognised in the Indus Basin, is the only zone broadly 

comparable with the corresponding zones in N.W. Europe, United States of 

America and New Zealand. It is compared with the following zones: 

• Zone D5a of Costa & Manum (1988) and of Kdthe (1990); 

• Zone P6b of Bujak & Mudge (1994) and Mudge & Bujak (1996) in the 

North Sea Basin; 
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• The Apectodinium augustum (Aau) zone of Powell (1992) and Powell et 

al. (1996) in South East England; 

• The Muratodinium fimbriatum Interval Zone of Edwards (1996); and 

• The Apectodinium homomorphum zone of Wilson (1988) in New Zealand 

(Fig. 5.4). 

This zone is characterized by an acme occurrence of Apectodinium. Bujak & 

Brinkhuis (1998) report that the base of the Apectodinium acme occurs near the 

base of theTht-5 sequence of Powell etal. (1996), which they equate with 

sequence Th-5 of Hardenbol (1994). The Th-5 sequence correlates with the 

carbon isotope excursion (CIE) and oxygen isotope excursion (OIE) of Kennett 

& Stott (1991). According to Crouch et a!. (2001) the A. augustum Zone 

corresponds (worldwide) with the top of the Paleocene-Eocene Thermal 

Maximum (PETM) which, according to the International Union of Geological 

Sciences (lUGS), characterizes the P/E boundary (54.93-54.98 Ma), lakovleva 

et al. (2001) also report that the Apectodinium acme is linked to cycle Tht-5 of 

Powell et al. (1996) and may be recognized on a global scale. A number of 

other studies (e.g., Crouch et al., 2000; Heilmann-Clausen & Egger, 2000) 

confirm that the onset of this Apectodinium acme precisely coincides with the 

CIE based on data from both hemispheres. A. augustum is restricted to the A. 

augustum Zone elsewhere but was not encountered in the Rakhi Nala section. 

However, Edwards (2007) reported the only occurrence of A. augustum from 

the Nammal Gorge, Indus Basin. 

The earliest known occurrence oi Apectodinium is reported from Tethys 

in the upper part of calcareous nannoplankton Zone NP7/8 (Crouch et al., 2003) 

and in planktonic foraminifera Zone P3a up to the base of P5 Zone: it has an 

acme from the base of this zone up to the middle part of nannofossil 
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Zone NP11 (Bujak & Brinkhuis, 1998). The acme of Apectodinium species 

associated with the CIE {Paleocene/Eocene boundary) is reported worldwide, 

although Sluijs et al. (2007b) from New Jersey (USA) report the onset of the 

Apectodinium acme -3000 years prior to the CIE. 

5.6. Dinocyst assemblages and palaeoenvironment 

The paiynological associations at Rakhi Nala show notable changes across the 

Paleocene/Eocene transition. The palynomorph association is dominantly 

composed of marine dinocysts and an abundance of Apectodinium occurs prior 

to the onset of CIE (Paleocene/Eocene boundary) and the lowest occurrence of 

W. astra (Paleocene/Eocene boundary of Kothe et al., 1988), The succession is 

divided into four intervals across the Paleocene/Eocene transition, based on 

relative changes in dinocyst assemblages and organic matter. These intervals 

are independent of the dinocyst zones. The main purpose of this analysis is to 

identify time intervals of change within the dinocyst association and to evaluate 

these fluctuations in a palaeoecological context (Fig. 5.5A). 

5.6.1. Interval Td30 - Td33 

Description 

This interval correlates with the dinocyst zone Pak-DIV and the late 

nannoplankton zone NPB. This interval is represented by an abundance of 

Spinifeiites (Hystriciiosphaera) up to 53.2% (Td30) which decreases upwards to 

42.7% (Td33). Achmosphaera comprises 34.6% (Td30) and also decreases 

upwards. Operculodinium is <10% of the assemblage. The percentage of 

Apectodinium increases from 3.2% (Td30) to 13.5% (Td33). 
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The P-Cyst (%) increases upward from 3.2% (Td30) to 18.7% (Td33). Other 

dinocysts present include Adnatosphaeridium, Hystrichokolpma, 

Polysphaeridium, Kallosphaeridlum, Dyphes. Kenleyla complex, 

Cordosphaeridium, Hystrichosphaeridium, Thalasslphora (dominantly 7. 

pelagica), Delfandrea and Glaphyrocysta. The maximum TOC and C/N values 

are 0.6% and 10.4 respectively (Table-3 in Appendix 2). 

Palaeoecological interpretation 

The dominance of Spiniferites and the presence of Operculodinium indicate 

open marine conditions (Prauss, 2009); also see Figures 5.5A & 5.5B). The 

presence oi Apectodinium, and its upward increasing numbers, indicates wann 

surface waters and an increasing trend in nutrient and/or food availability 

respectively. The low percentage of P-Cyst suggests that the surface water was 

not sufficiently eutrophic but the upward increasing trend in P-Cyst (%) indicates 

an upward increase in productivity. The presence of Glaphyrocysta. 

Polysphaeridium and Cordosphaeridium complexes suggests a pulse of 

transported coastal elements into an open marine setting. Thalassiphora 

(dominantly 7. pelagica) appears in the upper part of this interval which may be 

suggestive of a warm and humid climate in the nearby land area (e.g., Press & 

Schmiedl. 2002). 

5.6.2. Interval Td33 - Td37 

Description 

This interval correlates to the top of dinocyst zone Pak-DIV and lower 

nannoplankton zone NP9. The Spiniferites complex decreases upwards from 

42.7% (Td33) to 21.6% (Td37). The Operculodinium complex shows an overall 
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Sea level curve for Rakhi Nala represents dominantly offshore conditions vi/ith 

minor sea level fluctuations, only sample Td43 shovi/s either a sea level drop 

(regression) or an increased transportation of the coastal element to an open 

marine depositionai environment. P-cyst (%) indicates changes in sea surface 

temperature (SST) as welt as productivity (e.g., increase in P-cyst (%) shows 

increase in SST and productivity). 
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decreasing trend upwards; i.e., 9.9% (Td33) to 7.3% (Td37)- Cordosphaehdium 

and Polysphaeridium increase upwards; i.e., 1.0% (Td33) to 7.3% (Td37) and 

1.6% (Td33) to 3.5% (Td37) respectively. Glaphyrocysta is present only in the 

lower part of the succession and the Thalasslphora complex shows an upwards 

increasing trend; i.e., 2.6% (Td33) to 4.4% (Td37). The Apectodinium complex 

increases upwards from 13.5% {Td33) to 25.7% (Td37). Deflandrea is 

consistently present and disappears in the last sample. The maximum TOC and 

C/N values are 0.5% and 16.9 respectively (Table-3 in Appendix 2). 

Palaeoecological interpretation 

The high percentage of Spiniferites and Opercuhdinium indicates an open 

marine setting (Figs 5.5A & 5.5B). The Cordosphaeridium, Polysphaeridium 

and Glaphyrocysta complexes suggest an increase in the rate of transported 

coastal elements up-section. The upward increasing trend of the Thalassiphora 

complex indicates increased terrestrial runoff, possibly as a result of enhanced 

chemical weathering on land (e.g., Pross & Schmiedl, 2002). The higher 

percentage of Apectodinium is indicative of relatively warmer SSTs. The higher 

P-Cyst percentage shows further enhancement in the surface water productivity 

which is reflected by a consistent high TOC. The relatively high C/N ratio also 

suggests an increase in the proportion of terrestrial organic matter in this 

interval. 

5.6.3. Interval Td37 - Td43 

Description 

This interval correlates to the dinocyst zones Pak-DV (Td37 to Td 39) and Pak-

DVI (Td40 to Td 42) in the middle to upper part of nannoplankton Zone NP9. 
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The percentage of Spiniferites {Hystrichosphaera) is low (8%) in the lower part 

(Td35) but increases upwards to 63.6% (Td-39) in the middle part and then 

drops to 5.1% (Td-43) in the uppermost part of this interval. Achomoshpaera 

shows an upward increasing trend; i.e., 12.5% (Td37) to 20.3% (Td43). The 

Operculodlnium percentages are also changing in this interval, with low 

percentages (-10% on average) in the lower part but an increase upwards; i.e., 

44.3% (Td43). Apectodinlum rises to the maximum value 32.5% (Td38) in the 

middle of the interval and then shows a decreasing trend up-section. The P-

Cyst (%) approximately follows the same trend as Apectodinium. 

Cordosphaeridium is consistently present in this interval. Thalassiphora 

indicates an increasing trend to the middle part (Td38) of the section and then 

declines upward. Glaphyrocysta is present in low percentages only in the lower 

and upper parts of the succession. Homotryblium appears in the middle of the 

interval and then disappears. The maximum TOC and C/N values are 5.6% 

and 31.4 respectively (Table-3 in Appendix 2). 

Palaeoecologicat Interpretation 

The decline in Splnlferites (Hysthchosphaera) complex and Operculodlnium 

complex, the increase in Cordosphaeridium complex, the presence of 

Glaphyrocysta complex and the appearance of Homotrybllum complex either 

suggest a relatively proximal setting as a result of a sea level drop or an 

increased pulse of transported coastal elements into the open marine setting in 

the upper part of this interval (Figs 5.5A & 5.5B). 

The highest TOC value and C/N ratio in this interval correspond to the 

highest absolute concentrations of dinocysts and to the increased percentage of 

the Apectodinlum complex. The high percentage of the Apectodinium complex 

151 



suggests increased nutrient and/or food availability. Variations in the flux, type, 

and preservation of the organic matter can cause changes in the TOC content 

of the marine sediments (Weferet al., 1999). The high percentage of P-cyst 

suggests an increase in the productivity of the surface wfaters and the high TOC 

in this interval may reflect decreased dissolved O2 in intermediate wraters and 

enhanced preservation of organic carbon. Indeed, benthonic foraminiferal 

assemblages of the Paleocene/Eocene boundary interval also suggest a 

change from oxic to suboxic conditions during the PETM worldwide (e.g.. Kaiho 

etal., 1996;Takeda & Kaiho. 2007; Alegret et al., 2005, 2009) and is 

considered to be a widespread phenomenon in the intermediate waters 

(Braloweretal., 1997; Thomas, 1998; Katzetal., 1999; Crouch et al., 2003). 

This O2 depletion in global intermediate waters may have resulted from a 

combination of ocean warming and CH4 oxidation (Dickens, 2000), However, 

the increased C/N ratio in this interval suggests an increase in the proportion of 

terrestrial organic matter (Pedersen & Calvert, 1990; Tyson, 1995). The 

increase in Thalassiphora (T. pelagica) suggests an increased terrestrial run-off, 

resulting from enhanced chemical weathering on the land. 

5.6.4. Interval Td43-Td50 

Description 

This interval correlates to dinocyst zone Pak-DVII, The Spiniferites 

(Hystrichosphaera) complex increases upwards from 5.1% (Td-43) to 42.2% 

(Td-50). The Operculodinium complex decreases upward from 44.3% (Td43) to 

8.4% (Td-50). Polysphaeridium complex, Cordosphaeridium complex, 

Thalassiphora complex (dominantly T pelagica) and Homotryblium complex are 

present in low percentages throughout this interval. Apectodinium complex and 
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P-cyst percentages decrease upvi/ards. Other dinocysts present include 

Adnatosphaehdium complex, Hystrichokolpoma complex, Achomosphaera 

complex, Kallosphaeridium complex, Dyphes complex and 

Hysthchosphaeridium complex, the maximum TOC and C/N values are 2.1% 

and 17.1 respectively in this interval (Table-3 in Appendix 2). 

Palaeoecologicat interpretation 

The upward increasing trend in Spiniferites {Hystrichosphaera) complex 

indicates a trend towards an open marine distal setting or a sea level rise (Figs 

5.5A & 5.5B). The presence of Polysphaehdium, Cordosphaeridium and 

l-iomotryblium complexes indicate a continued supply of coastal elements into 

an open marine setting. The drop in Apectodinium complex and P-cyst (%) 

suggests a reduction In nutrient and/or food availibility and surface water 

productivity respectively. The presence of Ttialassiphora indicates that the 

continued terrestrial supply may be the result of the continuing enhanced 

chemical weathering on land; the result of the prevailing humid and warm 

climate. The fairly high, but relatively reduced, maximum TOC value and C/N 

ratio indicate the presence of prevailing O2 depleted intennediate waters and 

slightly reduced proportion of terrestrial organic matter respectively. 

5.7. Interpretation of the Peridinioid dinocyst complexes 

In the Rakhi Nala section Apectodinium Is the dominant peridinioid dinocyst. 

The Wetzeliella and Deflandrea complexes are present as minor constituents. 

The dinocyst assemblages suggest that surface waters were eutrophic, the 

main factor determining the peridinioid complex appears to have been nutrient 

and/or food availability provided a suitable temperature in the background. As 
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Apectodinium dominates the peridinioid complex, this indicates both the 

availability of nutrient and/or food and thermophilic behaviour of Apectodinium , 

while the other peridinioids are indicative of comparatively lower SST (Sluijs et 

al.. 2009). Other studies (e.g.. Bujak & Brinkhuis, 1998; Kaihoetal., 1996; 

Bains et al., 2000; Crouch & Brinkhuis, 2005) report the elevated abundance of 

the other peridinioids (such as Deflandrea) subsequent to the Apectodinium 

acme, which suggests that temperatures cooled after the PETM. 

5.8. Discussion 

5.8.1. Palaeoproductivity 

Harland (1973) introduced the concept of the G/P ratio (G-gonyaulacoid 

dinocysts, P-peridinioid dinocysts) fordinocyst based productivity reconstruction 

and suggested that low G/P ratios were associated with significant freshwater 

input. Since that time this approach has been widely used, but also criticised in 

a number of studies. Recently Prauss (2009) has highlighted the problems 

involved with use of the G/P ratio, Powell et al. (1992) suggested that 

peridinioids are heterotrophic and gonyaulacoids are autotrophic. This 

suggestion (Powell et al.. 1992) was criticized by Dale & Fjellsa (1994) who 

idicated that not all peridinioids are heterotrophic. Heterotrophs indicate 

eutrophic conditions and, therefore, Dale & Fjelisi (1994) and Dale (1996) 

proposed the term "H-cysts" for heterotrophic dinoflagellates and "A-cysts" for 

autotrophic dinoflagellates. Heterotrophic dinoflagellates also occur in places 

other than high productivity areas, such as sea-ice dominated settings and may 

lead to mis identification of eutrophic areas (Dale & Fjellsa, 1994). Despite all 

these drawbacks, the G/P ratio approach in the identification of Paleogene 

palaeoproductivity has been successfully applied. Even an unknown portion of 
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the P-cyst represent autotrophic dinocyst, but the P-cyst still represent the 

closest approximation to heterotrophic dinoflagellates and can thus be used to 

reconstruct productivity (e.g., Sluijs et al., 2005). 

Other approaches for dinocyst based paleoproductivity reconstruction 

involve the abundance (specimens) of P-cyst (considered to represent 

predominantly heterotrophic dinoflagellates feeding on diatoms, other 

phytoplanktons and organic detritus) (e.g., Crouch, 2001; Crouch et al., 2003; 

Eshetetal.,1994; Brinkhuis et al.,1998; van Mourik & Brinkhuis, 2000; van 

Mourik et al., 2001). The acme of the genus Apectodinium co-occurring with the 

prominent PETM negative carbon isotope excursion (CIE) has been recorded 

from a number of places worid-wide; 

• New Zealand (Crouch, 2001); 

• North Sea Basin (Bujak & Brinkhuis, 1998 and references therein; 

Steurbautetal„2003); 

• Greenland, Spitsbergen (e.g.. Boulter & Manum, 1989; Nehr-Hansen, 

2003); 

• Tethyan Ocean (North Africa, Austria, Tunisia, Uzbekistan, Pakistan, 

India) (e.g., Kotheetal., 1988; Bujak & Brinkhuis, 1998; Crouch etal., 

2003). 

• Equatorial Africa (Jan du Chene & Adediran, 1984); and 

• Eastern United States of America (e.g., Edwards, 1989) 

This Apectodinlum acme is considered to be global in nature (e.g.. Crouch et al., 

2001) and appears to be linked with both high sea suri'ace temperatures and 

increased availability of nutrients and/or food. A strong increase in nutrient 

availability in tropical marginal marine settings is considered to be major factor 

leading to this acme (e.g.. Crouch et al., 2001, 2003). Recently, Sluijs & 
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Brinkhuis (2009) indicate that the genus Apectodinium has a systematic 

resemblance to the extant heterotrophic dinoflageHates (e.g., Evitt, 1985; Lentin 

& Vozzhennikov, 1989; Fensome et al., 1996b), and that their cyst v/all material 

is also very similar to protoperidinium cysts (mainly diatom feeding, see Buskey, 

1997). Despite morphological differences, Sluijs & Brinkhuis (2009) suggest that 

Apectodinium was a heterotrophic dinoflage! I ate and, if true, then its acme 

associated with the PETM implies that the global marginal marine ocean 

became enriched in nutrients and food. 

Information about changes in trophic levels of ancient water masses can 

be obtained from the relative and absolute numbers of peridinioid cysts. 

However, to distinguish between productivity related to upwelling and runoff-

related productivity is not possible from G/P ratios alone. Therefore, Sluijs et al. 

(2005) suggest that in order to avoid palaeoenvironmental misinterpretations, 

the dinocyst data set must be considered from multiple perspectives and the 

interpretations must be based on an inter-disciplinary (i.e., multi-proxy) 

approach. 

In this present work a multi-proxy approach is used to reconstruct 

palaeoproductivity. This work involves the P-cyst (%) in combination with 

detailed analysis of other dinocysts, the C/N ratio and TOC (%). The data 

suggest an upward increasing trend in productivity (Figs 5.5A & 5.5B), Tables 

2 & 3 in Appendix 2) from interval Td30-Td33 up to interval Td37-Td43. The 

productivity drops in interval Td43-Td50 relative to interval Td37-Td43 but is still 

fairly high relative to intervals Td30-Td33 and Td33-Td37. The highest 

productivity is represented by the interval Td37-Td43. With the upward 

increasing trend in producitivity, there is a corresponding increase in the coastal 

element suggested by the presence of shallow water dinocyst taxa in an open 
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marine setting. Furthermore, the highest P-cyst {%) values indicate the highest 

producitivity in interval Td37-Td43 corresponding to the highest C/N ratio. This 

increase in C/N ratio and the presence of coastal elements in an open marine 

setting suggests that the high abundance of P-cysts is associated with phases 

of enhanced nutrient availability, probably derived from stronger terrigenous 

input. Similar approaches have been used by Eshet et al. (1994), Brinkhuis et al. 

(1998), van Mourik&Brinkhuis (2000), van Mouriketal. (2001), Crouch (2001) 

and Crouch et al. (2003), . 

The C/N ratio shov̂ rs decreasing trend up-section. The drop in P-cyst (%) 

values and overall decreasing trend in the C/N ratio in this interval indicate a 

drop in the probable runoff-related productivity. 

