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Abstract

The present study focuses on the Naokelekan Formation, which outcrops in

Kurdistan region, NE of Iraq, and is part of the Mesozoic oil-prone formations of one

of the biggest oil reserves worldwide. Naokelekan Fm was deposited under dysoxic

to anoxic conditions in Tethys during the Upper Jurassic period; its scientific interest

is increasing regarding the sedimentological and source rock features, as well as the

oil generation potential. Samples from four outcrop sections, those of Banik, Galy-

Derash, Barsarin and Dwawa, were obtained in order to perform organic

petrographical characterization, reflectance measurements and organic geochemical

analysis. The aim is to identify the features of the Naokelekan Fm in terms of organic

matter content, maturation level and features of the bitumens contained.

Naokelekan Fm displays high Total Organic Carbon-TOC (%) values, averaging 27.5,

9.0, 3.5 and 5.2 wt.% for Banik, Galy-Derash, Barsarin and Dwawa sections,

respectively, as well as Total Organic Matter-TOM contents (34%, 12,6%, 8.4% and

9.5%, respectively, for the same sections). These values along the thermobalance

combustion profiles indicate an organic-rich and rather homogenous formation.

Organic petrographical examination indicates that solid bitumen (migrabitumen) is

the main organic phase within the studied samples. Phosphatic-organic constituents,

interpreted as zooclasts, with a granulated appearance and lower reflectance than

the bitumens were also identified, while vitrinite particles are lacking.

The equivalent vitrinite reflectance within a section shows rather consistent values

varying from 0.62-0.83% in Banik, 0.57-0.71% in Galy-Derash, 0.87-1.4% in Dwawa

and 0.9-1.52% in Barsarin. Lower reflectance values were obtained from

microgranular bitumens intimately associated with clay minerals; in some of the

samples this component is dominant. The measured reflectance values indicate that

the sections are mature to over-mature from the oil-generation point of view.

The biomarkers analysis shows a strong even predominance in the medium chain

length n-alkanes from the less mature Banik section, and less marked predominance

in Dwawa and Barsarin sections. A very different profile maximizing at n-C25 was
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observed in a phosphate-rich sample lacking bitumen. Only the Banik section

showed significant hopane concentration with high C35/C34 homohopane ratios

supporting a hypersaline depositional environment. A very high amount of sulphur-

bearing aromatic compounds was recorded in the Naokelekan Fm extracts. The low

concentration of acyclic isoprenoids reduces the reliability of pristane/phytane ratios

that suggest a transitional (oxic-dysoxic) environment of deposition. The dominance

of C29 steranes over both C27 and C28 suggests proximity to the coastline. The

maturity estimations based on the aromatic compounds match well with the highest

values of the vitrinite reflectance equivalent calculated from bitumen reflectance for

each section.

Based on the obtained data Naokelekan Formation was deposited in a marine

depositional environment, under dysoxic-anoxic conditions. The type of organic

matter is mostly reworked bitumens. Phosphatic zooclasts are subordinately

participating. The maturity level is evaluated as marginally mature to post-mature.

Finally, Naokelekan Fm satisfies the requirements of both a hydrocarbons source

rock and reservoir formation as well.
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1. INTRODUCTION

Iraq is a region of great interest, regarding the occurrence and exploitation of oil and

gas, and hosts among the largest world oil and gas reserves (Al-Ameri et al., 2012;

Mohialdeen et al., 2013). Since the first attempts of drilling that took place during

the early years of 20th century, extraordinary levels of exploration activity has taken

place in Iraq, and even more in the limits of Kurdistan region. Various oil fields of

Northern Iraq have been evaluated by applying 2-D seismic with vertical exploration

wells and 3-D seismic surveys. Recoverable reserves of oil and gas are estimated to

approximately 15 billion barrels of oil equivalent (Mackertich and Samarrai, 2015).

Kurdistan Regional Governorate region occupies the N-NE part of Iraq and of the

Arabian Peninsula, which is an area of tectonic compression that ensued from the

collision of the Arabian-Eurasian plates. The development of dysoxic to anoxic

depositional environments in the NE part of the Arabian Peninsula during Jurassic,

led to the preservation of significant amounts of organic matter. Subsequently,

among the most effective source rocks of Northern Iraq formed throughout Middle-

Late Jurassic (Baban and Ahmed, 2014).

The present Master Thesis focuses on Naokelekan Formation, which is part of the oil-

prone sedimentary Formations of Northern Iraq. Naokelekan Fm. was deposited

during Late Oxfordian - Early Kimmeridgian (Bellen et al., 1959) in a euxinic

environment of a very slowly subsiding basin (Buday et al., 1980; Jassim and Buday,

2006). Stratigraphically, Naokelekan Formation consists of alternating layers of

bituminous argillaceous shales and limestones (Buday et al., 1980), and the typical

stratigaphical location is next to Naokelekan village in NE Iraq (Bellen et al., 1959).

The lower part of the Formation contains a dark colored layer, which is locally known

as “coal layer” due to the color, indicating high participation of organic matter.

Naokelekan Formation is under extensive scientific concern in recent years, which

brought out the publication of various studies, presenting petrographic and

geochemical data. According to Hussein et al. (2013) Naokelekan Formation was

assessed as an excellent source rock, with TOC content in the range of 5.39%-
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25.55%, as indicated from Rock-Eval/TOC pyrolysis. According to the study of Baban

and Ahmed (2013) Naokelekan Formation fluctuates within the oil generation

window, showing Vitrinite reflectance (Ro) values in the range of 0.79–1.25%. Al-

Jaafary & Hadi (2015) calculated Ro values 0.76–0.90% and concluded to the

indigenous hydrocarbon mature oil prone of Naokelekan Formation (amongst other

formations) based on the TOC and pyrolysis data. The study of El-Kamaar et al.

(2015) also supports the high quality of Naokelekan Formation as a source rock,

indicating the presence of both kerogen types I, II and average TOC value 17.77%,

both obtained from Rock-Eval/TOC pyrolysis.

The objective of the study is the evaluation of the mineralogical, organic

petrographical and inorganic/organic geochemical characteristics of Naokelekan

Formation with the aim to interpret its paleo-environmental depositional conditions,

the maturity level, and also its petroleum potentiality. In the course of this aim,

samples from four outcrop sections, those of Banik, Galy-Derash, Barsarin and

Dwawa, were obtained in order to carry out organic petrographical characterization,

reflectance measurements, inorganic and organic geochemical analyses.
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2. HYDROCARBONS’ COMPOSITION AND OCCURRENCE

2.1. Source Organic Matter and Constitution

Oil and gas are composed of a mixture of hydrocarbons in monomeric or polymeric

form that derive from organic parts of formerly living organisms, which were

deposited and preserved in sediments. Subsequent geological events contribute to

the transformation of the original organic composition to petroleum/gas-like

compounds (Tissot & Welte, 1984). Fossil fuels represent organic matter that has

been temporarily removed from the carbon cycle due to burial in the lithosphere.

2.1.1. Types of original organic matter

The three existing life types include archaea, eubacteria and eukarya (eukaryotes

and higher organisms belong to this category) (Woese et al., 1978). The

characteristic that distinguishes eukaryotes from prokaryotes (eubacteria) is the

existence of membrane-bound nucleus separating the complex organelles.