5.8.2. Palaeotemperature 

A number of proxies (such as oxygen isotopes, Mg/Ca ratios, quantitative 

analysis of the calcareous microfossiis, TEXaeand U** 37 index) have been used 

in previous studies to estimate the most important paleoenvironmental 

parameters (e.g., Sea Surface Temperature (SST)). It is thought that the 

organic-walled dinocysts are neither affected by chemical dissolution nor by 

mineralization compared to the calcareous microfossil groups; they are only 

affected by oxidation. A number of previous studies suggest that compared to 

other microfossil groups, dinoflagellates are particularly sensitive to temperature 

changes (see de Vernal etal., 1992, 1994, 1998, 2000, 2001; Versteegh, 1994; 

Versteegh & Zonneveld, 1994; Rochon et al., 1998; Grssfjeld et al., 1999; 

Devillers & de Vernal, 2000; Boessenkool et al., 2001; Sangiorgi et al., 2002, 

2003) . Therefore, organic-walled dinoflagellate cysts appear to be a reliable 

tool in palaeo-SST reconstruction. 
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Several approaches to dinocyst based paleo-SST reconstruction have 

been applied. These include; 

• Relative contribution of high/mid-latitude (i.e., cool to temperate) versus 

low-latitude taxa (i.e., warm) (e.g., Brinkhuis & Biffi, 1993; Brinkhuis, 

1994; Brinkhuis etal., 1998; Crouch, 2001; Brinkhuis et al., 2003a.b; 

Sluijsetal., 2003; Huberet a l , 2004; Galeottiet al., 2004); 

• Detrended correspondence analysis (Brinkhuis et al., 1998); 

• Spatial distribution of Antarctic-endemic dinocyst assemblages callled 

the Trans-Antarctic Flora' (Wrenn & Beckmann, 1982); 

• Diachronous last occurrences (LOs) of the peridinioid taxa {Wetzeliella 

gochttii, W. symmetrica and Rhombodinium draco) by Pross (2001); and 

more recently 

• Canonical Correpondence Analyses (CCA) by Sluijs & Brinkhuis (2009). 

The tropical genus Apectodinium shows a global acme associated with the 

PETM and this acme is synchronous with the CIE (Crouch, 2001; Crouch et al., 

2001). Crouch & Brinkhuis (2005) reconstnjcted the SST based on the 

percentage of Apectodinium species. A similar approach for SST reconstruction 

IS applied in this study. The Apectodinium percentage increases up section from 

interval Td30-Td33 to interval Td37-Td43 and reaches its maximum values in 

interval Td37-Td43.This up section increase in Apectodinium percentage 

indicates an increasing trend in SST up section which reaches its maximum 

values in interval Td37-Td43 (Fig. 5.5B). 
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5.8.3. Palaeosalinity 

Palaeosalinity reconstruction is important in the understanding of 

palaeoceanographic changes. It detenmines the changes in oceanic circulation 

as salinity is the most important controlling factor of thermohaline circulation. 

A number of dinocyst based pa!eo-saUnity reconstruction approaches have 

been applied in previous studies. These include; 

• The use of Spiniferites cruciformis to reconstruct the brackish water 

environment (Koulietal., 2001; Mudieetal., 2002); and 

• Morphological changes in dinocysts as a result of low salinity or other 

environmental stress (Wall et al., 1973; Nehhng. 1994a, b; de Vernal et 

al., 1989; Matthiesen & Brenner, 1996; Dale. 1996; Ellegaard, 2000; 

Lewis et al., 1999, 2003; Kouli et al., 2001; Brenner, 2001; Lewis & Hallet, 

1997). 

Salinity and other parameters of environmental stress are the probable factors 

controlling morphological changes (e.g., Koklnos & Anderson, 1995; Lewis et al.. 

1999; Mudieetal., 2001; Sluijsetal., 2005). Following the evidence from the 

literature (e.g., Fensome et al., 1993; Brinkhuis, 1994; Reichertet al., 2004; 

Pross & Schmiedl, 2002; Kbthe, 1990) it is concluded that Homotrybllum and 

allied genera can yield information on salinity conditions in the Paleogene 

(Sluijsetal,, 2005). 

In this study, following the model of Pross & Schmiedl (2002), the paleo-

salinity conditions can be determined. Their model is as follows. They 

interpreted alternating intervals dominated by Homotryblium tenuisplnosumlH. 

floripes and T. pelagica respectively, to indicate altemations between high- and 

low- salinity conditions. This distribution pattern was explained through a model 

invoking repeated environmental changes from relatively dry to relatively humid 
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conditions and salinity stratification. High abundances of H. tenulspinosum and 

H. floripes reflected drier periods where reduced runoff, in combination with 

strong evaporation, led to increased salinity in near shore settings. Periods of 

maximum abundances of T. pelagica were interpreted as reflecting reduced 

salinity in the surface waters, increased productivity, salinity stratification and 

resulting oxygen depletion in the deeper water column. 

The continuous presence of T. pelagica in the late Paleocene and early 

Eocene of the Rakhi Nala section indicates low salinity surface waters in the 

area. The co-occurrence of Homotrybllum as a minor element in the intervals 

Td37-Td43 and Td43-Td50 can be interpreted as a probable transported 

coastal element to open marine setting (Fig. 5.5A). 

5.8.4. Other palaeoenvironmental inferences 

The depth of deposition, preferential dissolution, surface palaeoproductivity and 

ecological stress can be determined by using the proportion of planktonic 

foraminrfera, the relationship between diversity and dominance (e.g., Grimsdale 

& Van Morkhoven, 1955; Adelseck & Berger, 1975; Hart & Bailey, 1979; Berger 

& Diester-Haass, 1988; VanderZwaan etal., 1990; Murray, 1991; Herguera, 

1992) and the assemblages of planktonic foraminifera. The plankton ratio 

(p-ratio is expressed by the following formula; 

p-ratio = Planktonic (P)/ (Planktonic (P)+Benthonic (B))*100 

The p-ratio can be regarded variously as a measure of depth of 

deposition (e.g., Grimsdale & Van Mori^hoven, 1955; Van der Zwaan et aL, 

1990), a pa leop rod activity index (Berger & Diester-Haass. 1988; Herguera, 

1992) or as a measure of preferential loss of planktonic foraminifera by 

dissolution. This preferential loss may occur at or within the sea-bed where 
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bottom-or pore water is under-saturated in CaCOs (eg., Adelscek (Jr) & Berger, 

1975), or due to diagenesis and outcrop weathering (e.g., Mun-ay, 1991). The 

foraminiferal association in a bathyal setting will be strongly dominated by 

planktonic foraminifera (>90%) provided that the dissolution is subordinate. 

However, benthonic foraminifera will predominate towards the basin margins 

(<20% planktonics). As planktonic foraminrfera are generally more susceptible 

to dissolution, even moderate dissolution will effect the bathyal foraminiferal 

association. In addition to diagenesis, low oxygen conditions at the seafloor 

may also inhibit the use of p-ratio for palaeodepth reconstruction (Van der 

Zwaanetal., 1990). 

The p-ratio in Rakhi Nala section is consistently high (>90%) and shows 

an increasing trend up section. It displays the peak value of 99% in the interval 

Td43-Td5Q (Fig. 5.6 &Table-1 in Appendix 1). 

The planktonic foraminiferal assemblages are predominantly composed 

of three genera; Morozovella, Acarinina and Subbotina (Fig. 5.6). Morozovella 

is the dominant genus in interval Td30-Td33i this interval is composed of 34-

50% Morozovella, 23-41% Subbotina and 8-16% Acarinina. The samples Td34 

to Td41 are barren of foraminifera. Only the top two samples of interval Td37-

Td43 yielded foraminifera, an assemblage composed of 37-41 % Subbotina. 28-

30% Morozovella and 18-20% Acarinina. The interval Td43-Td50 contains 37-

56% Subbotina. 14-43% Morozovella and 13-29% Acarinina. 

The assemblage of benthonic foraminifera comprised 5 agglutinated 

species and 18 calacareous hyaline species (Warraich, 2000). The agglutinated 

species are Ammodiscus turiainatus, Gaudryina sp. cf. G. laevigata, Gaudryina 

pyramidata, Spiroplectamlna plummerae and Tritaxia globulifera (Warraich, 

2000). The calcareous hyaline species are Bulimina impendens, BuHmina 
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midwayensis, Cibicidoides alleni, Cibicidoides hyphalus, Cibicidoides 

pseudopeducida, Corphostoma midwayensis. Dentallna spp., 

Anglulogavelinella avnimelechi, Gloobcassidutina globosa, Gyroidnoides 

globosus, Hanzawala ammophila, Lenticulina rotulata, Nodosaria catenula, 

Oridorsalis plummerae. Osangularia plummerae, Praebulimina quadrata, 

Silosotmella subspinosa and Thtaria herberii (Warraich, 2000). The benthonic 

foraminifera encountered in this study are represented in Plate 5.4 and their 

distribution is given in Figure 5.9. 

The extremely high p-ratio in interval Td43-Td50, combined with an 

overall reduced number of benthonic foraminifera (only 14 species as reported 

by Warraich (2000)), is either a strong indication that bottom stress; e.g., low O2 

may have played a role in detemnining the primary foraminiferal composition or 

represent typical bathyal depositional setting. A distinctly opposite trend in 

Shannon-Weaver diversity and dominance, as detennined by Warraich (2000), 

displays an ecological stress in the surface water. 

The habitat of Morozovella and Acannina species is the surface mixed 

layer and they are indicative of warmer surface water compared to the deep 

dwellers such as Subbotlna which have a habitat around the thermociine or 

even deeper (Shackletonetal., 1985; Lu & Keller, 1993; 1995; Canudoetal., 

1995). Therefore, based on the relative abundance of planktonic foraminifera 

species data of Warraich (2000), some indications of temperature changes or 

water-mass stratification can be obtained. For example, according to Warraich 

(2000) the high relative abundance of subbotinids and low relative abundance 

of morozovellids and Acannina prior to the Benthic Foraminiferal Extinction 

Event (BFEE) from the Rakhi Nala section, indicate that the surface water was 

not yet invaded by warmer waters. After the BFEE, morozovellids and 
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acarlninids show an increase in their relative abundance values as warmer 

water conditions favourable for them prevailed whereas, the relative abundance 

of cool water subbotinids and globanomalinids decreased (Warraich, 2000). 

However, no clear interpretation of surface water temperature can be drawn 

from the relative abundance of planktonic foraminiferal species obsen/ed in the 

present study (Fig. 5.6 & Table-1 in Appendix 1). 

The benthonic foraminiferat assemblages from the lower Paleocene 

Velasco Shale Formation, Mexico was named as the Velasco-type fauna (VF) 

by Berggren & Aubert (1975). The foraminiferal content from this Formation was 

previously studied by Cushman (1925, 1926) and White (1928, 1929). Many VF 

species were cosmopolitan and range from the Campanian or Maastrichtian 

upwards into the Paleocene (Tjalsma & Lohmann, 1983). The benthonic 

foraminiferal assemblages observed in the lower Paleocene Midway Formation, 

Texas was named as the Midway-type fauna (MF). The MF and VF are 

described as two extremes of a range of different assemblages. The VF 

represent bathyal and abyssal deposits, white the MF represent neritic deposits 

(e.g., Brotzen, 1948; LeRoy, 1953; Aubert & Berggren, 1976; Salajetal., 1976; 

Luger, 1985; Speijer, 1994). The MF species may occur In bathyal and abyssal 

deposits (Tjalsma & Lohmann, 1983; Van Morkhoven etal.. 1986). Most VF 

species never occur in neritic deposits. Indicating that these species have 

bathyal upper depth limits (Van Morkhoven et al., 1986) (Fig. 5.7). The 

paleobathymetric ranges of the observed species and high p-ratio indicate that 

the minimum depth of deposition across the Paleocene/Eocene transition 

should have been not less than 200m (uppermost bathyal), because of the 

occun-ence of VF species such as Angulogavelinella avnimelechi and 

Gyroidinoides globosus. The presence of MF species such as Coryphostoma 
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midwayensis {Wan'acih, 2000) and Loxostomoides applinae (Warracih, 2000) 

are indicative of much shallower depths up to middle neritic (about 30 m) but 

Coryphostoma midwayensis may also be found in bathyal and abyssal deposits 

(Tjalsma & Lohmann, 1983; Van Morkhoven et al., 1986). Similarly, 

Loxostomoides applinae may occur at bathyal depths as indicated in Figure 5.7. 

The presence of Nutallides tmempyl (Warraich, 2000) and the absence of any 

depth-detennining MP species later in Zone P7 of Warraich (2000) indicate a 

much deeper (>500 m) environment of deposition (Fig. 5.8). 

The occurrence of VF type benthonic foraminiferal species represents 

bathyal depositional setting for the Paleocene/Eocene interval of the Rakhi Nala. 

Therefore, the high p-ratio (>90%) may have been less affected or unaffected 

by any preferential dissolution and reflects a p-ratio of a typical bathyal setting. 

The benthonic foraminifera occur in low abundance in this bathyal setting and 

therefore, can only be used to interpret the depth of deposition. The highest 

occurrence of Gavelinetia beccariiformis and Angulogavelinella avnimelechi 

coincides with the Paleocene/Eocene boundary (e.g., Speijer, 1995; Speijer et 

al., 1996). The extinction of Gavelinella beccaniformis I Angulogavelinella 

avnimelechi and associated species represents the Benthonic Foraminiferal 

Extinction Event (BFEE) worldwide, and the top boundary of the latest 

Paleocene smaller benthonic foraminiferal zone BB1 of Berggren & Miller 

(1989). The BFEE coincides with the onset of the PETM/CIE and the 

Paleocene/Eocene boundary worldwide (Kennett & Stott., 1991; Thomas, 1998; 

Aubry & Ouda, 2003). Therefore, the occurrence of >4. avn/me/ech; prior to the 

onset of the CIE represents BB1, and its highest occurrence may also be used 

to infer the position of the BFEE, and to place the Paleocene/Eocene boundary 
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(i.e. the boundary between BB1/BB2 of Berggren & Miller, 1989) in the Rakhi 

Nala section. 

5.9. Conclusions 

Four of the dinocyst zones (Pak-DIVto Pak-DVII) of Kothe et al. (1988), 

established in the Indus Basin, are recognized in the Dungan Fonnation that is 

exposed in the Rakhi Nala section, eastern Suleiman Range. Based on these 

zones, the Dungan Formation (top) is correlated with the Patala Formation (part) 

of the Salt Range and the Surghar Range (Upper Indus Basin). The dinocyst 

assemblages indicate open marine (upper bathyal as inferred from benthic 

foraminifera and high p-ratio) conditions and a continuous terrestrial supply. A 

warm and humid climate can be proposed for the adjacent land areas. The 

Apectodlnium acme in zone Pak-DV reflects a world-wide high sea surface 

temperatures reflecting the Paleocene Eocene Themnal Maximum (PETM). This 

acme in the distribution o^ Apectodinium is recognised globally. 
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Plate 5.1: (A, B, L)-Apectodinium homomorphum, sample # and England 

Finder coordinates {A-Td42 (2), B-Td42 (2)-J38-1, L-Td35 (1)-V36-3); (E, J, K)-

Apectodinium hyperacanthum, {E-Td40 {1)-C54, J-Td36 (2)-S51-1, K-Td41 (1)-

b39-2); (I, M, U)-Apectodlnium paniculatum. (I-Td37 (2)-S44-4), M-Td35 (1)-

X50-3, N-Td39 (1)-g38-3); (C. D, F, G, H)-Apectodinium quinqelatum, (C-Td38 

(1)-m34, D-Td36 {2)-T49-3. F-Td37 (2)-g42-1, G-Td38 (1)-w41-1, H-Td37 (2)-

P44-2); (Q)-Apectodinium sp.. {Q-Td37(2)-Y48-Z48); (P, R)-Deflandreaspp. cf. 

D. phosphoritica (P-Td35 (1)-m 37, R-Td36 {2)-E46-1); {OyWetzeliella astra, 

(0-Td42 (2)-H25-3) 

171 



Plate 5.2 
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50 îm 

IDDljm iO)aii 10t*ri 

IDjan lOjjm IDpm lOpm 

lOfjrr lO^m 
5 0 ^ 

172 



Plate 5.2: (A, fA)-Achomosphaera spp. cf. A. ramulifera sample # and england 

finder coordinate, (A-(Td30 (1)-053-1), M-Td32 (1)-V45-3); {B, E, F, H)-Diphyes 

spp. cf. colligemm. (B-Td36 (2)-V44. E-Td33 {1)-d35-3, F-Td37 {2)-J40-4, H-

Td33 (1)-Q48-1); (C, D)-Adnatosphaeridlum sp. cf. A. multispinosum. (C-Td37 

(2)-K43-3, D-Td38 (1)-Q32-3); (G, L)-Hystnchosphaendium spp.. (G-Td35 (1)-

M35-3, L-Td36 (2)-V55); {N)~Homotnblyium sp. cf. H. tenuispinosum, (N-Td35 

(1)-Q44-4); i\)-Cordosphaendium sp. cf. C. exllimumm. (1-Td36 (2)-N47-3); (J)-

Operculodinium sp., (J-Td33 (1)-Y34); {K)-Minisphaehdium sp. cf. M. latihctum, 

(K-Td36 (2)-047-3); {0)-Hystnchokolpoma sp. cf. H. manipulatum, (O-Td-32 

{1)-U53). 

173 



Plate 5.3 
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Plate 5.3: {A)-Spinifehtes sp., (A-Td30 (1)-W50-2); (B, D)-Thalasslphora spp. cf. 

7. pelagica. (B-Td35 (1)-N39. D-Td35 (1)-N39 (4)); {CyHomotryblium sp. cf. H. 

tenuispinosum. (C-Td35(1)-N41-4): {ByPolysphaen'dium sp., (E-Td36 (2)-P47-

1); (K)-Acritarch, (K-Td-38(1)-V39-1); {F)-Hystrichosphaera sp. cf. H. ramose, 

(F-Td-33 (1)-U41); {G)-Muratodinium sp., (G-Td-33 (1)-V35-3); (N)-

Minisphaeridlum sp. cf. M. latirictum, (N-Td-37{2)-T45-2); (O)-

Amphorosphaeridlum sp., (O-Td-36 (2)-l46-4); {fA)-Hystrichokolpoma sp. cf. H. 

unispinum, (M-Td-30 (1)-E55-4); (H, \)-Adnatosphaehdium spp. cf. A. 

multispinosum. (H-Td-35 (1)-N39, l-Td-36 (2)-M56-3); {J)-Hystrichokolpoma sp. 

cf. H. manipulatum. {J-Td-38 {1)-U31-4); {L)-Glaphyrocysta sp. cf, 6. retiintexta, 

(L-Td-41(1)-S45-1): {PyPolysphaeridium sp., (P-Td-30 {1)-V53-3). 
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Plate 5.4 

Benthonic foraminifera from the P/E boundary interval, Dungan Fomiation, 

Rakhi Nala, Sulaiman Range. Lower Indus Basin. A. C, E, G, H, J, K, O, P, R, 

T, U, V, W, X, Y, A1, B1, CI , D1, FI (Scale bar= 10Opm), B, D, M, S, Z (Scale 

bar= 200Mm), F. I, N, Q, E (Scale bar= 50pm). 

(A)- Lenticulina sp., sample # (Td-30), (C)- Cibicidoides sp., sample # (C-Td-30), 

(E)-Lenticulina sp., (E-Td^8), (B, D)- Gaudryinasp-, (B-Td^3, D-Td-30), (G)-

Angulogavetinella avnimelechi, (G-Td-32), (H)- Anomalinoids sp. cf. A. acutus 

(Plummer), (H-Td-44), (I)- Lagena sp. cf. L sulcata (Walker & Jacob), (l-Td-32), 

(J, M, B1)- Guembelina sp. cf. G. globulosa (Ehrenberg), (J-Td-32, M-Td-33. 