Eukaryotic microorganisms that concern the productivity of hydrocarbons include

algae, protozoa, and fungi. In the category of eubacteria belong a great number of

unicellular archaeal and eubacterial species. The classification of eukaryotes has

been based mainly on morphological features. In contrast, the prokaryotes are

distinguished mostly by the diverse biochemistry and the habitats in which they

grow (White, 1999). The basic structural precursors of the HC molecules are

proteins, carbohydrates, lipids, lignin, and tannins (Peters et al., 1993a).

Marine phytoplankton was the unique primary producer of organic matter, from

Precambrian until Devonian. Since then, the development of higher plants

contributed to the primary production. Currently, there are four main sources of

organic matter, which include phytoplankton, zooplankton, bacteria and higher

plants (Peters et al., 1993a).

2.1.2. Synthesis of the original organic matter

The major means for biomass synthesis in nature is photosynthesis, emerging as a

worldwide phenomenon 2 billion years ago. Meanwhile, non-photosynthetic systems

exist in nature, such as methanotropic communities (Michaelis et al., 2005), which

recycle sedimentary carbon, previously produced by photosynthetic organisms.
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Additionally, although low in significance, organic matter in sediments can occur

from chemoautotrophic organisms (Tissot and Welte, 1984).

The chemical process of photosynthesis can be represented by the following

reaction (Peters et al., 1993a):

2H2A + CO2 (light) −→2A + CH2O + H2O

In green plants and cyanobacteria H2A is H2O and 2A is O2. In bacteria, H2A is some

oxidizable substrate and 2A is the product of its oxidation. For example, in sulfur

bacteria H2A is hydrogen sulfide (H2S) and A is sulfur.

Figure 1. Generalized redox cycle for organic carbon. Production of new organic matter by
photosynthetic fixation of carbon from CO2 (aerobic & anaerobic occurrence) (Peters et al.,

1993a).

Photosynthesized organic matter is stored in the cells of the original living organisms

mainly in the form of polysaccharides. During respiration, the reverse of the above

reaction takes place, in order to produce energy, by oxidizing the polysaccharides.

Since light energy is necessary for photosynthesis to proceed successfully, in deep

marine environments phototroph organisms (the ones that derive from sunlight

energy) are not significant as the photic zone extends up to maximum 100m of water
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depth. This circumstance affects intensively the type of organic matter deposited.

Beyond the photic zone, chemosynthesis may take places, relying on the chemical

energy, which is produced as byproduct of reduced substrates oxidation (Tissot and

Welte, 1984) (Fig. 1).

2.2. Sedimentological Parameters of Source Rocks

The hydrocarbon’s source rocks are sedimentary rocks or unconsolidated sediments

containing large amount of organic matter, in immature or marginally mature

situation (Taylor et al., 1998). Shales, coals and other sedimentary rocks with more

than 0.5% of organic carbon (OC) can be regarded as source rocks. A number of

geological boundary conditions are crucial for the accumulation of the organic

matter in the sediment (Tissot & Welte, 1984). The sedimentological parameters

describing the source rocks can vary significantly, meanwhile, by default they always

have features in common (Duncan, 1976).

In aquatic environments there is a minimum limit of receiving organic matter, in

particulate or dissolved form. The energy existing in the supernatant water column

affects the sedimentation processes and subsequently the amount of the organic

matter buried and preserved. Subaerial and aerial conditions are unfavorable for the

preservation of organic matter, due to chemical or microbial oxidation procedures

that took place (Tissot & Welte, 1984). In contrast, the organic matter levels are high

along continental margins, due to high primary productivity of coastal water and

high input of allochthonous terrestrial plant material. Additionally, the supplied

mineral fragments affect the sedimentation.

Optimal conditions for the deposition of rich-in organic matter sediments develop on

the continental shelves, in areas of quite waters, such as deep basins of restricted

circulation, lagoonal environments, estuaries and finally, continental slopes (Tissot &

Welte, 1984).

2.2.1. Lithological Features

Typically, the lithological types most capable to expel hydrocarbons are siliciclastic

mudstones, siltstones, mixed siliciclastic-biogenic marlstones and carbonates (Taylor

et al., 1998). The clay-size mineral fraction becomes easily coated by organic matter
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(Tissot & Welte, 1084). In the case of carbonate-rich lithological types, which

concern the present study, typically the percentage of containing organic matter is

positively correlated with the silicate phases and negatively correlated with the

carbonates (Quade et al., 2003). This assessment reflects on the organic identity of

the source rock, supporting the often abundance of terrigenous macerals, possibly

deriving from continental areas (Littke et al., 1991). Iron sulfides like pyrite, are very

common in source rocks, formed during early diagenesis. The sulfur content usually

varies between 1-5 wt.% (Baskin & Peters, 1992). Marine sediments contain more

pyrite and sulfur, due to the higher availability of S in marine environments (Berner,

1984). Regarding the thickness and extent parameters, source rocks vary

significantly. There are examples of very thick organic-rich Formations of Cretaceous

and Eocene age (Yen and Chilingarian, 1976).

2.2.2. Organic Geochemical Parameters

The Organic Carbon content in source rocks is a major geochemical parameter that

usually fluctuates within the limits of 2.5-5 % (Tissot and Welte, 1984). In marine

sediments the Organic Carbon content rarely exceeds 15% (Taylor et al., 1998), while

the equivalent percentage is even lower in the cases of oceanic deep waters.

The kerogen (non-soluble organic matter) in organic carbon-rich sediments is

hydrogen-rich compared to that in typical coals, in most of the cases. Generally the

atomic ratio H/C exceeds 1.1-1.2, whereas the atomic ratio O/C is lower than 0.2

(Tissot and Welte, 1984). The method of Rock-Eval Pyrolysis provides Hydrogen

Index exceeding 450 mg hydrocarbons/g Corg for bituminous sediments. Gas

Chromatography - Mass Spectrometry technique usually reveals that the organic

matter of oil and gas source rocks generally produces higher molecular weight

compounds, i.e. low gas/oil ratio (Horsfield et al., 1994).

2.3. Organic Petrographical and Geochemical Features in sedimentary rocks

The organic matter content of sedimentary rocks can be expressed by the maceral

groups and solid bitumens, i.e. migra- and pyrobitumens (see Jacob, 1989), which

are the microscopically visible particulate matter, the kerogen type and the

biological markers, which are complex molecular fossils derived from biochemical,

particularly lipids, in once-living organisms (Peters et al., 1993a). All these
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parameters are inseparable, whereas they comprise different phases of the same

material and their combination can provide provable information for the origin and

constitution of the organic matter content in sediments and sedimentary rocks.

2.3.1. Kerogen Types

The kerogen type is an artificial parameter referring to the non-soluble organic

matter after the treatment with organic solvents, which aim to remove the

bitumens. The remaining material consists of a mixture of organic compounds that

are built mainly from C, O, H, as well as N and S in lesser amounts (Van den Βroucke

and Largeau, 2007). There are four types of kerogen, regarding the origin and

chemistry but only three are the major types; the forth type refers to macerals of

inertinite, exposing very high carbon values in combination with very low hydrogen

values. In Table 1 a short description of the three main kerogen types is provided,

according to Tissot et al. (1974).

Table 1: Brief description of the three main kerogen types (Tissot et al., 1974, modified).

Kerogen
Type

Chemical
Characteristics

Sedimentology –
Source material

Oil/Gas
Potentiality

I Mainly parafins, secondly
aromatic compounds. Highly
available organic matter and
extractable components

Algae, Zooclasts,
Bacteria

Very High

II Aromatic compounds,
high sulfur participation

Mainly carbonaceous
sediments/limestones

High

III High participation of oxygen,
polyatomic groups and
polycyclic aromatic
compounds

Deltaic and costal
shales, terrestrial
plants equivalent to
coals

Low

2.3.2. Maceral Groups and Solid Bitumens

The first modern organic petrological study on the maceral types in hydrocarbons

source rocks was published in 1977 by Teichmüller and Ottenjann, concerning the

Toarcian Posidonia shale in Germany. Afterwards, more scientific research took

place on equivalent subject that led to the usage of various different classifications

of the macerals in oil source rocks (see Robert, 1979; Hutton et al., 1980; Stach,

1975; Crisp et al., 1987).
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Marine oil/gas source rocks are characterized by homogenous organic

petrographical features (as well as lithological) (Littke et al., 1991). The macerals

observed in principle in marine source rocks are alginite (lamalginite), admixtures of

bituminite, liptodetrinite and minor participation of vitrinite and inertinite particles

(Teichmüller and Ottenjann, 1977; Littke et al., 1988). Alginite/ lamalginite are in

general rich in hydrogen and promising for the oil generation potentiality (Taylor et

al., 1998). Bituminite is unstructured organic matter, fluorescing, as also do the

macerals alginite and liptodetrinite. The degradation and weathering processes can

affect negatively the hydrocarbon productivity of the above mentioned organic

matter (Horsfield et al., 1994).

Solid bitumens (migra- and pyrobitumens) occur relatively often in source and

reservoir rocks, and they were for the first time described and classified by Jacob,

19891. They are considered as “secondary macerals” with amorphous shape, which

adopts the geometry of the neighboring crystals, cavities and macerals. Also, Landis

and Castaño (1995) named the solid bitumens as “solid hydrocarbons”. The source

material is of marine organic origin, as algae and zooclasts. Microscopically, the color

of bitumens under the white light fluctuates, from darker shades to lighter shades of

gray, regarding the maturity level, whereas they are not fluorescing. The

development of bitumens begins at the top of the oil window (Vitrinite reflectance

0.35-0.60 %). The occurrence of bitumens can be dispersed or massive in sediments

and sedimentary rocks, whereas their presence is indicative for oil/gas expulsion.

Furthermore, bitumens can provide useful information for the migration path and

maturation of hydrocarbons. According to Landis and Castaño (1995) bitumens can

be categorized, according to their optical form, as anisotropic (“coked”), granular

and homogenous. The homogenous form is recommended for correlations with

other thermal indicators.

2.3.3. Biological Markers (Biomarkers) in Sedimentary Rocks

Biomarkers are biological compounds, which consist of carbon, hydrogen and other

elements in a complex form, whereas they originate from formerly living organisms

1 The classification of solid bitumens by Jacob (1989) has been composed according to a total of
physical and chemical properties which are not under examination in the course of the present study.
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(Eglinton and Calvin, 1967; Eglinton and Douglas, 1988). In sediments, sedimentary

rocks and crude oils biomarkers build the organic material, in the same form, or

partially different form of which the biomarkers existed in the parent organic

molecule. The usefulness of biomarkers lies in the fact that their complex structure

provides significant information about the origin and geological history, and more

specifically about the environmental conditions during its deposition and burial, the

thermal maturity experienced by the hosting rock, the degree of biodegradation,

some aspects of mineralogy, and age. Furthermore, while biomarkers are highly

resistant to biodegradation, they can be used as very powerful tool in geochemical

analysis.

There are three main characteristics that distinguish the biomarkers of other organic

compounds. Their structure consists of repeating subunits, indicative of the living

organism structure. Every biomarker occurs commonly in a specific living type, and

also, the main identifying structural characteristics of biomarkers are unalterable

during sedimentation and the early stages of burial (Peters et al., 1993a).

The basic groups of biomarkers used for the organic geochemical evaluation of

sedimentary rocks are the n-alkanes, terpanes, hopanes, steranes and aromatic

organic compounds. Various biomarker parameters, such as C42-46 Cyclopentylalkanes

with odd/even carbon preference are indicative of marine source rocks (Carlson et

al., 1999; Hsieh and Philp, 2001). C35 homo-hopanes index provides information

regarding the oxicity under which marine sediments were deposited (Peters et al.,

1993b). The C29/C30 hopanes ratio is higher in the case of carbonate-sourced oils (Fan

Pu et al., 1988; ten Haven et al., 1988; Subroto et al., 1991). High relative to total C27-

C29 steranes are indicative for higher plant input (Hwang et al., 1989; Moldowan et

al., 1985). Relatively high amount of total hopanes in oils indicate derivation from

source rocks deposited under anoxic conditions (Peters and Moldowan, 1990).

Abundance of C35 homo-hopanes in oils (Relative to C31-C34 homohopanes) is

correlated with source rock Hydrogen Index (Dahl et al., 1994). The pristane/phytane

factor around 1.0 indicates anoxic conditions (though the ratio is affected by many

other factors). The age of source rocks can be appraised by various biomarker

factors, like (24-norcholestanes)/(26-norcholestanes), dino-steranes, triaromatic
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dinosteroids, C29 Monoaromatic Steroids e.t.c. (Moldowan et al., 1985; Douglas et

al., 1991; Fowler, 1992). Finally, ranking systems are based on the relative loss of n-

alkanes, acyclic isoprenoids, terpanes, steranes and aromatic steroids during bio-

degradation (Peters et al., 1993b).

2.4. Changes of the Organic Matter during maturation

The evolution of organic matter in sediments and sedimentary rocks follows the

three stages of diagenesis, catagenesis and metagenesis (Tissot and Welte, 1984).

During diagenesis, the major means of transformation is the microbial activity, which

induces chemical rearrangements, as polycondensation and insolubilization. During

this stage, the organic matter consists mainly of kerogen. By increasing of

temperature in sedimentary basins thermal degradation of the organic matter is

occurring, during the phase of catagenesis, resulting in the generation of the most

hydrocarbons. Finally, metagenesis is reached at great depths, with the beginning

placed to the point where Vitrinite reflectance is 2% (Tissot & Welte, 1984).

Furthermore, upon maturation alginite and bituminite disappear, and secondary

organic structures are generated, as solid bitumens, micrinite, exsudatinite and

inclusions of hydrocarbons (Taylor et al., 1998).

During catagenesis biomarkers undergo through structural changes, which are useful

parameters in assessing the duration of heating in the source rocks, or the oil expels.