B1-Td-47), (K)- Gaudrylna sp. cf. G. africana (LeRoy). (K-Td-32), (L)-

Marssonella sp., (L-Td-33). (N)- Gyroidinoides globosus, (N-Td-33), (F, R)-

Gyroidinoides sp. cf. G. octocameratus (Cushman & Hanna), (F-Td-32. R-Td-

33), (O)- Ostracod sp., (O-Td-33), (P)- A/odosaria fragment, (P-Td^2), (Q)-

Gyroidinoides globosus. (Q-Td-33), (S)- Ramulina sp.. (S-Td-42), (T)-

Cibicidoides sp.. (T-Td-42). (U)- Nodosaria sp., (U-Td-42), (V)-

Angulogavellnella avnimelechi, (Td-42), (W)- Gyroidinoides sp., (Td-42), (X, Y, 

Ciy Anomalinoids sp. cf. A. wbiginosus, (X-Td-42. Y-Td-42, C1-Td-47). (E1)-

Cibicldoldes sp., (Td-50), (Z)- Nodosaria sp., (Z-Td-44), {A^)-Gaudryina sp., 

(Cushman), (A1-Td-44). (D1)- Angulogavelinella sp , (D1-Td-47), (F1)-

Cibicidoldes sp.. (F1-Td-50). 
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Chapter 6: Paleocene-Eocene carbon isotope excursion in organic carbon 

from Indus Basin, Pakistan. 

6.1. Introduction 

At the boundary between the Paleocene and Eocene epochs about 55 million 

years ago, the Earth experienced a strong global warming event. This is widely 

known as the Paleocene Eocene Thermal Maximum, PETM (Kennett & Stott, 

1991; Kochetal., 1992; Norris & Rohl, 1999; Zachos etal., 2001). The PETM 

corresponds to one of the wannest periods of the whole Phanerozoic, with the 

exception of the mid-Late Cretaceous (e.g., Zachos etal., 2001). Evidence for 

the warming is seen in the following: 

• In the organic surface ocean paleothermometer TEXSB (Sluijs et al,, 

2007b); 

• A negative oxygen isotope (5^^0) excursion in marine environments 

(Kennett & Stott, 1991; Thomas et al., 2002); 

• A positive oxygen isotope excursion in terrestrial carbonates (Koch et al., 

1995); 

• Increased Mg/Ca ratios in planktonic and benthonic foramin'ifera (Zachos 

et al., 2003; Tripati & Elderfield, 2005); 

• Poleward migrations of (sub)tropical marine plankton (Kelly et al., 1996; 

Crouch etal., 2001); and 

• Terrestrial plant species (Wing et al,, 2005) and mammal migrations 

across high northern latitudes (Bowen et al., 2002). 

The PETM shows a temperature increase of 4°C to 8°C and corresponds to a 

prominent negative 2-5%o to 4.0%Q carbon isotopic excursion (CIE) as recorded 

in marine carbonates (Kennett & Stott, 1991; Bains etal., 1999; Thomas etal., 
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2002; Zachos et al., 2003; Tripati & Elderfield, 2005). Several estimates for the 

duration of the CIE have been proposed. Detailed earlier studies of the CIE, 

suggest that 5^̂ C steps down within 20 kyrs and returns in a roughly logarithmic 

pattern to near initial values over -220 kyrs (e.g., Norris & Rohl, 1999; Rohl et 

al., 2000). However, relatively recent studies have estimated a duration of 

-lOOkyr for the main body of the CIE (e.g.. Farley & Eltgroth, 2003; Rohl et al., 

2007; Aziz et al., 2008; Giusberti et al.. 2008). 

Numerous events in both the marine and terrestrial realms are, somehow, 

associated with intense warming and excess carbon at the PETM. 

These events are; 

• Relocation of the sources of oceanic deep waters (e.g., Kennett & Stott. 

1991; Nunes & Norris, 2006); 

• A decrease in the thermal gradients between pole/equator and surface 

water/bottom water (e.g., Kennett & Stott, 1991); and 

• An acidification of ocean waters {Kennett & Stott, 1991; Thomas, 1998; 

Wingetal., 2005; Zachos etal., 2005; Zeebeetal., 2008). 

Biotic changes include; 

• The well-documented benthonic foraminiferal extinction event BFEE 

(Thomas, 1990a. b; Kennett & Stott, 1991). The simple diversity of 

benthonic foraminiferal assemblages (> 150pm) averaged -55-60 species 

or higher before the extinction event (Thomas, 1990a, b). Benthonic 

foraminifera (>150pm) became uncommon to rare (as low as -30 

specimen per sample) during the extinction event (Kennett & Stott, 1991). 

These large changes in the taxonomic composition and the pattern of 

decreasing diversity observed by Thomas (1990a, b) were defined as the 

extinction event. Assemblages containing abundant benthonic 
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foraminifera include a wide range of morphotypes inferred to be of both 

infaunal and epifaunal habitat, including trochospiral and other coiled 

fomis (Corliss & Chen, 1988; Thomas, 1990a, b). Many distinctive taxa 

such as Gavelinella beccariiformis and Neoflabelllna sp. disappeared 

early and rapidly (<1.5 kyr) during the isotopic shift marking the extinction 

event (Kennett & Stott, 1991). Most trochospirai forms such as N. 

truempyi had disappeared by the mid-point of the shift (Kennett & Stott, 

1991). The interval immediately following the isotope shift is marked by 

low diversities and abundances of benthonic foraminifera (>150pm 

fraction) (Kennett & Stott, 1991). Coiled forms are almost completely 

absent, leaving an assemblage dominated by relatively small and thin-

walled unisehal, triserial and other forms typical of an infaunal habitat 

(Corliss & Chen, 1988; Thomas. 1990a, b). The diversity of benthonic 

foraminiferal assemblages (>150pm) increased thereafter to an average 

of-30 species (>150pm). This increase, in part, resulted from the re

appearance of forms previously present (Thomas, 1990a, b; Kennett & 

Stott. 1991) ; 

• Ostracods decreased markedly in diversity and abundance during the 

shift, leaving a rare assemblage composed almost exclusively of small, 

smooth, thin-walled forms (Kennett & Stott, 1991); 

• A turnover of the terrestrial mammal faunas is known as the Mammalian 

Dispersal Event, MDE (Smith. 2000; Glngerich, 2001; Ting et al., 2003; 

Smith et al., 2006). On land, several events occurred (Clyde & Gingerlch, 

1998). Some animals that were characteristic of Paleocene faunas, such 

as the crocodile-like reptile Champsosaurus and the pro-primate 

mammal Plesiadapis. became extinct, whereas others, such as the 
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Artiodactyla (e.g. deer), Perissodactyla (e.g. horses) and Primate taxa 

appeared for the first time {Gingerich, 1989); 

• Acme in the planktonic foraminiferal genus Acarinina (Arenillas & Molina, 

1996; Kelly et al., 1998), with the dominance of Morozovella and the 

absence of Subbotina during the excursion (Petrizzo, 2007); and 

• The acme of the dinoflagellate Apectodinlum (Crouch et al., 2001). 

Possible triggering mechanisms for this event include the crossing of a 

threshold temperature as the Earth warmed gradually (Dickens et al., 1995; 

Thomas & Schackleton, 1996), cometary impact (Kent etal., 2003; Cramer & 

Kent, 2005) or explosive volcanism(Bralower etal., 1997; Schmitzetal., 2004). 

A mechanism involving orbital forcing has been excluded (Cramer et al.. 2003). 

Whatever the mechanism, the magnitude, shape, and global nature of the CIE 

indicates a massive injection of ^^C-depleted carbon into the ocean-atmosphere 

system followed by sequestering of excess carbon into carbonate and organic 

matter (Dickens, 2000). While several hypotheses have been proposed for the 

source responsible for the CIE, the dissociation of seafloor clathrate deposits is 

now the most widely accepted source for the sudden release of substantial 

quantities of isotopicaly light methane (originally proposed by Dickens et al., 

1995, 1997). 

Mechanisms for the release of the clathrate deposits include, among 

others, changes in ocean circulation patterns (Nunes & Norris, 2006), a fall in 

sea level due to up-doming in the North Atlantic Ocean (MacLennan & Jones 

2006), a cometary impact (Kent et al., 2003; Cramer & Kent, 2005) and slope 

failures off the east coast of North America (Katz et al., 2001). In order to 

explain the CIE, other mechanisms have also been proposed. These include 

the burning of vast quantities of peaf and coal (Kurtz et al., 2003), oxidation of 
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organic matter due to uplift of epicontinental seas (Higgins & Schrag, 2006), 

release of thermogenic methane (Svensen et a!-. 2004) and intense flood basalt 

magmatism (Storey et al., 2007). Most of these mechanisms have been 

proposed in isolation to one another, although, most probably a combination of 

these different mechanisms may have been responsible for the onset of the CIE 

(Zachosetal., 2008). 

Earlier studies carried out on the Dungan Formation, Rakhi Nala section, 

Indus Basin, focused on biostratigraphy and this provides a framevi/ork for the 

present study (Lattf, 1961, 1964; Samanta, 1973; Warraich & Natori, 1997; 

Warraich et al., 2000). This chapter presents carbon isotopic data from organic 

matter (5'"'C) both in total organic carbon and in total fine fraction organic 

carbon (<63pm - predominantly representing marine dinoflagellates) of the 

Paleocene/Eocene boundary interval, Dungan Formation, Indus Basin, for the 

first time. The isotopic data from the Rakhi Nala succession are compared with 

other Tethyan and global sites. 

6.2. Material and Methods 

Isotopic analysis has been carried out on 20 samples across the P/E boundary 

selected from the 63 samples collected from the top Dungan Formation, Rakhi 

Nala section (Fig. 6.1). A relatively higher resolution (<25cm sample intervals) 

was used for the 5m thick interval across the P/E boundary {Morozovella 

velascoensis Zone of Warraich et al., 2000). A foraminiferal barren and 

carbonate-poor claystone horizon (Fig. 6.2A) about -170cm thick is described 

for the first time from the Rakhi Nala section. A similar barren interval 

associated with the PETM has already been reported from other Tethyan sites 

(e.g., Kalia & Kinsto, 2006). Clay or low-carbonate layers coincident with the 
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PETM have also been identified in several deep sea cores and land-based 

marine sections (e.g., Bralowfer et al., 1997; Thomas, 1998; Thomas et al., 

1999). However, Zachos et al. (2005) attributed this layer to the consequence of 

the rapid shoaling of the Carbonate Compensation Depth (CCD). The intervals 

below, and above, this barren horizon yield abundant planktonic foraminifera 

but these appear to be highly recrystallized and isotopic analysis would have 

been extremely unreliable if carried out on such material. For example, isotopic 

analysis on bulk carbonate and fine fraction carbonate was carried out but failed 

to yield any significant signal as a result of being diagenetically altered (see 

Appendix 3). 

The methods and instrumentation for isotopic, carbonate content and 

dinoflagellate cyst analyses are given in the chapter on methodology (Chapter-

2). Moreover, the presence of a laminated interval, well preserved 

palynomorphs and a substantial organic matter concentration (TOC= >1%) 

outside the laminated interval indicates that no severe organic degradation 

occurred (Table 6.1). 

6.3. Results 

6.3.1. Biostratigraphy 

The planktonic foraminiferal biostratigraphy across the P/E boundary interval 

of the Rakhi Nala section is based on the zonation by Berggren & Pearson 

(2005), The base of the Zone P5 is characterized by the same criteria as that 

for the base of the Zone P5 of Warraich et al. (2000); i.e., highest occurrence 

(HO) of Globanomalina pseudomenardii. The lowest occurrence (LO) of PFET 

(Planktonic Foraminiferal Excursion Taxa) in Tethys coincides with the BFEE 

(Benthonic Foraminiferal Extinction Event), the negative carbon shift and the 
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planktonic foraminiferal diversification that characterizes the P-E climatic event 

(Pardo et al., 1999). The base of the El Zone is marked by the LO of PFET as 

reported by Kalia & Kinsto (2006) from immediately above the barren interval. 

As the PFET is not observed in the Rakhi Nala section, the placement of the 

base of E l Zone (i.e., the Paleocene/Eocene boundary) is here based on the 

start of the 5^̂ C excursion (this study) and the BFEE (Warraich et al.. 2000). 

The LO of Pseudohastingehna wllcoxensis marks the base of Zone E2. P. 

wilcoxensis first appears during or just after the PETM, but it is very difficult to 

distinguish it from the precursor Globanomallna luxorensis which is abundant in 

Lower Eocene Tethyan deposits (Speijer & Samir, 1997; Scheibner & Speijer, 

2009). As a result of the sporadic occurrence of P.wilcoxensis or G. luxorensis, 

and due to the loss of morphological features because of diagenetic alteration, it 

is difficult to differentiate between the two species. The top of Zone El and the 

base of the overlying Zone E2 are, therefore, difficult to identify. Zone E3 was 

not observed, either due to truncation by erosion or because of non-deposition. 

The upper contact of the Dungan Fonnation with the overtying Shaheed Ghat 

Formation is unconformable (Warraich et al,, 2000). The absence of the Zone 

P6 (the lower part is equivalent to E3) of Berggren et al. (1995) is also reported 

in previous studies (e.g., Warraich & Ogasawara, 2001). This evidence 

suggests an unconformity at the time of Zone E3 in the Rakhi Nala section. 

6.3.2. Stable Isotopes 

The co-variance of carbon and oxygen isotopes may be linked through 

palaeoceanographic cause and effect. However, stratigraphic sample-by-

sample covariance of 5^^C and 5^^0 can often indicate the presence of 

diagenetic alteration due to recrystallization of carbonate in the presence of 
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Fig. 6 .1: The columnar section of the uppermost 140m of the Dungan 

Formation in the Rakhi Nala section, Sulaiman Range, Indus Basin (Pakistan). 

185 



Siltstone Claystone Black 
shale 

Calcite layer Gtauconltic sandy siltstone 

g 

* Auedodlnlum (%) 

• Crouch et al., 2003 
'IJass River, SM^ ^ al., 2007b 

* Wilson Lake, Sluljs al al,. 2007b 

Apectodinium {%) 

Fig. 6.2A: Lithological, stable isotope and Apectodinium data from the Rakhi Nala section and its comparison with other 

global sections. The area between red dotted lines indicates the onset of CIE in the Rakhi Nala, section, Sutaiman Range, 

Indus Basin (Pakistan). Curves have been correlated on the basis of the stable isotope data. 
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meteoric water (which is depleted in ^^O) and which is carrying ^̂ C derived from 

organic matter (Corfield et al., 1991). The shallow water depositional 

environments are relatively more susceptible to diagenetic alteration and, 

therefore, a high correlation coefficient between 5^^C and B''^0 may be 

achieved. Bolle et al. (2000), based on excellent correlation (R^=0.94) from 

Uzbekistan, reported that the primary stable isotope signal could be partly 

altered during early diagenesis. The Rakhi Nala section, although a relatively 

deeper marine depositional environment, shows some correlation (R^= 0.50) 

between B̂ ^C and 5^^0 for the fine fraction carbonate {<63pm) isotope data 

(Fig. 6.4). 

The stratigraphical logs and Q^^CTOC and 5^̂ C FF (total fine fraction 

organic carbon) curves for the Rakhi Nala section are shown in Figure 

6.2A.The reliability of the B^^CTOC values depends upon the organic compounds 

in the sediment being well mixed as, in such cases, an averaged 5^^CTOC signal 

reliably close to the original one can be obtained (Magioncalda et al., 2004). 

However, the isotopic signal from the bulk organic carbon values may be biased 

by factors such as organic matter degradation, bacterial growth, input of 

allochtonous material, selective preservation and the effect of Rayleigh 

distillation with depth (Lehmann et al., 2002; Wynn et al., 2005; Smith et al., 

2007). The effect of some of these factors cannot be ruled out and, therefore, 

the isotopic signal from the bulk organic carbon combined with other proxies 

(e.g., soil nodule carbonate, marine carbonate, biogenic apatite) may serve as a 

good preservation indicator for the type of material (Jahren et al., 2001; 

Hasegawa etal., 2003; Magioncalda et al., 2004). The isotopic analysis on the 

carbonate fraction failed to yield any significant isotopic signal. The isotopic 

data on the total organic carbon and total fine-fraction organics are, therefore, 

188 



presented here. It can be noted that samples Td41 and Td 46 show high C/Njoc 

value but the overall effect of terrestrial organic input is not very prominent on 

the isotopic signals, particularly on S^^CFF (see Figure 6.3). 

In the Rakhi Nala section the maximum 5^^CTOC is -22.2%o with a 

minimum value of -28.9%o, while the maximum B^^CFF is -25.0%o with a 

minimum value of-27.4%o- No significant correlation exists between the organic 

carbon content (%) and the fi'^C (%oVPDB) of the samples (i.e.. Pre- CIE; 

R^=0.17TOC. R^=0.14FF, CIE; R^=0.02TOC. R^=0,31FF). This lack of correlation 

suggests that the isotope values are not influenced by the amount of organic 

carbon preserved in the sediments (Fig. 6.5A & 6.5B). 

Both the bulk organic and fine-fraction organic isotopic signals show the 

CIE episode (Fig. 6.2A & 6.2B). The onset of the CIE occurs immediately 

above the carbonate-poor, foraminiferal barren interval. The onset of the CIE in 

the bulk organic (6^'^CTOC= -28.9%D) occurs at Td-43 while in the fine fraction 

organic the CIE (5^^C FF= -25.7%D) begins slightly earlier at Td41. The most 

negative 5^^CTCX: and B^̂ C FF values reach -28.9%o and -27.4%o respectively. 