In the temperature range of ∼150–200 oC, which equates to greenschist

metamorphism phase, organic molecules are cracked to gas, in the stage of

metagenesis. Biomarkers are severely diminished in concentration or completely

destroyed due to their instable behavior under these conditions (Peters et al.,

1993a).
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3. GEOLOGICAL SETTING

3.1. Geotectonic Consideration of Naokelekan Formation

The basin evolution and petroleum geology of Iraq have been fundamentally

controlled by the tectonic framework and palaeo-structural progress of the Arabian

Plate (Jassim and Goff, 2006, Fig. 2). The Arabian Plate is structurally consisting of

the Arabian Shield and the Arabian Shelf (El Diasty et al., 2016). The Arabian Shelf in

northern Iraq can be divided into a stable shelf and a folded zone or unstable shelf

(Jassim and Buday, 2006) The Arabian Shelfe consists of five tectono-physiographic

zones that are generally bounded by major faults that represent deep-seated

structural elements (Fig. 3). Recent studies have re-defined the tectonic classification

of Northern Iraq (e.g. Burtscher et al., 2012).

Figure 2: Location map of Iraq showing the northeast Arabian Peninsula of the region Iraq
with locations of basins and oil and gas fields (Al-Ameri and Zumberge, 2012).
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These tectonic zones include the 1) thrust zone, 2) folded zone, 3) Mesopotamian

Basin, 4) Salman zone, and 5) Rutbah-Jezira zone (Ameen, 1992; Jassim and Buday,

2006; Jassim et al., 2006). In the area of the unstable shelf, the large-scale Zagros

anticlines probably formed by a combination of thick-skinned deformation involving

the basement and thin-skinned deformation above a detachment near the base of

the lower Palaeozoic (McQuarrie, 2004). The Kurdistan Region oil fields are

distributed along the Zagros Fold Belt, which is expanded between the junction

boundary of Iraq, Iran and Turkey, across the elongated folded area (Hakimi et al.,

2016). All significant hydrocarbon discoveries in northern and northeastern Iraq (Fig.

2) occur in compressional structures formed during the Zagros orogeny (El Diasty et

al., 2016).

Figure 3: Correlation chart of Triassic-Jurassic Stratigraphic Units of Iraq (Modified, after
Buday, 1980).

The stratigraphical units in KRG expand from the Jurassic through Tertiary and

comprise marine and subordinate lagoon sediments (Buday 1980). The deposition of

the Mesozoic sedimentary formations took place across the eastern passive margin

of the Arabian Craton (Numan, 1997) and comprises shales, carbonates and

anhydrites of Jurassic and Cretaceous age (Buday, 1980). The environmental
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conditions have been assessed as marine/lagoonal of Tethys paleo-ocean, existing by

the time in the NE part of the Arabian plate (Al Sharhan and Nairn, 2003).

Naokelekan Formation was deposited in a foreland basin developed at the margin of

the craton during Late Jurassic (Murris, 1980; Numan, 2000) in a slow subsiding basin

(Buday, 1980; Hussein et al., 2013).

Currently Naokelekan Fm. occurs geographically in the Northern, high-folded thrust

zone and outcrops in a number of areas located in the NE Iraq. Sargelu Formation

underlies Naokelekan Formation, which itself underlies Barsarin Formation, with

conformable boundaries (Hussein et al, 2013) (Fig. 3). The average thickness of the

Formation is <15m according to field observations (Bellen et al., 1959).

3.2. General Litho-stratigraphic Description of Naokelekan Formation

The general stratigraphy of Naokelekan Fm. is divided into three different units,

regarding the lithological features and has been described in detail by Buday (1980)

(Fig. 4).

Figure 4: General stratigraphic column and system tracks of Naokelekan Fm (Late Jurassic),
Barsarin Village, NE Iraq (Balaky, 2015).
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The bottom 7m thick unit, consists of laminated, bituminous, argillaceous limestones

embedded with bituminous shales and limestones and is referred as “coal horizon”

(Dunnington et al., 1959) due to the high content of organic matter and the

consequent black colour. The middle section (4m thick) comprises of compacted thin

bedded, fossiliferous (ammonites), dolomitic limestones that intersect with calcite-

rich veins, possibly indicative of an early Kimmeridgian age (Balaky, 2015). This

section concludes with the occurrence of oolitic packstones, indicative of a subtidal

depositional environment that occurs close to reduction tectonic zones, as well as

with micritic components, which formed as a result of non-dynamic, current tectonic

conditions. The upper part of Naokelekan Formation (3m thick) is characterized by

the alteration of bituminous, argillaceous, dolomitic limestones, and black

calcareous shales (Balaky, 2015).
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4. METHODOLOGY

About 57 samples were sampled from four outcrop sections of Naokelekan Fm.,

(Banik, Galy-Derash, Barsarin & Dwawa). The grain size was greater than Ø=0.5 cm in

most of the cases. Initially, all of the samples, were dried at 60oC, and they were

grinded to Ø=1mm, and Ø<50μm according to the requirements of the assorted

techniques to be applied.

4.1. Preparation of blocks - Microscopy

Polished blocks of bulk as well as of CaCO3-free samples were prepared from crushed

matterial (Ø < 1 mm) according to International Standards (ISO 7404-2, 2014). A

small amount of material (<1gr) was placed in plastic, cylindrical moulds.

Subsequently, a solution consisting of epoxy resin and hardener (Struers) with

proportion 15/2 was added. The sample and the solution were blended very well, so

that all the grains could be soaked with the epoxy. After 24 hours the blocks were

solid and ready to be burnished consecutively with a set of grinding papers (Grinding

size 300-2400). Finally they were polished by using diamond paste (Ø 3μm, 1 μm)

and alumina (Ø 0.6μm).

The blocks were examined according to ISO 7404-4 (2014) by using the Leica DMRX

coal-petrography microscope (under white light and blue light excitation) and X50

oil-immersion objective (total magnification of X500).

The classification of macerals follows the international acceptable nomenclature of

the ICCP System 1994 (ICCP 1971, 2001; ISO 7404-5, 2014; Sýkorová et al., 2005;

Pickel et al., 2017). Additionally the classification of “solid bitumens” is based on

Landis and Castaño (1995), modified.

Reflectance measurements followed the procedure established for dispersed organic

matter and described in ASTM D7708 (2014). A maximum of 100 particles were

measured in the organic-richest samples. In several samples few measurements

were taken, due to the very small size of the organic structures, which in this case

was <5μm. Furthermore, in few sample cases measurements were impossible, due

to the intense dispersed situation or total absence of organic structures.
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4.2. Specification of Total Organic Carbon (TOC)

ΤΟC was measured following the procedure proposed by Van Iperen and Helder

(1984). Whole rock samples crushed down to Ø<50μm were treated with HCl in

order to remove the inorganic carbon. The resulting material contains exclusively

carbon of organic origin. Finally, C-H-N-S analysis took place on both the dry whole

rock powder and the CaCO3-free samples, in order to assess the Organic Carbon. The

occurred values of the second analysis were regurgitated to the initial weight of the

samples, in order to define the Total Organic Carbon (TOC), according to the

following equation:

TOC= (C% of CaCO3-free sample * Weight of the CaCO3-free sample)/ Weight of the

dried sample.

4.2.1. C-H-N-S elemental analysis

C-H-N-S analysis was conducted by using Carlo Erba Automatic Analyzer EAGER 200

according to ASTM D5373 (2004) that allocates the Laboratory of Instrumental

Analysis, School of Natural Sciences, University of Patras. As mentioned above, the

analysis took place twice, firstly for the dry, whole-rock samples and secondly for the

CaCO3-free samples. From the first analysis the Total Carbon (TC) was measured, and

from the second the Total Organic Carbon, as well as the Total Inorganic (TIC = TC-

TOC). Additionally the H, N, S contents (and O by difference) were determined,

which can provide important information regarding the type and source origin of the

organic matter.

4.2.2. Chemical treatment with HCl

The treatment with HCl, in order to remove the total CaCO3 from marine sediments,

is one of the existing methods that lead to the definition of TOC. There are three

forms of carbon in sediments (Schumacher, 2002): elemental, inorganic and organic.

Inorganic Carbon derives from the structure of the minerals that built the

sedimentary rock or sediment. Organic Carbon derives from the biological activity.

Hereto, considering that the Total Inorganic Carbon derives from calcite, and in some

cases from dolomite, the total amount can be removed by treatment with HCl. The

hydrochloric acid breaks down the calcium carbonate as per:
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2ΗCl(aq)  +  CaCO3(s)   =  CaCl2(aq)  +  H2O(l) + CO2(g)

Hydrofluoric acid with concentration 10% was used in the course of this method. It

was prepared with dilution of hydrofluoric acid with concentration 37%, which

occurred by mixing 363ml water and 137ml hydrofluoric acid (total volume 500ml) in

graduated cylinder. Dried samples were deposited in big cylinders, while the grains

were already separated, with the help of a metallic spatula (same material that was

used for the C-H-N-S analysis of whole-rock samples). An amount of HCl 10% was

added in the cylinder and was thoroughly mixed with the material, by using a glass

bar. Immediately, gas CO2 was produced, as a product of the reaction. The procedure

was repeated several times, until the total amount of calcium carbonate was

consumed, according to the absence of gas release. After the completion of this

process for all the samples, the material underwent centrifugation, in order to

separate the solid and liquid constituents. Every sample went through this procedure

for 16 minutes, at 4000 turns per minutes. After the end of centrifugation, a thin

layer of organic matter was formed on the top of the liquid part. It was collected

with filters. Afterwards, the material was dried at 105oC for 24 hours. A small part of

it was crushed in order to conduct XRD examinations. The rest of it was used to

prepare polished blocks, as described in section 4.1.

4.3. Loss on Ignition (LOI) - Assessment of ash and carbonates

LOI is a method that aims to define the inorganic residual material, which remains in

ash form, after the burning procedure of coal and coke (ASTM D 3174-04), as well as

of sediments and sedimentary rocks that contain organic matter. Therefore, LOI can

provide data in relation to the Total Organic Matter and the inorganic/mineral

content, particularly of carbonates.

The remaining solid that is formed after the burning procedure consists mainly of

oxides and sulfates. The ash amount represents somehow the mineral amount of the

initial rock. The deviation size fluctuates, and it depends on the chemical nature of

the minerals, which appoints the kind of chemical transformations. The most

important chemical changes are related to the loss of carbon dioxide from carbonate

minerals, the elimination of water molecules that participate in the structure of
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silicate minerals, and finally the oxidation of the iron, resulting in the formation of

oxides. In addition, sulfur oxides are also formed, requiring participation of carbon

and magnesium. The temperature range that occurs during the burning procedure

absolutely defines the mass changes, and by extension, the chemical changes that

take place. As a result, it is very important to adjust with accuracy the existing

conditions, in order to export as precise data as possible.

Procedure:

The LOI method in the course of the present study was carried out in two stages.

During the first one, approximately 1 g of each sample was burnt for 4 hours, at

550oC, in order to calculate the organic matter content. During the second stage, the

occurred ashes from the previous procedure were combusted additional at 950oC for

2h, in order to export data over the contained carbonates in the source rock and by

extension over the Inorganic Carbon (Heiri et al., 1999).

The samples were combusted in muffle furnace, which allows sufficient air

circulation. The periodic control of the temperature changes is essential. Firstly,

porcelain crucibles, with 22 mm depth and 44mm diameter must be dried at 550oC

for 1h, in order to lose their potential absorbed moisture. The dried crucibles must

be weight-measured with high-accuracy scale, as well as the samples, which must

have already been crushed to grain size Nο. 60, or smaller. Whenever the furnace

gets the proper temperature (allowable deviation 10oC) the crucibles, which contain

the samples are put inside. Contact between the crucibles, or between the crucibles

and the furnace’s walls, is not allowed. After 4 h the heating procedure ends and the

furnace opening stays closed, until the temperature level around 100oC. The samples

are removed from the furnace and deposited in a desiccator. Next, they must be

weighted again. The procedure mentioned above has to be also carried out to 950oC.

The ash is estimated according to the equation:

Ash (%) = [(Α-Β)/C] * 100

where, A= total weight of crucible and sample
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B= weight of the crucible

C= weight of the crushed, dried sample

-Thermogravimetric technique

Furthermore, for some samples the determination of TOM (%) and CaO (%) was

carried out by thermobalance combustion at CSIC, Spain. The thermobalance is an

apparatus designed for weighing masses sequentially, while the temperature

increases, until the aimed level. An amount of 1g, in powder form is needed to carry

out the combustion. Results were evaluated by using the Pyris software.

4.4. X-Ray Diffraction (XRD)

X-Ray Diffraction was applied in order to identify the mineralogical features of the

samples Dry powder samples (Ø<50μm) were examined by using a Bruker D8 X-ray

Diffractometer equipped with a LynxEyeR detector. EVA and Topas software were

used to determine the qualitative and the quantitative features of the mineral

phases, respectively. The procedure was replicated to the CaCO3-free samples (that

occurred after chemical treatment with HCl), in order to reduce the effect of the

calcite’s high amount. As a result, the detection ability was advanced.

4.5. Scanning Electron Microscopy (SEM)

Representative samples in the form of polished blocks from the different sections

were examined by using SEM, in order to obtain information on the origin of the

organic particles, from chemical and structural point of view. This analytical

technique was conducted at InCar, Spain. Polished blocks were examined. The

signals derived from electron-sample interactions provide information about the

external morphology (texture), chemical composition, crystalline structures, as well

as orientation. In most applications, the occurring data are collected over a selected

surface area of the sample. A 2-dimensional image is generated, which displays

spatial variations in these properties. Magnification ranged from 20X to

approximately 30,000X, with a spatial resolution of 50 to 100 nm. SEM provides also

the ability to perform in addition analyses of selected points on the sample. This

ability is useful in qualitative/semi-quantitative determinations of chemical
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compositions (using EDS), crystalline structure, and orientations (using EBSD) (Mc

Mullan 1990).