The pre-CIE S^^CTOC and 5^^C FF values are -25.0%o and -25.0%o respectively, 

while the averaged CIE B^^CTOC and 6^^C FF values are -27.4%o and -26.0%o 

respectively. It should also be noted that a negative 6 '^CTOC and B^̂ C FF peak (< 

-26.0%o) also occurs at Td-31 and Td-33 respectively before the full onset of the 

CIE. Finally, a recovery trend towards the pre-excurslon isotopic signal (Td-50= 

-25.4%o) is seen in only the B^^CFF- A full recovery cannot be observed as a 

result of an incomplete section either because of truncation by erosion or 

perhaps non-deposition. 
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Fig. 6.3: Showing C/N data plotted against isotopic trends. TOC= Total organic 

carbon, FF= Fine fraction organic. The area between red dotted lines indicate 

onset of the Carbon Isotopic Excursion (CIE). 
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fine fraction carbonate (<63pm) in the Rakhi Nala section, Pakistan. 
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CO 

Rakhi Nala section 

Sample 

Td-50 
Td-49 
Td-48 
Td-47 
Td-46 
Td-45 
Td-44 
Td-43 
Td-42 
Td-41 
Td-40 
Td-39 
Td-38 
Td-37 
Td-36 
Td-35 
Td-34 
Td-33 
Td-32 
Td-31 
Td-30 

Lithology 

Shale 
Shale 
Shale 
Shale 
Mud stone 
Shale 
Shale 
Shale 
Shale 
Shale 
Shale 
Shale 
Shale 
Shale 
Shale 
Shale 
Mudstone 
Shale 
Shale 
Mudstone 
Shale 

Colour 

Greenish grey 
Greenish grey 
Greenish grey 
Greenish grey 
Greenish grey 
Greenish grey 
Blackish grey 
Black 
Greenish grey 
Greenish grey 
Greenish grey 
Black 
Black 
Brownish black 
Black 
Black 
Black 
Blackish grey 
Blackish grey 
Blackish grey 
Blackish grey 

TOC (%) 

0.33 
0.48 
1.63 
0,41 
0.46 
2.14 
0.86 
5.59 
0.52 
0.54 
0.40 
0.44 
0.41 
0.41 
0,51 
0.41 
0.56 
0.47 
0.43 

Carbonate 
(wt %) 

4,0 
13,5 
3.4 
3.8 
17,8 
7.1 

46.5 
4.4 
4,5 
3.4 
3.7 
3.4 
3,4 
4,2 
3,4 
4.7 

3,9 
3,6 

Apectodinium (%) 

1.2 
0.8 

Not processed 
Not processed 

0 
1,2 

Not processed 
17,7 
19,6 
3.1 

29.5 
13.9 
32.5 
25,7 
18.6 
18 

Not processed 
13.5 
3.4 

Not processed 
3.2 

** ^ t i n e fraction 

(%o VPDB) 
-25.4 
-26.4 
-25.3 
-25.7 
-27.4 
-26.3 
-26.7 
-27.2 
-26.4 
-26.7 
-25.3 
-25.3 
-25.3 
-25.4 
-25.0 
-25.8 
-26.1 
-26.2 
-25.6 
-25.4 
-25.5 

6 Cjoc 
(%o VPDB) 

-26.7 
-26.8 
-28.3 
-26.8 
-26.6 
-28.9 
-23.5 
-24.8 
-25.5 
-25.8 
-25.2 
-25.5 
-25.1 
-25.6 
-25.6 
-25.1 
-22,2 
-26,1 
-25,1 

Table 6.1: Sample numbers, lithology, colour, TOC (%), Carbonate (%), Apectodinium {%) and stable isotope results 

from Rakhi Nala section; bold values show the Carbon Isotopic Excursion (CIE), 



6.3.3. Apectodinium 

The percentage of the dinoflagellate Apectodinium increases up the section from 

3.2% (Td-30) to 13.5% (Td-33) and reaches to the peak percentage of 32.5% (Td-38) 

and then shows a decreasing trend from Td-39 to Td50. Although some samples 

show high absolute percentages (e.g., Td-40 (29.5%), Td-42(19.6%) and Td-43 

(17.7%)) there is still a declining trend upwards (Fig. 6.2A). 

6.3.4. Carbonate 

The P/E boundary interval is poor in carbonate content with an average value of 

-11.0%. The claystone interval (foraminiferal barren) shows the lowest carbonate 

content with an average percentage of 4.0 with a minimum of 2.1% (Td-36) and a 

maximum of 8.4% (Td-40). The pre- and post- claystone intervals are relatively high 

in carbonate content with average values of-11.7% and -17.0% respectively (Table 

6.1). 

6.4. Discussion 

6.4.1. Comparison with previous studies 

Minimum S'̂ Corgamc values from the Rakhi Nala section (5^^CTOC = -28.9%o, B''^CFF = -

27,4%o) are similar to those reported by Crouch etal., 2003 (-29.4%D), Schmitzet al,. 

2004 (-27.5%o) and Sluijs et al., 2007b (Bass River = -28.8%o, Wilson Lake = -27.8%o) 

but slightly more positive than those reported by Bolle et al., 2000 (Aktumsuk, 

Uzbekistan = -30.4%o) and Sluijs et al., 2007b (North sea = -32.1%o), 

A tentative comparison based upon the start of the CIE between the S^^CTOC 

and B '̂̂ CFF (total fine fraction organic carbon) curves from the Rakhi Nala section has 

been made with those from Dababiya Quarry, Egypt (Schmitz et al., 2004), Tawanul, 
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New Zealand (Kaihoetai. , 1996; Crouch etal . , 2003), Aktumsuk, Uzbekistan (Bolle 

et al., 2000), Bass River and Wilson Lake, New Jersey, USA, (Sluijs et at., 2007b). 

An early "spike" prior to the full onset of the CIE has been pin-pointed in other studies 

(e.g., Bowenetal . , 2001; Collinsonet al., 2003; Bains etal . , 2003; Domingo etal . , 

2009). According to these earlier studies, such an early "spike" may suggest an 

abrupt thermal event which predates the CIE of the PETM. A gradual trend can be 

seen at the onset of the CIE in the Rakhi Nala section, Pakistan (5^^CFF). Wilson 

Lake, USA, Tawanui. New Zealand. This trend starts with initial values of -25.3%o 

(Td40) at Rakhi Nala, -23.1%o (110.05 depth (m)) at Wilson Lake, -25.2%D (357.3 mbs) 

at Bass River and -27.5%o (f1073) at Tawanui and progresses to around -26.0%ofrom 

Td41 to Td42 at Rakhi Nala and from 109.93 depth (m) to 109.33 depth (m) at Wilson 

Lake, from 357.12mbs to 357.03 mbs at Bass River and to around -29.0%ofrom 

f1074 to f1076 at Tawanui, New Zealand. An abrupt onset of the CIE can be seen in 

Rakhi Nala, Pakistan (B^^Cjoc) from -23.5%o (Td42) to -28.9%o (Td^3) and from -

24.3%o (AMI 3) to -28,6%o (AMU) in Aktumsuk, Uzbekistan and from '24,4%o to -

26.0%o (over 10cm vertical distance across the GSSP horizon) in Dababiya, Egypt. 

All sections show typical 5^^C CIE values with some vahablities: e.g., Rakhi Nala 

(~2.1%o -total fine fraction organic, ~2.3%o -TOC), Wilson Lake (~3.5%o), Tawanui 

(-1.5%o), Bass River (~3.5%o) and Aktumsuk (~1.8%o). 

6.4.2. Environmental precursors to CIE 

The prominent negative CIE of the PETM reflects a massive input of ^^C depleted 

(light) carbon to the ocean-atmosphere system (Dickens et al., 1995). This massive 

injection of light carbon is considered to be responsible for the rapid increase in 

global surface temperatures and environmental change that characterize the 
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climate perturbation (Kennett & Stott, 1991; Zachos et al., 2003; Tripati & 

Elderfield. 2005; Sluijs et al., 2006). One prominent example of biotic change 

associated with the onset of the CIE is recorded along continental margins 

where sediment sequences from all latitudes contain high abundances of 

dinoflagellate cysts belonging to the subtropical genus Apectodinium (Crouch et 

al., 2001; Sluijs et al., 2006; Sluijs et al., 2007a, b). This is known as the 

Apectodinium acme. 

In the Rakhi Nala section the onset of the CIE (B'^CFF) is at Td41. The 

onset of the Apectodinium acme is at Td-33, clearly lying below the CIE. This is 

not an artefact of bioturbation because the CIE is identified at the same level in 

the S'^CFF record, which is predominantly derived from the dinoflageHates 

(dominantly Apectodinium) in this interval (Fig. 6.2A). This early onset of the 

Apectodinium acme has been pin-pointed in a study from the USA and North 

Sea Basin by Sluijs et al. (2007b). This increase in Apectodinium, combined 

with a negative "spike" in S^^Cjoc 3rid B^^CFF and the occurrence of a 

carbonate-poor, foraminiferal barren laminated black shale interval, prior to the 

onset of the CIE, are the earliest signs of anomalous environmental change 

associated with the PETM. Some climate proxy records in earlier studies 

(Thomas et al., 2002; Tripati & Elderfield, 2005) also suggest that the onset of 

warming slightly preceded the CIE. This record from the Rakhi Nala section is 

in agreement with that of Sluijs et al. (2007b), that there is 'warming before the 

CIE' but in this tropical section another factor i.e., nutrient availability is 

considered to be the dominant controlling factor for this palaeoenvironmnetal 

change. According to them, their observation is consistent with the hypothesis 

of Dickens et al. (1995) which states that the thermal dissociation of submarine 

gas hydrates caused the CIE. In order to reconstruct the palaeotemperature, 
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the palaeothennometer proxy analysis i.e., TEXee was carried by Dr Richard 

Pancost at University of Bristol but the analysis failed to yield any useful 

information about warming prior to the CIE in the Rakhi Nala section. According 

to Dr Richard Pancost the material from the Rakhi Nala section (Indus Basin) is 

too mature not only for TEXee but also for n-alkane Isotope analysis. 

6.4.3. 5"C gradient and palaeoceanographic inferences 

Surface Productivity, Eutrophication and Anoxia 

The CIE interval is a period of environmental stress on the Tethyan sea floor 

and water column; i.e., prevailing eutrophic and oxygen depleted conditions. 

The increased trophic conditions and reduced ventilation (02-depletion) is 

probably the result of enhanced surface productivity (Speijer & van der Zwaan, 

1994; Speijer etal., 1996; Speijer et al., 1997; Aiegretet al., 2005). 

There is always a 5^̂ C gradient from the sea surface to the sea floor 

through the water column. This gradient is controlled by the ocean productivity. 

The organic matter is predominantly composed of light carbon ^̂ C and very little 

amount of ^^C. During increased productivity the organic matter sinks to the 

bottom and as a result of the removal of organic carbon surface waters become 

relatively enriched in ^^C. On the sea floor the breakdown of the organic matter 

takes place as a result of oxidation. This breakdown results in the release of 

light carbon and the bottom water is, therefore, depleted in 5^^C- The surface 

waters often show more positive 5^̂ C values then deeper in the water column 

and at the sea floor. The more enhanced the productivity, the more pronounced 

this difference in surface water and deep water 6'^C values becomes {Berger & 

Vincent, 1986). 
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Dinoflagellate cysts Inhabited the surface waters of the oceans, and by 

controlling the source of the coarser organic material as much as possible (by 

using <63pm fraction), we should find the results from the fine fraction organic 

to represent the isotopic composition of these surface waters. 

In the Rakhi Nala section there is a lack of a clear gradient between 

B^^CFF (dominated by surface water component) and S^^Cjoc (representing both 

surface and sea floor components) prior to the onset of the CIE. A gradient 

starts to develop after the full onset of the CIE which indicates an increase in 

surface productivity leading to eutrophic conditions. Such eutrophic conditions 

may lead to anoxia at the bottom and the same can be seen in the Rakhi Nala 

section as is indicated by the increasing TOC (%) values at the same level (Fig. 

6.2A). 

Oceanic circulation 

Young deep waters close to their source of formation are rich in dissolved 

oxygen and depleted with respect to CO2. As a result, they have relatively high 

5^̂ C values (Kroopnick, 1985). As deep waters move away from their source 

areas, they become progressively depleted with respect to 5^̂ C due to the 

oxidation of ^^C-rich organic matter. For instance, modern North Atlantic Deep 

Water (NADW) is approximately 1.0%o enriched in B̂ Ĉ relative to Pacific Deep 

Water (Kroopnick, 1985). Previous palaeoceanographical work on the PETM 

suggests that global wamiing in the earliest Eocene may have contributed to 

large scale changes in deep-ocean circulation (e.g., Kennett & Stott, 1991; 

Nunes & Norris, 2006). 

At the discovery of the PETM, Kennett & Stott (1991) described a change 

in the oceanic circulation from a Southern Ocean source to a Warm Saline 
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Deep Water (WSDW) system and they considered the Tethys to be the site of 

fomiation. They claimed that this change in circulation was a primary cause of 

the BEE (Benthic Extinction Event) and the same cause is also confinned by 

Pak & Miller (1992). Following the pre-existing work on the palaeoceanography 

of the PETM, Nunes & Morris (2006) suggested that before, and after, the CIE 

(PETM) the site of deep water formation was in the Southern Hemisphere. 

During the CIE this site shifted to the Northern Hemisphere. Prior to the work of 

Kennet & Stott (1991), this change in oceanic circulation and consequent 

episodes of extinction were considered to be induced by tectonics (e.g., Rea et 

al.. 1990). However, the following work of Speijer & van der Zwaan (1994) 

linked this change in oceanic circulation to a rapid global warming. Schmitz et al 

(1996) partially agreed with the previously held belief of Kennett & Stott (1991) 

by relating the deep sea benthic extinction to the spreading of warm saline 

bottom water. However, their data indicate that the Egyptian part of the 

southern Tethyan shelf did not supply the world ocean with deep waters during 

the BEE. They did not rule out other Tethyan areas as possible sites for deep 

water production. They also support the hypothesis of Rea et al. (1990) and 

suggested that the changes in ocean circulation may be related to a sudden 

large scale tectonic event affecting an important sill or gateway. Galeotti et al. 

(2004) observed a bathymetric migration of agglutinated foraminifera species 

from outer neritic-bathyal to lower bathyal-abyssal settings and they argued that 

the distribution of modern benthonic foraminifera is controlled by flux rates of 

organic matter, dissolved oxygen concentration in the bottom water and pore 

water temperature. These parameters display a depth dependent gradient. 

Similarly this bathymetric migration during the PETM was caused by 

fluctuations of any one or a combination of these parameters. Their data further 
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support temperature as a predominant controlling factor and they agreed with 

Kennett & Stott (1991) and Kaminski et al. (1996) and attributed the increase in 

temperature to the WSDW formation at this site. 

6.5. Conclusions 

Organic matter enclosed in the sediments from a land section, namely Rakhi 

Nala (Indus Basin, Pakistan), have been analysed wfith the aim of detecting the 

negative CIE associated with the PETM. The onset of the 5^̂ C excursion has 

been pin-pointed immediately above the foraminiferal barren and carbonate-

poor interval of laminated black shale coincident with the Benthonic 

Foraminiferal Extinction Event of Warraich et al. (2000). The complete recovery 

of 6^^C may not be detected due to the presence of an unconformity. Typical 

5'^C excursion values are -28.9%o and -26-4%o in S^^CTOC and S^^CFF 

respectively. The 5^̂ C excursion cannot be detected in the carbonate fraction 

as it is diagenetically altered. 

The peak abundance of Apectodinlum combined with the occurrence of 

foraminiferal barren and carbonate-poor interval of black laminated shale, prior 

to the onset of the 5^̂ C excursion indicate that an environmental change may 

have preceded the 5^̂ C excursion. This is in agreement with the work of Sluijs 

et al. (2007b) but nutrient and/or food availability in already warm tropical 

waters is considered to be the overriding factor for this change. The 

establishment of a 6^^C gradient between the surface and bottom water after 

the onset of the CIE shows increased productivity. 
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Chapter 7: Synthesis 

7.1. Introduction 

In the previous chapters, various aspects of biostratigraphy and 

palaeoenvlronmental changes during the Paleocene-Eocene (P/E) interval 

along the Tethyan margin from the Indus Basin (Pakistan) have been discussed. 

The response of the marine system to the climatic perturbation during the 

Paieocene-Eocene transition is investigated by combined analyses of 

foraminifera, organic-walled dinocysts, stable isotopes and other geochemical 

proxies such as C/N ratio, TOC {%) and carbonate content (%)- To extract a 

robust biostratigraphical and palaeoenvironmental signal and avoid any 

misinterprations, a multiproxy approach is applied in the present study. 

This final chapter attempts to integrate different biostratigraphical 

schemes from shallow to deep water environments and to develop an 

integrated picture of the paiaeoenvironment across the P/E transition from the 

Indus Basin both in a Tethyan and a global context. 

7.2. Chemo- and biostratigraphical calibration of the P/E boundary 

The bio-chronostratigraphical calibration between shallow and open marine 

deposits at a regional and global scale is, generally, a difficult task. The 

organisms living in different depth domains, generally occupy disparate habitats. 

In the past, attempts have been made to inter-calibrate the characteristic fossil 

groups of different depth regimes ( e g , Luterbacher, 1970; Kapellos & Schaub, 

1973; von Hillebrandth, 1975; Bolliet al., 1985; Serra-Kiel et al., 1996). More 

recently Scheibner & Speijer (2009) reported an inter-calibration of larger 

foraminifera to the more widely used pelagic zonation schemes (planktonic 
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foramin'ffera and calcareous nannofossils) across the Paleocene/Eocene 

boundary interval (Fig. 7.1). 

The Global Stratotype Section and Point (GSSP) for the basal Eocene 

has now been established in the Dababiya section in the Nile Valley of Egypt 

(Aubry & Ouda, 2003). The onset of the Carbon Isotope Excursion (CIE) 

associated with the Paleocene Eocene Thermal Maximum (PETM) acts as a 

prime criterion for delineating the Paleocene/Eocene boundary in marine and 

non-marine sequences in sections around the world. In pelagic sediments the 

CIE is placed between the planktonic foraminiferal zones P5 and E1 (Berggren 

& Pearson, 2005) and between calcareous nannofossil subzones NP9a and 

NP9b (Aubry, 1995). Prior to the establishment of the GSSP, this boundary was 

considered to coincide with the boundary between SBZ5 and SBZ6 in shallow 

marine depostis (Serra-Kiel et a!., 1998) (Fig. 7.1). However, later, it was 

observed that an important event called the Larger Foraminiferal Turnover (LFT) 

coincides with the CIE (Orue-Etxebama et al,, 2001; Pujalte et al., 2003 and 

Scheibner et al., 2005). Therefore, using the LFT as a biomarker, the pragmatic 

placement of the P/E boundary between SBZ4 and SBZ5 by Hottinger (1998) in 

the shallow water domain has now been confirmed by Scheibner et al. (2005) 

and Scheibner & Speijer (2009) (Fig. 7.1). 

The Indus Basin contains sections where the interfingering of the shallow 

marine shelf and open marine deposits across the Paleocene/Eocene interval 

(discussed in Chapters-3 & 4) provide an excellent opportunity to establish 

shallow to deep marine correlation. The foraminifera and dinoflagellate cysts 

investigated and reported in the previous chapters, along with those from the 

previous studies, and the stable isotope analysis from this study provides the 

basis for this correlation. 
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7.2.1. Stable isotope stratigraphy 

The CIE is the agreed marker for the placement of the Paleocene/Eocene 

boundary in marine and non-marine sequences worldwide. In this study, 

therefore. 5^̂ C analyses were carried out on different fractions of the same 

samples as mentioned in Chapter-6. The CIE is recognised in both the total 

organic carbon (S^^Cjoc) and also In the total fine fraction organic (5^^CFF, 

representing dominantly marine dinoflagellates). The base of the CIE is 

characterized by a negative 6^^C shift between samples Td41 and Td43 in the 

Rakhi Nala section, Sulaiman Range (Lower Indus Basin), which is followed by 

a further decrease until it reaches its lowest values. This shift marks the onset 

of the CIE and hence the Paleocene/Eocene boundary (Fig. 7.2). The 

Paleocene partof theS^^C curve is characterized by relatively high values. The 

Lower Eocene values are generally lower than the Upper Paleocene values 

(see Table 6.1 in Chapter 6). 

7.2.2. Calcareous nannofossils 

The Paleocene/Eocene boundary is conventionally correlated with the 

NP9/NP10 boundary (Martini. 1971), Aubry et al. (2000) now place it at NP9a/b 

boundary by the simultaneous lowest occurrences (LO's) of several calcareous 

nannofossils taxa: i.e., Rhomboaster calcitrapa. R. spineus, Discoaster araneus 

and D. anartios. According to Dupuis et al. (2003) the lower part of the CIE 

(Paleocene/Eocene boundary) closely correlates with the NP9a/b boundary (Fig. 