4.6. Analyses of major chemical elements and trace elements

4.6.1. X-Ray Fluorescence Spectrometry

Whole-rock sample in powder form was used for carrying out inorganic geochemical

analysis. The XRF spectrometry is a non-destructive analytical technique, which

provides information regarding the main chemical composition of a sample by

measuring the fluorescent, or the secondary X-ray emitted from the sample during

the exposure under a primary X-ray source. The technique is based on the fact that

every element is able to produce a set of characteristic, unique fluorescent X-rays

("fingerprint"). This effect renders the XRF spectroscopy an excellent technology for

qualitative and quantitative analysis of material composition. The XRF

measurements of the major and minor elements were carried out at the Laboratory

of Electron Microscopy and Microanalysis of the Faculty of Natural Sciences,

University of Patras. An amount of 0.8 g of dried ground sample was mixed with 0.2

g of wax (acting as binder) and was pressed to a pellet. Pressed pellets were

analyzed with a RIGAKU ZSX PRIMUS II spectrometer, which is equipped with Rh-

anode.

4.6.2. Inductively Coupled Plasma Mass-Spectrometry (ICP-MS)

Inductively Coupled Plasma Mass Spectrometry is an analytical technique used for

trace elements determination. An ICP-MS apparatus combines a high-temperature

Inductively Coupled Plasma (ICP) source with a mass spectrometer (Cheburkin and

Shotyk, 1996). The efficiency of the technique is based on the transformation of the

elemental atoms in the sample to ions, from the ICP source. Subsequently, the

atoms are separated and detected by the mass spectrometer. The sample is

introduced into the ICP plasma in the form of an aerosol, aspirating as a liquid,

dissolved in solid situation into a nebulizer or directly converted in solid situation

into an aerosol with a laser. When the sample is already introduced into the ICP

torch, it is completely diluted and the elements in this aerosol form are converted

initially into gaseous atoms and then undergo ionization towards the end of the
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plasma (USGS). The analyses were conducted in the Laboratory of Hydrogeology,

Department of Geology, University of Patras, using an ELAN 6100 Perkin Elmer ICP-

MS. Samples were prepared by using a Milestone MLS 1200 Mega microwave

furnace. For the dissolution, 0.25g powdered whole rock material was injected into a

microwave oven, in a liquid solution with 6 mL HNO3, 2 mL H2O2 and 1.4 mL HClO4. A

blank sample was also prepared for identifying the elements originating of the

dissolvent mixture, or for detecting possible contaminations. The digestion of the

samples was achieved by using 10 steps of heating in the range of 250 to 600W,

within a total time-frame of 30 min.

4.7. Gas Chromatography/Mass Spectrometry (GC – MS)

GC - MS is a particularly useful tool for the appraisal of the type, origin and maturity

of the organic matter (Peters et al., 1993b). GC – MS analysis was conducted at

InCar, Spain, for 8 samples in total, in order to evaluate the organic matter from the

aspect of organic geochemistry, whereas. The procedure includes the stages of

extraction, separation of the extracts, preparation of the standards, identification

and quantification of the organic compounds with the GC/MS instrument and finally

the assessment of quality and origin of organic matter, based on the geochemical

parameters. In more detail:

4.7.1. Extraction

A small amount of sample was mixed with dissolvent, in controlled proportion. The

parameters of the sample amount, as well as the proportion of sample/dissolvent

are depending on the content of organic matter, in each sample case. The used

dissolvent was dichloromethane, which is the most common dissolvent used for GC –

MS analysis. The proportion selected was from 1:10 to 1:200, whereas the richness

of organic matter was significantly different, especially for the samples originating

from the Banik outcrop section2. Subsequently, the mixture was injected into the

ultrasound apparatus for 1 hour, under controlled temperature at 30-35oC. The first

step in the course of the dissolvent evaporation is the filtering process. The main

2 The proportion of sample/dissolvent is a deciding factor for the success of the filtering, whereas if
the concentration of the extract is significantly high, the filtering cannot proceed. In several cases,
different proportions were applied, until the most efficient was found. In one sample case the
addition of toluene and use of Rotavapor R-210/Vacuum Controller V-855 were necessary.
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evaporation process was performed in the evaporating system Biotage Turbo VapR

500 (heating up to 45oC). The occurred liquid mixture has to be completely dry, in

order to weigh it and calculate the (%) amount of the total extract.

-Cu Treatment/Drying process

Before the separation of the extracts, is necessary an additional step of removing the

elemental Sulfur, which is an interfering parameter in the chromatograms, by

producing very high peaks. For this purpose, particles of Cu needed to be cleaned

five times with HCl 37%, water, methanol and dichloromethane. In the flask where

the Cu particles were placed within dichloromethane, 20 mg of extract was added

and mixed for 12 hours. Filtering process happened in order to remove the total

amount of Sulfur. Natrium sulphate was used as a drying agent.

4.7.2. Separation

The separation process aims to distinct the total extract into saturated and aromatic

hydrocarbon fractions and a nitrogen-enriched fraction (NSO) by sequential elution

with n-hexane, toluene, and chloroform/methanol (Chunqing et al., 2000a). Glass-

column and high-performance liquid chromatography are used to clean and separate

the extracts of sediments and crude oils into fractions (Peters et al., 1993b).

Figure 5: Alumina column for separation
of saturate–aromatic and porphyrin–polar
fractions from petroleum samples (Peters
et al., 1993b).
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The samples were injected in the chromatography column (Fig. 5), which was half

filled with n-hexane, where alumina, 50 times the weight of the sample, was added.

The alumina with the adsorbed sample was loaded into the column and rinsed from

the column walls on to the top of a clean alumina bed using a few milliliters of

hexane. The fraction of saturates and aromatics were eluted together from the

column using n-hexane. Positive pressure of nitrogen or air, cleaned using molecular

sieve traps, can be applied at the top of the solvent stream to assist passage of the

solvent through the column. Porphyrins and polar compounds were also eluted

together using 95/5 dichloromethane/methanol, until a dark brown band comes off

the column (Fig. 6) for separation configuration).

Following, the saturate–aromatic and porphyrin–polar fractions were evaporated in

the evaporating system Biotage Turbo VapR 500, in order to weight-measure and

assess the (%) amount of aliphatic, aromatic and NSO compounds on total extract

and total sample basis.

Figure 6: Configuration of the high-performance liquid chromatograph (HPLC) for
automated separation of saturate, aromatic and polar fractions from petroleum samples

(Peters et al., 1993b).
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4.7.3. Preparation of the Standards

The preparation of the Standards requires the creation of two different mixtures of

aromatic and aliphatic compounds of laboratory type and known quantities.

Compounds of solid natural situation were dissolved in dichloromethane. The

standards were injected in the GC – MS instrument before the samples, in order to

audit the purity of the mechanism and the proper function.

4.7.4. Gas Chromatography/Mass Spectrometry Performance

GC analysis separates all of the organic components in a sample and provides a

representative spectral output. Initially, the samples have to be injected into the

injection port of the GC device. The GC instrument vaporizes the sample and then

separates and analyzes the various components (Grob, 2001). A gas is used as

carrier, such as hydrogen. In this case, the components are organic chemical bonds

of carbon. Ideally, each component produces a specific spectral peak that may be

recorded on a paper chart or electronically3. The time elapsed between injection and

elution is called the "retention time." The retention time can help to differentiate

between some compounds. The size of the peaks is proportional to the quantity of

the corresponding substances in the specimen analyzed. The peak is measured from

the baseline to the tip of the peak. GC analysis depends on similar phenomena to

separate chemical substances. A mixture of chemicals present in a specimen can be

separated in the GC column. Some chemical and physical characteristics of the

molecules cause them to travel through the column at different speeds (Peters et al.,

1993b).

Mass Spectrometry identifies substances by electrically charging the specimen

molecules, accelerating them through a magnetic field, breaking the molecules into

charged fragments and detecting the different charges. A spectral plot displays the

mass of each fragment. These fragment masses can be used as puzzle pieces to piece

together the mass of the original molecule, the "parent mass." The parent mass is

analogous to the picture on top of a puzzle box, a guide to the end result obtained by

putting together the fragment masses, or puzzle pieces. From the molecular mass

3 In practice, the concurrent or almost concurrent elution of structurally similar compounds is typical,
resulting on the occurrence of complex peaks.
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and the mass of the fragments, reference data is compared to determine the identity

of the specimen. Each substance's mass spectrum is unique. A typical gas

chromatograph/mass spectrometer performance is exposed in Fig. 7. Providing that

the interpretation of the output correctly determines the parent mass, MS

identification is conclusive (Bertsch, 1999, Blomberg et al., 2002; Ong and Marriott,

2002).

Figure 7: A typical gas chromatograph/mass spectrometer performs six functions (Peters et
al., 1993b).

4.7.5. Data Determination

As for GC, every component breaks away, in conformity to its molecular weight. A

Total Ion Chromatogram is produced, including the peaks of all the organic

compounds of the extract (Fig. 8). The lighter the component is, the more easily it is

separated. So, on the spectrum, every ingredient can be recognized by the time it

needs to break away. Regarding MS, determining the parent peak and consequently

the molecular mass of the specimen is the most difficult part of the analysis. An

educated guess must take place, as for the specimen's identity and compares the

mass spectrum to reference spectra for confirmation.

The mass spectra for large molecules containing carbon are complicated and require

tedious calculations that are subject to error. Computers are commonly used for

spectral analysis. At the minimum, standard samples must be processed before and

after analyzing a specimen in question. In litigation an adverse party should seek
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hard copy output, including system conditions. The software used for the evaluation

of the results was the “Instrument #1 data analysis”.

Figure 8: An example of Total Ion Chromatogram (TIC) of an exterior saturate fraction from

bitumen of evaporites from Neoproterozoic & Cambrian strata (Schinteie & Brocks, 2017).
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5. RESULTS

5.1. Field Observations

Banik outcrop section of Naokelekan Formation is currently exposed in Duhok

governorate. Galy-Derash section is located about 2 km north of Derash village of

Duhok governorate. Barsarin section is located near Naokelekan village in Hawler

governorate and Dwawa section is located East of Dwawa Village in Sulaimani

governorate (Fig. 9). The total thickness of Banik section is estimated approximately

8m, Galy-Derash section is about 16m thick, the total thickness of Barsarin section is

almost 14m and Dwawa section is about 11m thick in total (Fig. 10). The contacts

were determined by grain size and color deviations. The sampling procedure was

conducted by taking into account the color and granular size changes, as indicators

of lithological alterations, by Hogr Noori Musa Barware, Omed Muhamad Musa

Sendi and their supervisor Prof. Dr. Kamal Yusuf.

Figure 9: Geological map of a part of Northern Iraq the four outcrop sections; Banik, Galy-
Derash, Barsarin and Dwawa of Naokelekan Fm (Geosurv, 2000).
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Figure 10: Stratigraphic columns of sampling sections.

In the case of Banik section, which is homogenous from lithological point of view, 10

samples were collected, at equal distances, each representing 0.7m. The general

lithological type is described as alteration of bituminous limestones and black shales

or “coal beds” due to the intense black color. One more sample from the transition

zone with the underlying Sargelu Formation was taken, in order to obtain

comparative data (Fig. 11). Most of the collected samples display colours varying

between dark gray to black. Exception is the sample from the transition zone, as well
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as two samples from 4.7-6.1m, which appear with a dark brown shade. The dark

gray-black samples are characterized by a strong mechanical stage. The dark brown

samples appear with much softer mechanical stage, easy to break into powder, with

low pressure4.

Figure 11: The Banik outcrop section showing the sampling scheme.

Galy-Derash outcrop section consists of three basic lithological units. The first,

approximately 4.5 m thick from the bottom corresponds to the “coal bed”

(bituminous limestones/black shales). The upper 1.2m can be described as laminated

calcareous/argillaceous shales. The overlying lithological unit of about 15.5m

thickness consists of thin to thick bedded dolomitic limestones. The upper part of

Galy-Derash section consists also of laminated calcareous/argillaceous shales. Five

samples were collected from the “coal bed” of this outcrop section, of equal

distances. One sample represents the overlying layer of laminated calcareous/

argillaceous shales. Eight samples in total were sampled from the layer of dolomitic

limestones in this section, in equal distances of about 0.9m. Finally, the second layer

of laminated calcareous/argillaceous shales is also represented by one sample (Fig.

12).

4 All the sections of sampling are outcrop areas of Naokelekan Formation. In all of the cases, every
lithological unit displays the same optical and textural features, like color, hardness, etc.
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Figure 12: The Galy-Derash outcrop section.

In Barsarin section three lithological units were observed (Figs. 11, 13). The bottom

consists of the “coal bed” (alteration of bituminous limestones and black shales),

which in this case appears with a total thickness of 3m. The upper most lithology has

been characterized as laminated calcareous/argillaceous shale with total thickness of

0.6m. Subsequently, outcrops a layer 5.5m thick, characterized as thin to thick

bedded dolomitic limestone, which underlies below a layer of laminated calcareous/

argillaceous shale 2.9m thick, while the upper part of Naokelekan Fm. in this outcrop

section consists of thin to thick bedded dolomitic limestones, 1.9m thick.

In total, 14 samples were obtained from Barsarin outcrop section (Fig. 11); the first

four from the “coal bed” in equal distances of 0.7m. One sample represents the total

of the upper most layers of laminated calcareous/argillaceous shales. Four samples

were obtained from the subsequent thin to thick-bedded dolomitic limestones, with

0.4m stable distance. Three samples have been obtained from the second outcrop of

laminated calcareous/argillaceous shales. The first one represents lower 0.9m of the

layer, while the next two samples represent 1m of the layer, consecutively. Finally,

two samples were obtained by the upper layer of Barsarin section. The first is
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representative of the lower 0.9m of the thin to thick bedded dolomitic limestones

and the last sample represents the upper 1m. The color shades of the samples

fluctuate between light gray to black, while in some cases, brown/gray-brown

shades appear.

Figure 13: The Barsarin outcrop section showing the sampling scheme.

For Dwawa outcrop section, 16 samples were taken in total (Fig. 14). The first one

originates from the transitional zone with the underlying Sargelu Fm.

Figure 14: The Naokelekan Formation at the Dwawa outcrop section.
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Four samples represent the “coal bed”, which in this case has thickness almost 2m.