7.1). In addition to the above species the highest occurrence (HO) of 

Fasciculithus alanii. which is restricted to NP9a occurs close to the onset of the 

CIE (e.g., Aubry, 1998; von Salis et al., 1998; Galeotti et al., 2000 and Monechi 

etal.,2000). 
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In the Indus Basin Kdthe et al. (1988) applied the zonal scheme of 

Martini (1971) and also reported additional markers. Following Martini, they 

placed the Paleocene/Eocene boundary at the boundary between NP9 and 

NP10. The marker species for the P/E boundary interval (mentioned earlier), 

used by Okada & Bukry (1980). Aubry (1995) and Aubry et al. (2000) in the 

modification and subdivisions of the Martini (1971) zonal scheme, are not 

reported in the earlier studies from the Indus Basin. The absence of these 

species may partly be due to the coarse sampling resolution used in previous 

research or may be due to the carbonate-poor interval across the 

Paleocene/Eocene boundary as observed in the Rakhi Nala section. Therefore, 

the newly available calcareous nannofossil zonal scheme (e.g., Aubry et al., 

2000) cannot be adopted in the Indus Basin for the Paleocene/Eocene 

boundary interval. Further studies on the calcareous nannofossils in the Indus 

Basin may be required to update the calcareous nannofossil zonation. However, 

the Paleocene/Eocene boundary is assumed to be within the NP-9 Zone. 

7.2.3. Dinoflagellates 

A definition for the base of the Eocene using a dinoflagellate cyst zonation by 

way of a nannoplankton correlation was proposed by Costa & Muller (1978) as 

equivalent to the base of the Wetzeliella astra Zone (D6a). However, Harland 

(1979), Morton etal. (1983). Knoxetal. (1983) and Powell (1988) questioned 

this interpretation (i.e., that the base of the W. astra Zone is equivalent to the 

base of the Eocene). They found it difficult, not only to delineate the W. astra 

Zone in southem England, but they were also unable to differentiate the index 

species from Apectodlnium hyperacanthum (e.g., Harland, 1979; Knox et al., 

1983). Following the work of Morton et al. (1983) later investigations on the 
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Rockall Plateau (DSDP, Site 555) show that the base of the W. astra Zone lies 

in an undated sequence between zones NP9 and NP10- In the light of the 

above evidence, the W, astra appearance is a weak candidate for the definition 

of the Paleocene/Eocene boundary. In the Indus Basin, however, Kothe et al. 

(1988) used the first appearance of W. astra to place the Paleocene/Eocene 

boundary coincident with NP9/NP10 boundary. 

Four dinoflagellate zones of the late Paleocene-early Eocene are 

recognized in this study, the details being given in Chapter-5. These zones, in 

ascending order, are; Pak-DIV, Pak-DV, Pak-DVI and Pak-DVll. The lowest 

occurrence (LO) of W. astra is not a very reliable marker for the placement of 

the Paleocene/Eocene boundary, and its LO (i.e., Td42) occurs after the onset 

of the CIE (i.e., Td41) in this study, and therefore, the LO of W. astra cannot be 

used to mark the Paleocene/Eocene boundary (Fig. 7.2). However, the 

calibration of the Paleocene/Eocene boundary with the NP9/NP10 zonal 

boundary or with the NP9a/NP9b subzonal boundary requires further 

investigation. The highest occurrence of Apectodinium augustum is the marker 

for the Paleocene/Eocene boundary in the central North Sea Basin (Powell, 

1988) and it is also considered to be marker specie of the CIE (e.g., Slutjs & 

Brtnkhuis, 2009). This species was not observed in the present study but its 

only occurrence is recorded from the Upper Indus Basin by Edwards (2007). 

The Apectodinium acme is also considered to coincide with the 

Paleocene/Eocene boundary in a number of other studies (e.g.. Boulter & 

Manum, 1989; Bujak & Brinkhuis, 1998; Crouch, 2001; Crouch et al.. 2001; 

N0hr-Hansen, 2003; Steurbaut et al., 2003; Sluijs et al., 2006). The existing 

tropical marine waters and the increased availability of nutrients and/or food 

prior to the CIE in marginal Tethyan basins provided suitable conditions for the 
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Apectodlnium acme. The decrease in Apectodinium during the CIE suggests a 

decrease in nutrient and/or food availability. Therefore, in this study, and some 

other Tethyan and global sections (e.g. Crouch et al., 2003; Sluijs et al., 2007b), 

this acme occurs prior to the CIE and cannot be used to place the 

Paleocene/Eooene boundary. Therefore, the zones Pak-DIV to Pak-DVI (part) 

of the upper Indus Basin belong to the Upper Paleocene and Zone Pak-VI (part) 

and Pak-DVII belong to the Lower Eocene. 

7.2.4. Planktonic foraminifera 

The deep marine deposits present in the Indus Basin generally contain 

abundant planktonic foraminiferal assemblages (up to >90% in, for example, the 

Rakhi Nala section). These assemblages allow the application of the standard 

tropical biozonation of Berggren et al. (1995) and Berggren & Pearson (2005) 

with the limitations discussed in Chapter-4. 

The P5 Zone of Berggren et al. (1995) (the host zone for the 

Paleocene/Eocene boundary) is modified by Berggren & Pearson (2005) into a 

further three zones; P5, El and E2. This new zonal scheme retains the 

P-notation for Paleocene and adopts an E-notation for the Eocene zones. This 

modification of the previous P5 is based on the lowest occurrence (LO) of the 

Planktonic Foraminiferal Excursion Taxa (PFET) marking the P5 and El 

boundary and on the lowest occurrence of Pseudohastingerina wUcoxensis 

marking the El and E2 boundary. However, the top boundary of E2 is the same 

as that of the top boundary of previous P5 Zone. The LO of the PFET is 

coincident with the CIE and its occurrence is restricted to the El Zone. Recently 

the use of the LO of the Acahnina sibaiyaensis as the marker species for the 

base of E1 and the PETM has been questioned and Acarinina multicamerata 
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introduced as a new marker species for the PETM (e.g., Guasti & Speijer, 2008; 

Scheibner & Speijer, 2009). 

The PFET was not obsen/ed in the present or previous studies of the 

Indus Basin, Pakistan. However, the PFET taxa (i.e., Acarinina africana and 

Acarinina sibaiyaensis) are described by Kalia & Kinsto (2006) from the Indian 

part of the Indus Basin (i.e., the eastern extension of Indus Basin to Rajesthan, 

India). They observed the LO of the PFET taxa from just above the barren 

inten/al which is coincident with the onset of the CIE in the Rakhi Nala section. 

Therefore, the base of El (i.e., Paleocene/Eocene boundary) is placed just 

above the barren interval in the Rakhi Nala section based on the Benthonic 

Foraminiferal Extincition Event of Warraich et al. (2000) and the onset of the 

CIE (this study)(Fig. 7.2). The boundary between El and E2 cannot be 

confidently placed in the Rakhi Nala succession as it is difficult to distinguish 

between P. wilcoxensis and G. luxorensis. However, this boundary has been 

identified using the LO of P. wUcoxensis in the upper Indus Basin following the 

work of Afzal (1997). 

7.2.5. Smaller benthonic foraminifera 

Berggren & Miller (1989), using the extinctions of Gavelinella beccariiformis and 

associated deep-sea benthonic taxa, defined a zonal boundary between benthic 

foraminiferal zones BB1 and BB2- This extinction of the deep-sea benthic 

foraminifera has previously been recognized by Beckmann (1960), von 

Hillebrandt (1962), Tjalsma & Lohmann (1983) and Thomas (1998). Zone BB1 

spans the entire Paleocene and is distinguished from BB2 (Lower Eocene) by 

the extinction oi Angulogavelinella avnimelechi, G. beccaniformis and 

Neoflabellina jarvisi. The BB2 taxa are represented by Nuttallides truempyi, 
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Tumllna brevlspira, Bulimina callahani and B. trinitatensis (e.g., Speijer et a!., 

2000). 

In the Indus Basin (Pakistan), in a study by Dr Nomura reported by 

Warraich (2000). G. beccarilformis was not observed but the extinction of other 

Velasco-type species such as A. avnimelechi, Gyroidinoides globosus and 

Clbicidoides hyphalus was reported (Fig. 5.7 in Chapter 5). Similar extinction 

patterns have been reported from other Tethyan sections (e.g., Speijer, 1994; 

Speijer etal., 1995; Speijer & Schmitz, 1998; Dupuis et al., 2003; Alegret et al., 

2005; Ernst et al., 2006). This extinction level of deep sea benthic foraminifera 

coincides with the Paleocene/Eocene boundary (i.e., the onset of the CIE) 

worldwide (Kennett & Stott, 1991; Thomas, 1998). Using this faunal turnover, 

the Paleocene/Eocene boundary can be located in the outer neritic to upper 

bathyal deposits of the Indus Basin such as that typified by the Rakhi Nala 

section (Fig. 7.2). 

7.2.6. Larger benthonic foraminifera 

The larger foraminifera are the most common constituents of the late 

Paleocene-early Eocene carbonate platforms. According to Hottinger (1998), 

the larger foraminifera show a diversification at a specific level (i.e., adult 

dimorphism and large test size within the Paleocene/Eocene transition). The 

Paleocene/Eocene transition represents two out of the five important phases in 

the global community maturation cycle. Phase-2 (late Paleocene) represents an 

increase in generic diversity and Phase-3 (lower Eocene) represents an abrupt 

diversification of different species (Hottinger, 2001). The post K/Pg boundary 

interval time of long term and short term palaeoenvironmental change such as 

increasing oligotrophy and higher sea surface temperature led to the demise of 
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corals in low latitudes and created new niches for many groups including larger 

foraminifera (Scheibner et al.. 2005). Recent observations have shown that this 

evolutionary change, the Larger Foraminiferal Turnover (LFT), correlates with 

the PETM in the deeper parts of the Tethyan basins (e.g., Orue-Etxebarria et al., 

2001; Pujalte et at., 2003). The LFT coincides with the SBZ4-SB25 zonal 

boundary of Scheibner & Speijer (2009). 

The larger foraminifera of the carbonate platform deposits developed in 

the Indus Basin (e.g.. Salt Range (Fig. 7.3), Dungan hill (Fig. 7.4)) have 

previously been studied by Haque (1956). White (1989), Afzal (1997), Sameeni 

(1998) and Shafique (2001): for a full account see Chapter4 (this study). This 

earlier work identified a number of biostratigarphically important taxa of larger 

foraminifera. The characteristic larger foramintfera of the late Paleocene-early 

Eocene (SBZ4 to SBZ5 of Serra-Kiel et al.. 1998) encountered in this and 

previous studies are discussed below. The late appearance of Nummulites in 

the Indus Basin (e.g., in Figures 7.3 & 7.4) has recently been attributed to 

biogeographical barriers between east and west Tethys, these barriers are 

thought to have been caused by the initial stages of India-Asia collision (Afzal et 

al., 2010). 

The Alveolina levis Zone of Hottinger (1960). SBZ4 of Serrai-Kiel et al. 

(1998) and the Alveotlna cucumiformis Zone of Hottinger (1960), SBZ5 Zone of 

Serra-Kiel et al. (1998) in the Indus Basin contain of the following larger 

foraminifera; SBZ4-Miscellanea miscella, M. stampi, Lockhartia spp., L haimei, 

L conditi roeae, Ranikothalla sindensis. R. nuttalli, Rotalia spp., Operculina 

jiwani. Op. subgranulosa, Op. Salsa, Op. sindensis. Op. canalifera, Broekinella 

sp. of. S. arabica, Davieslna sp. aff. D. langhami, "Orbltolina" daviesi. 

Actinosiphon punjabensis, Assilina dandotica, Discocyclina ranikotensis, 
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Fasciolites spp. (including F. vredenburgi), Saudia labyrinthica; SBZ5-

Nummulites spp., Nummulites deserti, N. thalicus. Assllina dandotica, A. 

spinosa, A. prises. A. leymerie, A. granulosa. Alveolina vredenburgi (=AI. 

cucumiforrnis), Miscellanea miscella, M. stampi, Lockhartia spp. L. haimei, 

Ranikothalia sindensis, R. nuttalli, Operculina salsa. Op. subgranulosa, Op. 

jiwani, Opertorbitolites douvitlel, Orbltolites complanatus, Somalina sp., 

Discocycline douvillei, Rotalia spp., Fasciolites (Ta1-Ta2 stage boundary of 

Adanns (1970); White, (1989); SRX1-SRX3 Zones of Afzal (1997) and Chapter-

4, this study). The Larger Foraminiferal Turnover, such as the replacement of 

typical Paleocene taxa by Eocene taxa (i.e., replacement of Ranikothalia and 

Miscellanea dominated assemblages by Nummulites and Alveolina), in the 

Indus Basin can be seen at the SBZ4-SBZ5 zonal boundary and hence the 

Paleocene/Eocene boundary can be identified and correlated with the deeper 

water sections such as the Rakhi Nala section of the Sulaiman Range. 

7.3. Integrated stratigraphy 

The Indus Basin was tectonically active during the Paleocene/Eocene transition. 

The basin was topographically composed of many lows and highs as can be 

observed from the variable lithologies. As a result of the variable water depths, 

larger foraminiferal-dominated carbonate platforms were developed in some 

areas (e.g., Kohat-Potwar sub-basin and Salt Range - Upper Indus Basin, 

Dungan Hill - Lower Indus Basin) (Figs 7.3 & 7.4), while in other areas 

planktonic foraminiferal-dominated outer neritic to upper bathyal conditions 

prevailed (e.g., Sulaiman Range - Lower Indus Basin) (Fig. 7.2). This 

palaeobathymetric range in the Indus Basin provides the opportunity to calibrate 

the various deep to shallow water biostratigraphical schemes. These different 
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Fig. 7.2: The different biostratigraphical schemes, lithology and carbon isotope 

data of the Dungan Formation, Rakhi Nala section, Sulaiman Range,Lower 

Indus Basin. B-zones = Bathyal benthonic zones of Berggren & Miller (1989), 

D-Zone = Dinoflagellate zones (This study) and P-Zones = Planktonic 

foraminifera zones of Berggren & Pearson (2005). The area between the red 

dotted lines shows the onset of the CIE. 
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biostratigraphical schemes together with the litho-and chemostratigraphy across 

the Paieocene/Eocene transition are integrated below. 

In carbonate platform deposits (e.g. Upper Indus Basin) the late 

Paleocene is represented by SBZ4 and lower Eocene by SBZ5. Both zones can 

be separated by the typical SBZ4 (Paleocene) taxa (i.e., Ranikothalia spp. and 

Miscellanea spp.) and typical SBZ5 (Eocene) taxa (i.e., Nummultes spp. and 

Alveolina spp.). In deeper marine deposits (e.g., Sulaiman Range, Lower 

Indus Basin) the base of the CIE coincides with the LO of PFET (i.e., the base 

of El), with the smaller benthonic zones BB1/BB2 boundary (based on the 

Benthonic Foraminiferal Extinction Event (BFEE) of Wan-aich et al., 2000), and 

is bracketed between the top of the Apectodinlum acme (below) and the LO of 

W. astra (above) in the upper most part of the Pak-DVI. Uncertainity may arise 

on the question of the precise correlation of the CIE with the shallow benthic 

zonation, as stable isotope data from any of the carbonate platform deposits in 

the basin are not available. Therefore, larger foraminifera together with a well-

defined CIE from a continuous carbonate platform section can further improve 

the deep to shallow water correlation across the Paleocene/Eocene transition in 

the Indus Basin (Pakistan). 

7.4. Palaeoenvironment of the P/E boundary interval 

The presence of larger foraminifera, carbonate platform deposits together with 

smaller benthonic foraminiferal species of Midway-type fauna (e.g., Cibicidoides, 

anomalinids) are indicative of neritic and shelf environments in parts of the 

Indus Basin (e.g., Kohat-Potwar sub-basins and Salt Range - Upper Indus 

Basin, Dungan Hill Range - Lower Indus Basin). The presence of dominantly 
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i Limestone 

Fig. 7.4: Lithologicai log and biostratigraphical subdivision of the succession at 

Dungan Hill, together vî ith the stratigraphical distribution of selected larger 

foraminiferal taxa (modified after White, 1989); Ap {Alveolina primaeva Zone), 

Ale {Alveolina levis-Alveolina cucumiformis Zone), Ae {Alveolina elUpsoldalls 

Zone), Am {Alveolina moussoulensis Zone). LFT = Larger Foraminiferal 

Turnover. 
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endemic smaller benthonic foraminiferal taxa In the upper Indus Basin, as 

reported by Afzal (1997), indicates limited connection of the bottom water with 

the world oceans. However, other parts in the Indus Basin (e.g., Rakhi Nala, 

Sulaiman Range - Lower Indus Basin) which is composed of deep marine shale 

facies with a high p-ratio (i.e., >90%), Velasco-type smaller benthonic 

foraminifera such as Angulogavelinella avnimelechi and Gymidinoides globosus 

and abundant open marine dinoflagellates such as Spiniferites indicate a 

deeper outer neritic to upper bathyal environment of deposition. The presence 

of cosmopolitan smaller benthonic foraminifera and open marine dinoflagellates 

in the Sulaiman Range (Lower Indus Basin) also indicate that the entire water 

column is well connected with the world oceans. 

The most important palaeoenvironmental parameters such as 

palaeoproductivity and palaeotemperature have been reconstructed by a 

combination of proxies (Chapters 5 & 6) The high number of peridinioid cysts 

together with the presence of dominant tropical planktonic foraminiferal taxa 

(i.e., Morozovella and Acarinlna) are indicators of increased surface water 

productivity in tropical marine waters. The increased abundance of the 

dinoflagellate cyst Apectodinium prior to the onset of the CIE (Chapter 6) 

indicates increased availability of the food and/or nutrients prior to the B̂ ^C shift, 

suggesting that the palaeoenvironmental change may have been preceded this 

shift. In some other studies it have been suggested that warming preceded the 

CIE (e.g., Thomas etal., 2002; Tripati & Elderfield, 2005), and this early 

warming is considered to have been responsible for the release of isotopicaly 

light carbon from the methane hydrates. Initially suggested by Dickens et al. 

(1995), this is considered to be the most likely explanation for the CIE. The high 

TOG (%) values and the presence of benthonic foraminiferal species such as 
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anomalinids indicate stress on the Tethyan floor: i.e., oxygen deficiency at the 

sediment/water interface caused by high surface water productivity. This high 

productivity can be partly linked with the increased terrigeneous input as 

indicated by high C/N ratios and the presence of dinoflagellate species like 

Thalassiphora pelagica. Such an O2 deficiency and a change from oxic to 

suboxic conditions in the intermediate waters during the PETM is considered to 

be a widespread phenomenon (e.g., Kaiho et al., 1996; Bralower et al., 1997; 

Thomas, 1998; Katz et al., 1999; Crouch et al., 2003;Takeda & Kaiho, 2007; 

Alegret et al., 2005, 2009). This O2depletion in global intermediate waters may 

have resulted from a combination of ocean warming and CH4 oxidation 

(Dickens, 2000). 

7.5. Conclusions 

The Paleocene-Eocene boundary interval successions of the Indus Basin 

(Pakistan) have provided an excellent opportunity for the placement of the 

Paleocene/Eocene boundary and for the calibration of platform and pelagic 

stratigraphic schemes. The base of the CIE, which is a global marker for the 

placement of the Paleocene/Eocene boundary, is used for the first time in the 

Indus Basin to delineate the Paieocene/Eocene boundary. The 

Paleocene/Eocene boundary coincides with the following pelagic and platform 

biostratigraphical boundaries; 

• Planktonic foraminiferal zonal boundary between P5 and E1(based on 

the onset of the CIE and BFEE of Warraich et al., 2000); 

• In the top most part of the dinocyst Zone Pak-DVI prior to the lowest 

occurrence of W. astra, and 

• Larger foraminrferal zonal boundary between SBZ4 and SBZ5. 
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The CIE allows the coirelation of various evolutionary events in pelagic (i.e., 

Benthonic Foraminiferal Extinction Event, Planktonic Foraminiferal Excursion 

Taxa and Apectodinium acme) and platform biota (i.e., Larger Foraminiferal 

Turnover). 

An outer neritic to upper bathyal environment of deposition is proposed 

for the Rakhi Nala section, Suliaman Range (Lower Indus Basin). The presence 

of dominantly open marine dinoflagellates and cosmopolitan smaller benthonic 

foraminifera indicate that the entire water column of the Tethyan Ocean at this 

site was well connected with world oceans. The presence of Apectodinium 

abundance before the onset of the CIE (P/E boundary) propose increased 

availability of nutrient and/or food in already warm tropical waters, and this 

increase in nutrients may have been responsible for the acme of Apectodinium 

prior to the CIE (P/E boundary) in tropical marginal basins. 

This investigation of the Paleocene/Eocene succession in the Indus 

Basin (Pakistan) raises a number of further questions that could be investigated. 

These are: 

• As it is evident from the literature (e.g., Beck et al., 1995) that 

during the Paleocene/Eocene interval time the Indus Basin was 

tectonically active as a result of the northward movement of the 

Indian Plate. This tectonic activity results in sea level fluctuations 

which are reflected by variable lithologies across the 

Paleocene/Eocene interval in the Indus Basin. This suggests that 

local factors (i.e., dominantly tectonic movement in this case) may 

be influencing the palaeoenvironment of the Paleocene/Eocene 

interval time in the Indus Basin. It is important to identify the local 

factors when investigating a global phenomenon (such as PETM). 
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Further investigations of more field sections for the 

Paleocene/Eocene interval will provide a detail configuration of the 

Indus Basin, which may form a basis for the determination of the 

differential effect (i.e., to investigate the palaeoenvironmental 

change along a palaeobathymetric gradient) of the 

Paleocene/Eocene boundary event. Therefore, such an 

assessment of the palaeoenvironment may help to identify the 

local factors. 

The palaeoenvironmental assessment on a palaeobathymetric 

gradient may also result into more biostratigraphical data which 

can be used to improve the shallow waters to deep waters 

correlation of different biostratigraphical schemes in the Indus 

Basin. 

Investigation of the stable isotopes particularly on unaltered 

carbonate fraction is required to determine the shape, duration 

and magnitude of the Carbon Isotope Excursion from the Indus 

Basin. Such data may also improve the palaeoceanographic (e.g., 

ocean circulation changes during Paleocene/Eocene interval) and 

palaeodimatic interpretations. 

Investigation of the palaeothermameter proxies (e.g., TEXee) may 

provide information on warming before the Carbon Isotope 

Excursion. 

Qualitative analysis of the clay minerals (e.g., kaolinite, illite and 

smectite) may provide information on climate change (e.g., 

temperature and rainfall). For example, the kaolinite percentage 

and the ratio of kaolinite to illite and smectite in marine sediments 
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are good indices for the estimation of climate changes (e.g., 

Robert & Kennett, 1994). 
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table of foraminiferal composition 
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Taxonomic notes on planktonic foramlnifera 

This research work does not include a full taxonomic account but a list of the 

taxa used and references consulted to check species determination is provided-

Some of the references mentioned here are not given in the list of references. 

Class FORAMINIFERA Lee (1990) 

Order GLOBIGERINIDALankester (1885) 

Family GLOBOROTALIDAE Cushman (1927) 

Genus Acarinina Subbotina (1953) 

Acarinina pseudotopilensis (Subbotina), 

Acarinina pseudotopilensis; Subbotina (1953), Krashenlnnlkov & Hoskins 

(1973), Huber (1991) 

Globorotalia pseudotopilensis (Subbotina); Stainforth et al. (1975) 

Globorotalia {Acarinina) pseudotopilensis (Subbotina); Blow (1979) 

Acarinina wilcoxensis (Cushman & Ponton) 

Globorotalia wilcoxensis: Cushman & Ponton (1932), Bolli (1957), Samanta 

(1973), Stainforth et al. (1975) 

Genus Globanomalina Hague (1956) 

Globanomalina chapmani (Parr) 

Globorotalia chapmani; Parr (1938), Berggren et al. (1967) 

Globorotalia membranacea (Ehrenberg); LeRoy (1953) 

Globorotalia elongata Glaessner; Bolli (1957) 

Globorotalia elongata Glaessner; Loeblich & Tappan (1957) 

Globorotalia troelseni; Loeblich & Tappan (1957) 

Globorotalia emilel, El-Naggar (1966) 

Globorotalia troelseni (Loeblich & Tappan); El-Naggar (1966) 
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Globorotalia chapmani (Parr); Berggren et al. (1967) 

Globorotalia chapmani (Parr); Stainforth et al. (1976) 

Globorotalia {Turborotalia) chapmani (Parr); Berggren et al. (1967), Blow (1979) 

Globorotalia troelseni (Loeblich & Tappan); Blow (1979) 

Planorotalites chapmani (Parr); Luger (1985), Toumarkine & Luterbacher (1985), 

Huber(1991) 

Globorotalia chapmani (Parr); Haig et al. (1993) 

Globanomallna chapmani (Parr); Olsson et al. (1999) 

Globanomalina luxorensis (Nakkady) 

Anomallna luxorensis, Nakkady (1950) 

Anomallna luxorensis (Nakkady); LeRoy (1953) 

Globanomalina ovalls, Haque (1956) 

Globigerina pseudolota; Hornibrook (1958) 

Anomalina luxorensis (Nakkady); Nakkady (1959) 

Globorotalia chapmani (Parr); Berggren et al. (1967) 

Pseudohastigerina wilcoxensis (Cushman & Ponton); Berggren et al. (1967) 

Pseudohastlgerina pseudoiota (Hornibrook); Samanta (1973) 

Pseudohastigerina wilcoxensis (Cushman & Ponton); Stainforth et al. (1975) 

Globorotalia {Turborotalia) chapmani (Parr); Berggren et al. (1967), Blow (1979) 

Globanomalina ovalis (Haque); Banner (1989) 

Pseudohastigerina wilcoxensis (Cushman & Ponton); Stott & Kennett (1990) 

Genus Pseudohastigerina Banner & Blow (1959) 

Pseudohastigerina wUcoxensis (Cushman & Ponton) 

Nonion wilcoxensis; Cushman & Ponton (1932) 

Hastigerina eocaenica; Berggren (1960) 

296 



Pseudohastigerina wllcoxensis (Cushman & Ponton); Berggren et al. (1967), 

Stainforth et al. (1975), Blow (1979), Luger (1985) Toumarkine & Luterbacher 

(1985) 

Genus Morozovella McGowran in Luterbacher (1964) 

Morozovella acutispira (Bolli & Cita) 

Globorotalia acutispira; Bolli & Cita (1960) 

Globorotalia kolchldica; Morozova (1961), Stainforth et al. (1975), Snyder & 

Waters (1985) 

Morozovella acutispira (Bolli & Cita); Berggren & Norris (1997), Olsson et al. 

(1999) 

Morozovella acuta (Toulmin) 

Globorotalia wilcoxensis: Cushman & Ponton var. acuta Toulmin (1941) 

Globorotalia acuta (Toulmin); Loeblich & Tappan (1957), Stainforth et al. (1975) 

Globorotalia parva (Ray); Samanta (1970). Samanta (1973) 

Morozovella acuta (Toulmin); Samanta (1973), Toumarkine & Luterbacher 

(1985), Berggren & Norris (1997), Olsson etal. (1999) 

Globorotalia {Morozovella) velascoensis parva (Rey); Blow (1979) 

Morozovella aragonensis (Nuttall) 

Globorotalia aragonensis; Nuttall (1930), Subbotina (1953), Postuma (1971), 

Samanta (1973), Stainforth et al. (1975) 

Morozovella aragonensis (Nuttall); Toumarkine & Luterbacher (1985) 

Globorotalia {Morozovella) aragonensis (Nutall); Blow (1979) 

Morozovella conicotruncata (Subbotina) 

Globorotalia conicotruncata; Subbotina (1947), Samanta (1973), Stainforth et al. 

(1975) 
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Globorotalia angulata abundcamerata; Bolli (1957), Bolli & Cita (1960) 

Globorotalia abundcamerata (Bolli); Postuma (1971) 

Globorotalia {Morozovella) angulata conicotmncata (Subbotina); Blow (1979) 

Morozovella conicotruncata (Subbotina); Toumarkine & Luterbacher (1985), 

Berggren & Norris (1997), Olssonetal. (1999) 

Morozovella occlusa (Loeblich & Tappan) 

Globorotalia occlusa. Loeblich & Tappan (1957), Stainforth et al. (1975) 

Globorotalia (Morozovella) occlusa (Loeblich & Tappan); Blow (1979) 

Morozovella occlusa (Loeblich & Tappan); Berggren & Norris (1997), Olsson et 

al. (1999) 

Morozovella subbotinae (Morozova) 

Globorotalia subbotinae, Morozova (1939), Samanta (1973), Stainforth et al. 

(1975) 

Globorotalia rex (Martin); Postuma (1971) 

Globorotalia {Morozovella) subbotinae subbotinae (Morozova); Blow (1979) 

Morozovella subbotinae (Morozova); Toumarkine & Luterbacher (1985), Snyder 

& Waters (1985). Berggren & Norris (1997), Olsson et al. (1999) 

Morozovella aequa (Cushman & Renz) 

Globorotalia crassata (Cushman) var. aequa; Cushman & Renz (1942) 

Globorotalia aequa (Cushman & Renz); Bolli (1957), Postuma (1971), Samanta 

(1973). Stainforth etal. (1975) 

Globorotalia {Monjzovella) aequa aequa (Cushman & Renz); Blow (1979) 

Morozovella aequa (Cushman & Renz); Snyder & Waters (1985), Toumarkine & 

Luterbacher (1985) 

Globorotalia {Morozovella) aequa lacerti (Cushman & Renz); Blow (1979) 

Globorotalia {Morozovella) aequa tholiformis; Blow (1979) 
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Morozovella formosa formosa (Bolli) 

Globorotalia formosa formosa ; Bolli (1957), Samanta (1973), Stainforth et al. 

(1975) 

Globorotalia formosa (Bolli); Postuma (1971) 

Morozovella formosa formosa (Bolli); Toumarkine & Luterbacher (1985) 

Family GLOBIGERINIDAE Carpenter et al. (1862) 

Genus Subbotina Brotzen & Pozaryska (1961) 

Subbotina tranguiaris (White) 

Globigerir)a triangularis, White (1928). Bolli (1957), Samanta (1973) 

Subbotina triangularis triangularis (White); Blow (1979) 

Subbotina tiangularis (White); Berggren & Norris (1997), Olsson et al. (1999) 

Subbotina patagonica (Todd & Kniker) 

Globigrina patagonica, Todd & Kniker (1952) 

Subbotina patagonica (Todd & Kniker); Huber (1991), Berggren & Norris (1997) 

Subbotina triloculinoides (Plummer) 

Globigerina triloculinoides; Plummer (1926), Loeblich &Tappan (1957), 

Stainforth et ai. (1975), Toumarkine & Luterbacher (1985) 

Subbotina triloculinoides triloculinoides (Plummer); Blow (1979) 

Subbotina trHocullnoides (Plummer); Berggren & Norris (1997), Olsson et al. 

(1999) 

Subbotina velascoensis (Cushman) 

Globigerina velascoensis. Cushman (1925), Bolli (1957). Samanta (1973), 

Stainforth et al. (1975), Toumarkine & Luterbacher (1985) 

Subbotina velascoensis (Cushman); Snyder & Waters (1985), Berggren & 

Norris (1997), Olsson et al, (1999) 
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Parasubbotina varianta (Subbotina) 

Globigeiina varianta, Subbotina (1953) 

Subbotina varianta (Subbotina); Berggren (1992) 

Parasubbotina varianta (Subbotina); Olsson et al. (1999) 

Taxonomic notes on larger benthonic foraminifera 

This research v/ork does not include a full taxonomic account but a list of the 

taxa used and references consulted to check species deteimination is provided. 

Some of the references mentioned here are not given in the list of references. 

Class FORAMINFERA Lee (1990) 

Order ROTALIIDA Lankester (1885) 

Superfamily NUMMULITACEAE de Blainville (1825) 

Family NUMMULITIDAE de Blainville (1825) 

Subfamily NUMMULITINAE Carpenter (1850) 

Genus Nummulites Lamarck (1801) 

Nummulites sp. cf. N. atacicus Leymerie (1846) 

Nummulites sp. cf. N. globulus Leymerie (1846). 

Subfamily PALAEONUMMULITINAE Haynesetal. (2010) 

Genus Assilina d'Orbigny (1826) 

Assillna sp. cf. A. ranikoti (Nuttall) 

Assilina ranlkotl\ Nuttall (1926) 

Assilina ran//fof/(Nuttall); Davies (1927) 

Assilina ranikotensis (Nuttall); Nuttall (1931) 

Assilina ran;7cof/(Nuttall); Schaub (1981) 
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Genus Caudrina Haynes et ai. (2010) 

Caudrina sp. cf. soldadensis Vaughan & Cole (1941) 

Miscellanea soldadensis; Vaughan & Cole (1941) 

Ranikothalia soldadensis (Vaughan & Cole); Caudri (1944) 

Operculinoldes georgianus, Cole & Herrick (1953) 

Ranikothalia soldadensis (Vaughan & Cole); Drooger (1960) 

Ranikothalia soldadensis (Vaghan & Cole); Caudri (1975) 

Ranikothalia soldadensis (Vaughan & Cole); Caudri (1996) 

Genus Nummulitoides Abrard (1956) 

Nummulitoides sp. cf. N. inaequHateralis (Carter) 

Nummulitoides inaequilateralis. Carter (1853) 

Operculina inaequilateralis. Carter (1853) 

Genus Operculina d'Orbigny (1826) 

Operculina sp. cf. O. hardiei (d'Archiac & Haime) 

Operculina hardiei; d'Archiac & Haime (1853) 

Operculina hardiei (d'Archiac & Haime); Racey (1995) 

Genus Paleonummulites Schubert (1908) 

Genus Ranikothalia Caudri (1944) 

Ranikothalia sp. cf. R. nuttalli kohatica (Davies) 

Ranikothalia nuttalli kohatica; Davies (1927) 

Nummulites nuttalli var. kohaticus; Davies (1927) 

Nummul'ites nuttalli; sensu Sirel (1976) 

Ranikothalia nuttalli; sensu Haynes (1988) 

Ranikothalia nuttalU; sensu Racey (1995) 

Suborder ROTALIINA Delage & Herouard (1896) 
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Superfamily NUMMULITACEAE de Btainville (1825) 

Family DISCOCYCLINIDAE Galloway (1928) 

Genus Discocyclina Gumbel (1870) 

Orbitoides {Discocyclina): Gumbel (1870) 

Discocyclina {Gumbel); Loeblich & Tappan (1988) 

Actinocyciina (Gumbel); Loeblich & Tappan (1988) 

Family PELLATISPIRIDAE Hanzawa (1937) 

Genus Miscellanea Pfender (1935) 

Suborder MILIOLINA Delage & Herouard (1896) 

Superfamily ALVEOLINACEAE Ehrenberg (1839) 

Family RHAPYDIONINIDAE Keijzer (1945) 

Subfamily RHAPYDIONININAE Keijzer (1945) 

Genus Alveolina d'Orbigny (1826) 

Family SORITIDAE Ehrenberg (1839) 

Subfamily SORITINAE Ehrenberg (1839) 

Genus Orbitolites Lamarck (1801) 

Suborder ROTALilNA Delage & H^rouard (1896) 

Superfamily ORBITOIDACEA Schwager (1876) 

Family ROTALIIDAE Ehrenberg (1839) 

Subfamily ROTALIINAE Ehrenberg (1839) 

Genus Lockhariia Davies (1932) 
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Taxononfiic notes on smaller benthonic foraminifera 

This research vk'ork does not include a full taxonomic account but a list of the 

taxa used and references consulted to check species determination is provided. 

Some of the references mentioned here are not given in the list of references. 

Anomalinoids sp. cf. A. acutus (Plummer) 

Anomallna ammonoides (Reuss) var. acuta; Plummer (1926) 

Anomalina acuta (Plummer); Cushman (1951) 

Gyroidinoides sp. cf. G. octocameratus (Cushman & Hanna) 

Gyroidina so/c/an//(d'Orbigny) octocamerata. Cushman & Hanna (1927) 

Gyroidina octocamerata (Cushman & Hanna); Kuhn (1992) 

Cibicidoides sp. cf. C. decoratus (LeRoy) 

Cibicidoides decoratus: LeRoy (1953) 

Gaudryina sp. cf. G. ellisorae (Cushman) 

Gaudryina (Pseudogaudryina) ellisorae; Cushman (1936) 

Gaudryina (Pseudogaudryina) ellisorae (Cushman); Cushman (1946) 

Lagena sp. cf. L. sulcata (Walker & Jacob); LeRoy (1953) 

Gaudryina sp. cf. G. africana (LeRoy) 

Gaudryina africana; LeRoy (1953) 

Marssonella sp. cf. M. oxyconus (Reuss); LeRoy (1953) 

Coryphostoma sp. cf. C. midwayensis (Cushman); Tjalsma & Lohmann 

(1983) 

Siphogenerinoides sp. cf. S. eleganta (Plummer) 

Siphogenerina eleganta, Plummer (1926) 

Siphogenerinoides eleganta (Plummer); LeRoy (1953) 
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Slphogenerlnoides eleganta (Plummer); Aubert & Berggren (1976) 

Gavelinella sp. cf. G. beccariiformis (White) 

Rotalia beccariformls. White (1928) 

Gavelinella beccariiformis (White); Aubert & Berggren (1976) 

Stensioeina beccarilfonnis (White); Salaj et ai. (1976) 

Gavelinella beccarilfonnis (White); Dailey (1983) 

Gavelinella beccarilfomiis (White); Tjalsma & Lohmann (1983) 

Stensiolna beccariifomiis (White); Van Morl<hoven (1986) 

Gavelinella beccariifomiis (White); Thomas (1990) 

Sfensioeina beccariifonnis (White); Nomura (1991) 

Stensioina beccarilfonnis (White); Katz & Miller (1991) 

Valvulineria beccariifomiis (White); Kuhn (1992) 

Gavelinetia beccariifomiis (White); Widmark & Malmgren (1992) 
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CO 
o 
tJl 

Genera 

Subbotina 
Acarinina 
Morozovelia 
Globanomalina 
others 
Benthics 
Total count 
Subbotina (%) 
Acarinina (%) 
Morozovella {%) 
P-ratio 

Samples >125pm 

Td-30 
70.0 
29.0 

151.0 
3.0 

36.0 
31.0 

302.0 

23.2 
9.6 

50.0 
90.3 

Td-31 Td-32 
135.0 
27.0 

110.0 
3.0 
4.0 

22.0 
323.0 

41.8 
8.4 

34.1 
97,8 

Td-33 
100,0 
49.0 

106.0 
2.0 

32.0 
21.0 

294.0 

34.0 
16.7 
36.1 
93,2 

Td-36-Td-41 

1. . . 

c 
E 
n> 

£ 
O 

c 

m 

e 
B 
c 

Td-34 Td-42 
113.0 
56.0 
92.0 
14,0 
18.0 
22.0 

303.0 

37.3 
18.5 
30.4 
93.0 

T d ^ ; 
119.0 
57.0 
82.0 

4.0 
14.0 
15.0 

284.0 

41.9 
20.1 
28.9 
94.8 

Td-44 
160.0 
46.0 

112.0 
8.0 
4.0 
9.0 

337.0 

47.5 
13.6 
33.2 
97.3 

Td-45 
117.0 
52.0 

135.0 
3.0 
2.0 
3.0 

311.0 

37.6 
16.7 
43.4 
99.0 

Td-46 Td-47 
120.0 
47.0 

131.0 
2.0 

12.0 
12,0 

316.0 

38.0 
14.9 
41.5 
96,3 

Td-48 
132.0 
47.0 
93,0 

3,0 
12.0 
20.0 

301.0 

43,9 
15.6 
30,9 
93,5 

Td-49 Td-50 
173.0 
89.0 
44,0 

0.0 
0.0 
7.0 

306.0 

56.5 
29.1 
14.4 
97.8 

Tabie-1: Foraminiferal composition (in percent) from the Rakhi Nala section, Sulaiman Range, Lower Indus Basin (Pakistan). Blue 

bars= samples which were thin sectioned only. Orange coloured row= sample names, Yellow coloured row= total foraminiferal 

count. 



Appendix 2 

List of dinocyst species, taxononnic 

notes on dinocysts and geochemical 

data 
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Dinocyst complexes 
Apectodinium 
Spiniferites 
(hystrichosphaera) association 
A dnatosphaeridium 
Hysthchokolpoma 
Achomosphaera 
Polysphaeridium 
Kallosphaeridium 
Dyphyes 
Wetzeliella 
Operculodinium 
Cordospharedium 
Hystnchospharedtum 

Thalassiphora 
Deflandrea 
Glaphyrocysta 
Homotryblium 
Total 

Td-30 
6 
100 

2 
0 
65 
0 
3 
0 
0 
0 
4 
7 

0 
0 
1 
0 
188 

Td-32 
6 
80 

6 
3 
39 
5 
1 
5 
6 
9 
5 
9 

0 
0 
0 
0 
174 

Td-33 
26 
82 

0 
1 
32 
3 
2 
4 
9 
19 
2 
6 

5 
1 
0 
0 
192 

Td-35 
59 
26 

32 
0 
26 
18 
2 
0 
3 
68 
38 
17 

28 
5 
5 
0 
327 

Td-36 
61 
86 

40 
0 
19 
8 
1 
13 
2 
21 
38 
17 

27 
2 
0 
0 
335 

Td-37 
88 
74 

14 
0 
43 
12 
11 
5 
14 
25 
25 
17 

15 
0 
0 
0 
343 

Td-38 
123 
55 

7 
1 
16 
32 
0 
6 
1 
43 
34 
15 

40 
0 
0 
5 
378 

Td-39 
45 
206 

8 
4 
13 
7 
0 
2 
0 
9 
20 
5 

4 
0 
0 
1 
324 

Td-40 
74 
88 

3 
0 
11 
20 
1 
2 
0 
32 
15 
2 

3 
0 
0 
0 
251 

Td-41 
9 
141 

15 
1 
41 
16 
6 
5 
2 
27 
13 
2 

13 
0 
2 
0 
293 

Td-42 
44 
41 

2 
3 
71 
16 
0 
0 
0 
36 
10 
0 

0 
0 
1 
0 
224 

td43 
14 
4 

0 
0 
16 
9 
0 
1 
0 
35 
0 
0 

0 
0 
0 
0 
79 

td45 
3 
96 

2 
0 
64 
9 
0 
1 
0 
12 
16 
15 

4 
0 
0 
30 
252 

td46 
0 
4 

3 
0 
5 
3 
0 
1 
0 
8 
1 
0 

0 
0 
0 
0 
25 

td49 
1 
64 

3 
2 
39 
2 
0 
0 
0 
7 
4 
8 

0 
0 
0 
1 
131 

td50 
3 
105 

22 
2 
37 
14 
2 
3 
0 
21 
20 
6 

14 
0 
0 
0 
249 

Table-2: Dinocyst composition (actual counts) from Rakhi Nala section, Suiaiman Range Pakistan. 
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Dfnocyst complexes 
Apectodinium 
Spiniferites 
(hystrichosphaera) 
association 
Adnatosphaehdium 
Hystrichokolpoma 
Achomosphaera 
Potysphaefidium 
Kallosphaerldium 
Dyphyes 
Wetzeliella 
Operculodinium 
Cordosphargdium 
Hystrichospharedium 
Thalassiphora 
Deflandrea 
Glaphyrocysta 
Homotrybllum 
P-Cyst (%) 
P-Cyst 
G-Cyst 
P/G ratio 

Tcl30 
3.2 

53.2 

1.1 
0.0 
34.6 
0.0 
1.6 
0.0 
0.0 
0.0 
2-1 
3,7 
0.0 
0.0 
0.5 
0,0 

3.19 
6.0 

182-0 
0,03 

Td32 
3.4 

46.0 

3.4 
1.7 

22.4 
2.9 
0.6 
29 
3-4 
5.2 
2.9 
6-2 
0.0 
0-0 
0.0 
0.0 

6.90 
12.0 

162,0 
0.07 

Td33 
13.5 

42.7 

0,0 
0.5 
16.7 
1.6 
1,0 
2.1 
4.7 
9.9 
1.0 
3.1 
2.6 
0.5 
0.0 
0.0 

18.75 
36.0 
156.0 
0.19 

Td35 
18.0 

8.0 

9.8 
0.0 
8.0 
5.5 
0,6 
0,0 
0,9 

20,8 
11.6 
5.2 
8.6 
1.5 
1.5 
0.0 

20.49 
67.0 
260,0 
0.20 

Td36 
18.2 

25.7 

11.9 
0.0 
5.7 
2.4 
0.3 
3.9 
0.6 
6.3 
11.3 
5.1 
8.1 
0.6 
0.0 
0.0 

19.40 
65.0 

270.0 
0.19 

Td37 
25.7 

21.6 

4.1 
0.0 
12.5 
3.5 
3.2 
1.5 
4.1 
7.3 
7.3 
5.0 
4.4 
00 
00 
0.0 

29.74 
102,0 
241.0 
0.30 

Td38 
32.5 

14.6 

1.9 
0.3 
4.2 
8.5 
0.0 
1.6 
0.3 
11.4 
9.0 
4.0 
10.6 
0.0 
0.0 
1,3 

32,80 
124,0 
254,0 
0,33 

Td39 
13.9 

63,6 

2.5 
1,2 
40 
22 
0.0 
0.6 
0,0 
28 
62 
15 
1.2 
0.0 
0,0 
0,3 

13.89 
45,0 
279,0 
0,14 

Td40 
295 

35.1 

1,2 
0,0 
4,4 
8,0 
0.4 
0.8 
0.0 
12.7 
6.0 
0.8 
1.2 
0.0 
0.0 
0,0 

29.48 
74,0 
177.0 
0.29 

Td41 
3.1 

48.1 

5.1 
0.3 
14.0 
5.6 
2.0 
1.7 
0.7 
9.2 
4.4 
0.7 
4.4 
0.0 
0,7 
0.0 

3.75 
11.0 

282.0 
0.04 

Td42 
19.6 

18.3 

0,9 
1,3 

31,7 
7.1 
0.0 
0.0 
0.0 
16,1 
4.5 
00 
0,0 
0.0 
0.4 
0.0 

19.64 
44.0 
180.0 
0.20 

Td43 
17.7 

5.1 

0.0 
0.0 

20.3 
11,4 
0.0 
1.3 
0,0 

44.3 
0,0 
0.0 
0.0 
0.0 
0.0 
0.0 

17.72 
14.0 
65.0 
0.18 

Td45 
1.2 

38.1 

0.8 
0.0 

25.4 
3.6 
0.0 
0.4 
0.0 
4.8 
6.3 
6.0 
1.6 
0.0 
0.0 
11,9 
1.19 
3.0 

249 0 
0-01 

Td46 
0.0 

16.0 

12.0 
0.0 

20.0 
12.0 
0.0 
4.0 
0.0 
32.0 
4,0 
0.0 
0.0 
0.0 
0.0 
00 
0.00 
0,0 

25.0 
0.00 

Td49 
0.8 

48.9 

2.3 
1.5 

29.8 
1.5 
00 
0-0 
0.0 
5.3 
3.1 
6-1 
0-0 
0.0 
0.0 
0.8 

0.76 
1,0 

130.0 
0.01 

Td50 
1.2 

422 

8.8 
0.8 
14.9 
5.6 
0.8 
1.2 
0.0 
8.4 
8.0 
2.4 
5,6 
0.0 
0.0 
0.0 
1.20 
3.0 

246.0 
0.01 

Table-2(continued): Dinocyst composition {in percent), peridinioid cyst (P-cyst) in percent and P/G ratio from Rakhi Nala section, 

Sulaiman Range Pakistan. 



Td Sample 
number 

30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

% 
TOC 
0.4 
0.5 
0.6 
0.4 
0.5 
0.4 
0.4 
0.4 
0.4 
0.5 
0.5 
5.6 
0.9 
2.1 
0.5 
0.4 
1.6 
0.5 
0.3 

%N 

0.1 
0.0 
0.1 
0.1 
0.0 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.0 

C/NTOC 

6.4 
10.4 
7.4 
5.2 
16.9 
6.6 
6.9 
7.2 
6.9 
8.0 
7.7 
31.4 
13.4 
16.7 
6.8 
7.0 
17.1 
6.9 
6.8 

TabIe-3: TOC {%), Nitrogen (%), C/NTOC ratio from Rakhi Nala Section, 

Sulaiman Range, Lower Indus Basin, Pakistan. 
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Dinocysts assemblage from Rakhi Nala section 

This research work does not include a full taxonomic account but a list of the 

taxa used and references consulted to check species determination is provided. 

Achomospaera sp. cf. A. ramulifera 

Hystrichosphaera cf, ramosa (Ehrenberg); Deflandre (1935) 

Hystnchosphaeridium ramuliferum, Deflandre (1937) 

Baltisphaeridium ramuliferum (Deflandre); Downie & Sarjeant (1963) 

Achomosphaera ramulifera (Deflandre); Evitt (1963) 

Adnatosphaeridium sp. cf. A. multispinosum 

Williams & Downie in Davey et al. (1966) 

Apectodinium homomorphum 

Hysthchosphaeridium geometricum. Pastiels (1948) 

Wetzeliella homomorpha; Deflandre S Cookson (1955) 

Apectodinium homomorphum, Lentin & Williams (1977) 

Apectodinium hyperacanthum 

Cookson & Eisenack (1965), Lentin & Williams (1977) 

Apectodinium paniculatum 

Costa & Downie (1976), Lentin & Williams (1977) 

Apectodinium quinquelatum 

Hystrichosphaendium geometricum, Pastiels (1948) 

Wetzeliella cf. ovalis; Eisenack (1961) 

Apectodinium quinquelatum; Williams & Downie (1966), Costa & Downie (1979) 

Minisphaeridium latirictum 

Cordosphaeridlum minimum: Morgenroth (1966), Davey & Williams (1969), 

Benedek(1972) 

Minisphaeridium latirictum: Fensome et al. (2009) 
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Cordosphaeridium sp. cf. C. exilimurum 

Davey & Williams (1966) 

Deffandrea sp. cf. D phosphoritica 

Cookson & Eisenack (1961) 

Diphyes sp. cf. D. colligerum 

Hystrichosphaendium sp.; Cookson (1953) 

Hystrichosphaeridium colligerum; Deflandre & Cookson (1955) 

Hystrichosphaeridium colligerum: Deflandre & Cookson (1962) 

Baltisphaeridlum colligerum (Deflandre & Cookson); Downie & Sarjeant (1963) 

Diphyes coHigerum (Deflandre & Cookson); Cookson (1965) 

Glaphyrocysta sp. cf. G. retHntexta 

Cookson (1965), Stover & Evitt (1978) 

Homotryblium sp. cf. H. tenuispinosum 

Davey & Williams (1966) 

Hystrichokolpoma sp. cf. H. manipulatum 

Islam (1983) 

Hystrichokolpoma sp. cf. H. unispinum 

Klump (1953) 

Hystrichosphaera sp. cf. H. ramosa (Ehrenberg) 

Xanthidium ramosum. Ehrenberg (1838) 

Xanthidiumfurcatum, Ehrenberg (1838) 

Xanthidium ramosum, Ehrenberg (1854) 

Xanthidiumfurcatum; Ehrenberg (1854) 

Hystrichosphaera furcata (Ehrenberg); Wetzel (1932) 

Hystrichosphaera ramosa (Ehrenberg); Wetzel (1932) 

Hystrichosphaera furcata (Ehrenberg); Deflandre (1935) 
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Hysthchosphaera ramosa (Ehrenberg): Deflandre (1937) 

Hystrichosphaera ramosa (Ehrenberg); Lejeune (1937) 

Hystrichosphaera furcata (Ehrenberg); Conrad (1941) 

Hystrichosphaera furcata (Ehrenberg); Deflandre (1947) 

Hystrichosphaera ramosa (Ehrenberg); Deflandre (1947) 

Hystrichosphaera furcata (Ehrenberg); Defiandre (1952) 

Hystrichospaera ramosa (Ehrenberg); Deflandre (1952) 

Hystrchosphaera furcata (Ehrenberg); Cookson & Hughes (1964) 

Hystrichosphaeridium (Delfandre) 

Hystrichosphaeridium. Deflandre (1937) 

Hystrichosphaeridium (Deflandre); Eisenack (1958) 

Muratodinium (Dnjgg) 

Muratodinium; Drugg (1970) 

Operculodinium sp. cf. O. bergmannii 

Archangelsky (1969), Stover & Evitt (1978) 

Polysphaetidium sp. cf. P. asperum 

Maier (1959). Davey & Williams (1969) 

Spiniferites sp. Manteil (1850), Sarjeant (1970) 

Hysthchosphaera; Wetzel (1933) 

Hystrichokibotlum, Klump(1953) 

Thalassiphora sp. cf. T. pelagica (Eisenack) 

Blon pelagicum; Eisenack (1938) 

Rerospermopsis pelagica (Eisenack); Eisenack (1954) 

Thalassiphora pelagica (Eisenack); Etsenack & Gocht (1960) 

Rerospermopsis pelagica (Eisenack); Geriach (1961) 

Thalassiphora pelagica (Eisenack); Geriach (1963) 
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Thalassiphora pelagica (Eisenack); Brosius (1963) 

Wetzeliella astra 

Costa etal, (1978) 
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Appendix 3 

Stable isotope data of the carbonate 

fraction (bulk and fine fraction) from the 

Rakhi Nala section, Indus Basin 

(Pakistan) 
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Sample 
Number 
Sample 

No/s 
17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

29 

32 

35 

36 

37 

38 

39 

Name 

Data file 
name/s 

260409 TD50 
203. raw 

260409 TD49 
233-raw 

260409 TD48 
122. raw 

260409 TD47 
112.raw 

260409 TD46 
096. raw 

260409 TD45 
129. raw 

260409 TD44 
124, raw 

260409 TD43 
124. raw 

260409 TD42 
151. raw 

260409 TD41 
186. raw 

260409 TD40 
240. raw 

260409 TD39 
335. raw 

260409 TD36 
958. raw 

260409 TD34 
142. raw 

260409 TD33 
186. raw 

260409 TD32 
216.raw 

260409 TD31 
198.raw 

260409 TD30 
232 raw 

e'^c 

final 

0.50 

0,63 

-0.40 

0.12 

-1.08 

-0.11 

0.00 

-1.41 

0.30 

0.04 

0.07 

-0.38 

-4.13 

-0.92 

-0.33 

-0.41 

-0.62 

5 " 0 

final 

-6.84 

-6.62 

-7.58 

-7.83 

-8.38 

-8.08 

-7.44 

-7.80 

-6,26 

-6.51 

-7.45 

-8,21 

-8.02 

-7.50 

-6,78 

-7.21 

-7,46 

-1.03 1 -7.49 

Table-4: Stable isotope data of the carbonate fraction (in bulk) from the Rakhi 

Nala section, Sulaiman Range, Indus Basin (Pakistan). 
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Name 

080609 TD30.raw 
080609TD30B.raw 
230609 TD30.raw 
240609 TD30.raw 
230609 TD31.raw 
240609 TD31raw 
290609 TD31.raw 
290609 D31B.raw 
230609 TD32.raw 
240609 TD32.raw 
290609 TD32.raw 
290609 D32B.raw 
080609 TD33.raw 
080609 D33B,raw 
230609 TD33.raw 
240609 TD33.raw 
230609 TD34,raw 
240609 TD34.raw 
290609 TD34,raw 
290609 D34B.raw 
080609 TD35.raw 
080609 D35B,raw 
230609 TD35,raw 
240609 TD35.raw 
230609 TD36.raw 

Sample Number 

Td30,00 
Td30.00 
Td30.00 
Td30.00 
Td31,00 
Td31.00 
Td31.00 
Td31.00 
Td32.00 
Td32.00 
Td32.00 
Td32.00 
Td33.00 
Td33.00 
Td33.00 
Td33,00 
Td34.a0 
Td34,0a 
Td34.00 
Td34.00 
Td35.00 
Td35.00 
Td35.00 
Td35.aa 
Td36,00 

Final 
-0,66 
-0.95 
-0.45 
-0.32 
-1.14 
-1.04 
-0.65 
-1.23 
-0.93 
-0.79 
-0.79 
-0.80 
-0.70 
-0.59 
-0.67 
-0.67 
-1,12 
-1.01 
-1.06 
-0.92 
-1.12 
-2.30 
-2.23 
-2.14 
-4.58 

average 
C 

-0,60 

-1.01 

-0.83 

-0.66 

-1.03 

-1,95 

-4.2B 

std 

0,28 

0,25 

0.07 

0,05 

0.09 

0,56 

0.23 

final 
-7.55 
-7.34 
-7,90 
-6.80 
-7.77 
-7,60 
-6.64 
-7.59 
-6,59 
-6.70 
-6.40 
-6.71 
-6.91 
-6.80 
-6.76 
-6,73 
-7,32 
-7.15 
-6,86 
-6.51 
-7,92 
-8.61 

-11.29 
-9.55 
-8,65 

average 
0 

-7.40 

-7.40 

-6.60 

-6.80 

-6,96 

-9.34 

-11,38 

std 

0.46 

0,51 

0,14 

0,08 

0,36 

1.46 

2.39 

Tabte-5; Stable Isotope data of the carbonate fine fraction from the Rakhi Nala section, Indus Basin 

Pakistan). 



t o 

Name 

240609 TD36.raw 
290609 D36B,raw 
300609 TD36.raw 
300609TD36B,raw 
230609 TD37.raw 
290609 TD37.raw 
290609TD37B.raw 
290609TD37C.raw 
290609TD37D,raw 
300609 TD37.raw 
300609TD37B.raw 
080609 TD38.raw 
080609TD38B.raw 
300609 TD38,raw 
300609TD38B.raw 
230609 TD39.raw 
240609 TD39.raw 
290609 TD39.raw 
290609TD39B,raw 
230609 TD40.raw 
240009 TD40.raw 
29U609TD40.raw 
290609TD4QB.raw 
080609TD41B.raw 
2306091041.raw 

Sample Number 

Td36.00 
Td36.00 
Td36.00 
Td36,00 
Td37.00 
Td37.00 
Td37.00 
Td37.00 
Td37.00 
Td37,00 
Td37.00 
Td38.00 
Td38.00 
Td38.00 
Td38,00 
Td39,00 
Td39,00 
Td39.00 
Td39,00 
Td40.00 
Td40,00 
Td40.00 
Td40.00 
Td41.00 
Td41.00 

5"C 
Final 
-4,14 
-4.33 
-4.06 
-4.52 
-7.66 
-7.49 
-5,16 
-4,71 
-5,74 
-6.11 
-5,03 
-1,72 
-1,88 
-1,77 
-2.09 
-0.66 
-0.66 
-0-04 
-0.53 
-0.18 
0.15 
0.01 
0,06 
0,02 
-0,14 

average 
C 

-5.43 

-1,86 

-0.47 

0,01 

-0.07 

std 

0.62 

0.16 

0,29 

0,14 

0.14 

final 
-13,10 
-12.40 
-11,45 
-10,32 
-9,39 

-11,18 
-8,71 
-6,87 
-8.72 
-8,50 
-7.35 

-10.01 
-8.95 
-8,78 
-8.66 
-7,75 
-7,47 
-6.70 
-7,50 
-7.03 
-6,86 
-6,81 
-6.70 
-6.55 
-6.30 

average 
0 

-8.03 

-9.10 

-7.35 

-6,85 

-6.48 

std 

0.86 

0,62 

0.45 

0.14 

0,14 

Table-5 (continued): Stable isotope data of the cart>onate fine fraction from the Rakhi Nala section, Indus Basin 

Pakistan). 



Name 

CO 

Sample Number 6"C 
Final 

average 
C 

std 6 " 0 
final 

average 
O 

std 

240609 TD41 .raw 
290609 TD41.raw 
080609 TD42.raw/ 
080609TD42B.raw 
230609 TD42.raw 
240609 TD42.raw 
080609 TD43,raw 
080609TD43B.raw 
230609 TD43.raw 
290609 TD43, raw 
080609 TD44. raw 
080609TD44B,raw 
230609 TD44.raw 
240609 TD44.raw 
080609 TD45.raw 
080609TD45B.raw 
230609 TD45.raw 
240609 TD45.raw 
230609 TD46.raw 
240609 TD46.raw 
290609 TD46.raw 
290609TD46B.raw 
080609 TD47.raw 
080609TD47B,raw 
230609 TD47.raw 

Td41.00 
Td41.00 
Td42.0D 
Td42.00 
Td42,00 
Td42,00 
Td43.00 
Td43,00 
Td43.00 
Td43.00 
Td44.00 
Td44.00 
Td44.00 
Td44.00 
Td45.00 
Td45,00 
Td45,00 
Td45.00 
Td46.00 
Td46.00 
Td46.00 
Td46.00 
Td47.00 
Td47.00 
Td47.00 

0.06 
-0.23 
-0.16 
-0.22 
-0.23 
0.06 
-1.71 
-1.80 
-1,86 
-1.93 
-0.64 
-0.49 
-0.62 
-0.04 
-0.40 
-0.40 
-0.56 
-0.17 
-1.31 
-1.17 
-2.37 
-0.84 
-0.33 
-0.33 
-0.56 

-0.14 

-1.82 

-0.45 

-0.38 

-1.42 

-0.45 

0.13 

0.09 

0.28 

0.16 

0.66 

0.14 

-6.43 
-6.64 
-6.36 
-6.48 
-6.20 
-6.15 
-7,31 
-7.41 
-7.23 
-7.05 
-7.14 
-7.22 
-7.15 
-7.10 
-7.47 
-7.36 
-7.47 
-7,49 
-7.53 
-7.81 
-8.75 
-6.18 
-7.50 
-7.25 
-7,36 

-6.30 

-7.25 

-7.15 

-7.45 

-7.57 

-7.35 

0.15 

0.15 

0,05 

0.06 

1.06 

0.11 

Table-5 (continued): Stable Isotope data of the carbonate fine fraction from the Rakhi Nala section, Indus Basin 

Pakistan). 



w 
CD 

Name Sample Number 
Final 

average 
C 

std 
final 

average 
O 

std 

240609 TD47.raw 
230609 TD48.raw 
240609 TD48.raw 
290609 TD48.raw 
290609TD48B.raw 
240609 TD49,raw 
290609 TD49.raw 
290609TD49B.raw 
290609TD49C.raw 
230609 TD50,raw 
240609 TDSO.raw 
290609 TDSO.raw 
290609TD50B.raw 

Td47,00 
Td4B.OO 
Td4B.OO 
Td48.00 
Td48.00 
Td49,00 
Td49.00 
Td49.00 
Td49.00 
Td50.00 
TdSO.OO 
TdSO.OO 
Td50.00 

-0.59 
-1.12 
-0.31 
-0,27 
0,16 
-0.64 
0.34 
0.48 
0.43 
-0.11 
0.06 
0.00 
0.04 

-0.39 

0.15 

0.00 

0.53 

0.53 

0.08 

-7.28 
-9,23 
-7,10 
-6.20 
-4.80 
-8.23 
-5,99 
-6,38 
-5.96 
-6.74 
-6.77 
-6.57 
-6.65 

-6.83 

-6.64 

-6.68 

1.86 

1.08 

0.09 

Table-5 (continued): Stable isotope data of the carbonate fine fraction from the Rakhi Nala section. 

Indus Basin (Pakistan). 



Present 
work 

Rakhi Nala 

Sluijs et 

Bass River 

Dinoflagellate isotope 
cV^Cp, 
{%oVPDB) 

-25.5 
-25.4 
-25.6 
-26.2 
-26,1 
-25,8 
-25.0 
-25.4 
-25.3 
-25.3 
-25.3 
-25.7 
-26.4 
-27.2 
-26.7 
-26.3 
-27.4 
-25.7 
-25.3 
-26.4 
•25.4 

(%o VPDB) 
-22.61 

-23 
-21.62 
•23.86 
-24.04 
-23.81 
-23.76 
-24.1 

-24.21 
-23.8 

-23.84 
-24.16 
-24.24 
-25.27 
-25.61 
-25.73 
-25.79 
-28.45 
-28.12 
•28.8 

-28.52 
-28.14 
-27.63 
-28.26 
-28.64 
•28.3 

-28.14 
-27.43 
•28.09 
-27.66 
-27.49 
-26.64 
-26.67 

al., 2007b 

Wilson lake 

record 

fi CDINO 
(%o VPDB) 

-19,96 
-21 17 
-21 64 
-23.28 
-22.84 
-23.34 
-22.8 

-23.25 
-23,18 
-23.82 
-22.94 
-22,09 
-22.35 
-22.49 
-21.69 
-20,89 
-21,55 
-20,82 
-23.07 
-23.33 
-23.85 
-22.45 
-23.44 
-23.48 
-24.37 
-23.02 
-22.56 
-23.13 
-24.39 
-25.46 
-25.31 
-25.85 
-25.99 
-26.19 
-26.29 
-26.89 
-27.7 

-27.64 
-27.77 
-27.72 
-27.87 
-27.89 
-26.87 
-26.91 
-27.45 
-26.69 
-27.61 
-27.16 
-26.82 
-24.67 
-25.19 
-22.96 

Present 
work 

Rakhi Nala 

Bolle 
etal . . 2000 

Aktumsuk, 
Uzbekistan 

Crouch 
etal. , 2003 

Tawanui, 
Newzealand 

Sluijs 
etal . , 
2007b 

North sea 

Total organic carbon isotopic record 

6 CTQC 
(%o VPDB) 

-25.1 
-26.1 
-22.2 
-25.1 
-25.6 
-25.6 
-25.1 
-25.5 
-25.2 
-25.8 
-25,5 
-24,8 
-23.5 
-28.9 
-26.6 
-26.8 
-28.3 
-26.8 
-26.7 

6 Croc 
(%o VPDB) 

-24.3 
-28.64 
-30.35 
-30.22 
-28.84 
-29.83 
-29.05 
-28.55 

^ CTOC 
(%o VPDB) 

-28.2 
-28.2 
-28.2 
-28.3 
-28.3 
-28.2 
-28.3 
-27.5 
-28.0 
-28.2 
-29.0 
-28.5 
-28.6 
-29.4 
-29.3 
-29.4 
-29.5 
-29.3 
-29.4 
-29.3 
-29.0 
-28.9 
-28.6 

S CTOC 
(%Q VPDB) 

-25.44 
-26.31 
-26.33 
-26.09 
-26.25 
-26.11 
-26.67 
-27.28 
•28.38 
-28.25 
-29.13 
-28.92 
-29.59 
-29.76 
-28.58 
-29.63 
-29.57 
-28.28 
-31.45 
-31.70 
-30.56 
-31.76 
-32.11 
-31.26 
-31.79 
-30.53 
-31.49 
-31.73 
-31.68 
-31.21 
-28.62 
-29.16 
26.89 

Table 6: Comparison of 5 C (organic) values from Rakhi Nala with other global sections, bold values show the CIE, 
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Appendix 4 

Samples collected from Indus Basin, 

Pakistan. 
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Sample 
DSO 

DS1 
DS2 

DS3 
DS4 

DS5 

DS6 

DS7 

DSS 

DS9 
DSIO 
Dsn 
DS12 
DS13 

DS14 

DS15 

DS16 
DS17 
DS1B 
DSie 
DS2D 

DS21 
DS22 

DS23 

Field sedion 
Oaiia 

Eiaiia 
Dal la 

Dal la 
Dal la 

Dalla 

Dal la 

Dalla 

Dalla 

Dalla 
Dalla 
Dalla 
Dalla 
Dal la 

Oalla 

Dalla 

Da II a 
Dalla 
Dalla 
Dalla 
Dalla 

Dalla 
Dalla 

Oalia 

Remarks 
Usea 

Used 
Used 

Used 
Used 

Used 

Used 

Used 

Used 

Used 
Used 
Used 
Used 
Used 

Used 

Used 

Used 
Used 
Used 
Used 
Used lor 
laiger 
fDrarmnifera 
and 

UsedlQJ 
larger 
fDraminifera 
and 

Usedfor 
larger 
forammifeia 
and 
m.rm(ar>=c 

Sample 
DS24 

DS25 
DS26 

DS27 
DS2a 

DSZ9 

DS30 

DS31 

DS32 

DS33 
DS34 
DS35 
DS36 
DS37 

DS3e 

DS39 

OS40 

Field section 
Dalla 

Dal la 
Dalla 

Dalla 
Daila 

Dalla 

Dalla 

Dalla 

Dalla 

Dalla 
Dalla 
Oalla 
Dalla 
Dana 

Dalla 

Dalla 

Dalla 

Remarlis 
Used tor larger 
foraminifera 
and 
miciofacies 

Used 
Used lor larger 
foraminitera 
and 
niicro*acies 

Used 
Used lor larger 
fofaminrterB 
and 
microtacies 

Used lor larger 
tofaminilera 
arid 
microfaaes 

Used lor larger 
foramifiitera 
and 
rracrofacies 

Used lor larger 
toramimtera 
and 
microiacies 

Used tof larger 
foraminrtera 
and 
microfeaes 

Used 
Used 
Used 
Used 
Used (or laiger 
lorammifera 
and 
micmfaoies 

Used (or larger 
loramjnlfera 
and 
rrdcrolaoes 

Used lor larger 
(Draminitera 
and 
microfacies 

Used 
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Sample 
KD1 

KD2 
KD3 
KD4 

KD5 
KD6 

KDl 

KDB 
KD9 
KDIO 
KD^^ 

KD12 

KD13 
KD14 

KD15 

KD16 

KD17 
KD18 

KD19 

KD20 
KD21 
KD22 
KD23 
KD24 

Field sect ion 
Kali OilN 

Kah Dilli 
Kali Dllli 
Kali Dilli 

Kali Dllli 
Kali Dilh 

Kali Dilli 

Kali DiKi 
Kali Dilli 
Kalt Dilli 
Kail DNIi 

Kali Dilli 

Kali Dilli 
Kali Dilli 

Kali Dilli 

Kali Dilli 

Kali Dilli 
Kali Dilli 

Kati Dilli 

Kali Dilli 
Kalt Dilli 
Kali Dilli 
Kah Dili! 
Kali Dillt 

Remarks 
Used for laiger 
foraminifera 
and microfacies 

Used 
Used 
Used tot larger 
foranHnifera 
and microfades 

Used 
Used 

Used 

Used 
Used 
Used 
Used 

Used fof larger 
forarrvnifera 
and microfacies 

Used fo( larger 
foraminifera 
and tnicrafacies 

Used (Of larger 
foraminifera 
and microfacies 

Used for larger 
fDraminifera 
and microfades 

Used 
Used for largei 
foraminifera 
and microfades 

Used for larger 
foraminifera 
and microfacies 

Used 
Used 
Used 
Used 
Used 

Sample 
KD25 

KD26 
KD27 
KD2e 

KD29 
KD30 

KD31 

KD32 
KD33 
KD3A 
KD35 

NS1 

NS2 
NS3 

NS4 

NS5 

NS6 
NS7 

NS8 

NS9 
NS10 
NS11 
NS12 
NS13 

Field sect ion 
Kali Dllli 

Kali Dilli 
Kali Dilli 
Kali Dilli 

Kali Dilli 
Kali Dilli 

Kali DilN 

Kali DilN 
Kali Dilli 
Kali Dilli 
Kali Dilli 

Neka 

Neka 
Neka 

Neka 

Neka 

Neica 
Neha 

Neka 

Neka 
Neka 
Neka 
Neka 
Neka 

Remarks 
Used for larger 
foraminifera 
and microfades 

Used 
Used 
Used 

Used 
Used for larger 
foiaminifera 
and rrtcrofades 

Used for larger 
foiaminifera 
ar>d microfades 

Used 
Used 
Used 
Used for larger 
foramrnifera 
ar>d microfades 

Not used 

Not used 
Not used 

Not used 

Not used 

Not used 
Not used 

NQI used 

Not used 
Not used 
Not used 
Not used 
Not used 
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Sample 
NS14 
NS15 
NS16 
NS17 
NS18 
NS19 
NS20 
NS21 
NS22 
NS23 
NS24 
NS25 
NS26 
NS27 
NS28 
NS29 
Tp l 
Tp2 
Tp3 
Tp4 
Tp5 
Tp6 
Tp7 
Tp8 
Tp9 
TpIO 
Tp11 
Tp l 2 
Tp l 3 
Tp14 
Tp15 
Tp16 
Tp l 7 
Tp l 8 
Tp l 9 
Tp20 
Tp21 
Tp22 
Tp23 
Tp24 
Tp25 

Field section 
Neka 
Neka 
Neka 
Neka 
Neka 
Neka 
Neka 
Neka 
Neka 
Neka 
Neka 
Neka 
Neka 
Neka 
Neka 
Neka 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 

Remarks 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 

Sample 
Tp26 
Tp27 
Tp28 
Tp29 
Tp30 
Tp31 
Tp32 
Tp33 
Tp34 
Tp35 
Tp36 
Tp37 
Tp38 
Tp39 
Tp40 
Tp41 
Tp42 
Tp43 
Tp44 
Tp45 
Tp46 
Tp47 
Tp48 
Tp49 
Tp50 
Tp51 
Tp52 
En1 
ZTd1 
ZTd2 
ZTd3 
ZTd4 
ZTd5 
ZTd6 
ZTd7 
ZTd8 
ZTd9 
ZTdIO 
Z T d l l 
2Td12 
ZTd13 

Field section 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Nammal gorge 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 

Remarks 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
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Sample 
ZTd14 
ZTd15 
ZTd16 
ZTd17 
ZTd18 
ZTd19 
ZTd20 
ZTd21 
ZTd22 
ZTd23 
ZTd24 
ZTd25 
ZTd26 
ZTd27 
2Td28 
ZTd29 
ZTd30 
ZTd31 
ZTd32 
ZTd33 
ZTd34 
ZTd35 
ZTd36 
ZTd37 
ZTd38 
ZTd39 
ZTd40 
ZTd41 

Field section 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 

Remarks 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 

Sample 
ZTd42 
ZTd43 
ZTd44 
ZTd45 
ZTd46 
ZTd47 
ZTd48 
2Td49 
ZTdSO 
Kpsi 
Td1 
Td2 
Td3 
Td4 
Td5 
Td6 
Td7 
TdS 
Td9 
Td10 
Td11 
Td12 
Td13 
Td14 
Td15 
Td16 
Td17 
Tdia 

Field section 
Zinda Prr 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Zinda Pir 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Naia 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 

Remarks 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Not used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 

325 



Sample 
Td19 

Td20 

Td21 

Td22 

Td23 

Td24 

Td25 

Td26 

Td27 

Td28 

Td29 

Td30 

Td31 

Td32 

Field section 
Rakhi Nala 

RaKhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhf Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nals 

Remarks 
Used 

Used 

Used 

Used 

Used 

Used 

Used 

Used 

Used 

Used 

Used 

Used for dinocysts 
and foraminifera 
Used for dinocysts 
and foraminifera 
Used for dinocysts 
and foraminifera 

Sample 
Td33 

Td34 

Td35 

Td36 

Td37 

Td38 

Td39 

Td40 

Td41 

Td42 

Td43 

Td44 

Td45 

Td46 

Field section 
Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

RaKhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Remarks 
Used for dinocysts 
and foraminifera 
Used for dinocysts 
and foraminifera 
Used for dinocysts 
and foraminifera 
Used for dinocysts 
and foraminifera 
Used for dinocysts 
and foraminifera 
Used for dinocysts 
and foraminifera 
Used for dinocysts 
and foraminifera 
Used for dinocysts 
and foraminifera 
Used for dinocysts 
and foraminifera 
Used for dinocysts 
and forammifera 
Used for dmocysts 
and foraminifera 
Used for dinocysts 
and foraminifera 
Used for dinocysts 
and foraminifera 
Used for dinocysts 
and foraminifera 
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Sample 
Td47 

Td48 

Td49 

Td5Q 

Td51 
Td52 
Td53 
Td54 
Td55 
Td56 
Td57 
Td58 

Field section 
Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 

Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 
Rakhi Nala 

Remarks 
Used for 
dinocysts 
and foraminifera 

Used for 
dinocysts 
and foraminifera 

Used for 
dinocysts 
and foraminifera 

Used for 
dinocysts 
and foraminifera 

Used 
Used 
Used 
Used 
Used 
Used 
Used 
Used 

Sample 
Td59 

Td60 

Field section 
Rakhi Nala 

Rakhi Nala 

Remarks 
Used 

Used 
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