The upper most 1m consists of the thin to thick bedded dolomitic limestones. One

sample was taken from this lithological unit. The next 5.5m consist of laminated

calcareous/argillaceous shales. Eight samples represent this lithological unit. 1.5m of

thin to thick bedded dolomitic limestones follow represented by one more sample.

Finally, the upper one meter consists once again of laminated calcareous/

argillaceous shales, with one sample taken by this unit (Fig. 14).

5.2. Quantitative evaluation of the Organic Matter

For the quantitative evaluation of the contained organic matter the two basic

parameters of Total Organic Carbon (TOC) and Total Organic Matter (TOM) were

determined.

5.2.1. Total Organic Matter (TOM)

The TOM parameter is a superset of the TOC parameter, whereas it is expected to

show higher values than TOC as well as to follow the general variation trend of the

TOC content. The obtained average TOM values are 34.0wt.-% (std = 11.4) for Banik,

16.2 wt.% (std = 9.2) for Galy-Derash, 8.4 wt.-% (std = 5.4) for Barsarin and 9.5 wt.-%

(std = 6.8) for Dwana section (Table 2).

5.2.2. Total Organic Carbon (TOC)

The TOC parameter varies significantly from one sample to another, for all the

outcrop sections, apart from the Banik section, which consists only of the “coal bed”.

The higher values occur, as expected from the “coal bed”, for all the outcrop

sections. The average TOC value for the Banik section is 27.5 wt.-% (std = 8.2), for

Galy-Derash 9.0 wt.-% (std= 7.0), for Barsarin section 3.5 wt.-% (std=2.2), and finally,

for Dwawa section 5.2 wt.-% (std4.9). In all of the cases the TOC is high, and

particularly for the Banik outcrop section the content is very high. Despite the error

allowance of the LOI method, the results are satisfying and well correlated to the

TOC data, in the most of the cases (Fig. 15).
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Table 2: TOC and TOM values for all the outcrop sections

Sample Lithology TOC (%) TOM
(%)

Sample Lithology TOC
(%)

TOM
(%)

B1 Bit. lim. 17.9 34.9 D1 Bit. lim. 17.4 20.9
B2 Bit. lim. 50.6 D2 Bit. lim.
B3 Bit. lim. 28.0 25.3 D3 Bit. lim. 15.1 21.3
B4 Bit. lim. 41.3 D4 Bit. lim.
B5 Bit. lim. 23.9 21.6 D5 Bit. lim. 16.2 20.7
B6 Bit. lim. 30.9 43.9 D6 Lam calc.
B7 Bit. lim. 25.0 19.8 D7 Dolom. lim. 10.7 3.8
B8 Bit. lim. 20.1 23.5 D8 Dolom. lim.
B9 Bit. lim. 32.0 27.1 D9 Dolom. lim. 0.3 1.5
B10 Bit. lim. 29.9 D10 Dolom. lim.
B11 Bit. lim. 41.8 50.6 D11 Dolom. lim. 0.3 1.0
Sample Lithology TOC (%) TOM

(%)
Sample Lithology TOC

(%)
TOM
(%)

Bs1 Dolom. lim. 4.0 1.0 Dw1 Transitional 2.1 4.6
Bs2 Dolom. lim. 10.6 13.7 Dw2 Bit. lim.
Bs3 Dolom. lim. 3.0 6.2 Dw3 Bit. lim. 8.8 14.6
Bs4 Lam calc. 12.3 15.4 Dw4 Bit. lim. 9.5 13.0
Bs5 Lam Calc 5.2 15.9 Dw5 Lam calc. 15.7 21.2
Bs6 Lam Calc 2.2 Dw6 Dolom. lim.
Bs7 Dolom. lim. 1.2 12.1 Dw7 Dolom. lim. 4.3 6.3
Bs8 Dolom. lim. 1.4 Dw8 Dolom. lim.
Bs9 Dolom. lim. 0.1 8.6 Dw9 Dolom. lim. 0.4 0.8
Bs10 Dolom. lim. 10.0 Dw10 Dolom. lim.
Bs11 Lam Calc. 5.3 14.1 Dw11 Dolom. lim. 1.0 1.0
Bs12 Bit.lim. 10.3 Dw12 Dolom. lim.
Bs13 Bit.lim. 5.4 10.0 Dw13 Lam calc. 3.8 11.5
Bs14 Bit.lim. 2.5 Dw14 Lam calc.
Bs15 Bit. lim. 1.1 2.7 Dw15 Lam calc. 5.8 13.0

Figure 15: Scatter plot of

TOM vs. TOC for the

studied samples.
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5.3. X-Ray Diffraction – Analysis of Mineral Phases

According to the qualitative and quantitative evaluation of the mineralogical

determination, the total lithological profile of Naokelekan Formation consists in

principal of carbonates, with major contribution of clay minerals in the form of illite

dominated mixed-clay layers and partially with a significant input of quartz and

feldspars, revealing a secondary terrestrial source (Table 3). Samples of X-Ray

diffractograms are presented in Appendix I.

Table 3: Mineralogical composition of the samples (%).

Sample Carbonates Silicates Evaporites
Banik Calcite Dolomite Quartz K-Feldpars Illite-MCL Pyrite Anhydrite Gypsum
B1 50.9 28.1 3.2 17.8
B3 58.8 2.7 0.4 1.1 36.8 0.2
B5 62.1 3.1 0.7 1.8 32.1 0.2
B7 84.7 0.5 0.5 0.7 12.8 0.8
B9 71.5 9.3 0.3 7.2 10.2 1.5
B11 62.3 16.1 0.9 20.0 0.7
Galy-Derash
D1 41.6 13.5 3.2 1.4 39.7 0.6
D3 52.7 12.0 1.8 3.0 29.9 0.6
D5 57.7 26.5 1.0 1.6 12.5 0.7
D7 59.7 10.3 0.8 1.3 27.9
D9 59.7 14.1 6.4 0.9 18.9
D11 59.9 5.1 7.0 1.3 26.7
D13 40.8 26.0 9.0 24.2
D15 15.0 28.2 2.0 54.8
Barsarin
Bs1 78.5 19.9 0.3 1.2 0.1
Bs3 64.3 24.6 8.1 2.6 0.4
Bs5 71.3 17.3 3.9 6.1 0.1 1.3
Bs7 71.5 24.7 2.8 1.0
Bs9 75.2 23.2 0.8 1.7
Bs11 58.0 10.8 12.4 5.0 11.9 1.9
Bs13 27.0 12.3 18.5 40.6 0.8 0.8
Bs15 8.0 91.0 0.1 0.9
Dwawa
Dw1 43.3 32.9 4.4 4.7 12.3 2.4
Dw3 23.7 35.9 15.0 24.3 1.1
Dw5 32.0 50.2 12.1 4.5 0.3 0.9
Dw7 48.4 50.6 1.0
Dw9 97.0 1.0 0.5 1.5
Dw11 97.4 2.0 0.6
Dw13 94.8 1.0 3.3 0.9
Dw15 2.2 4.0 93.4 0.4
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Dolomite is present in higher or lower percentages. Pyrite, gypsum, and anhydrite

also participate in minority (Table 3). The mineralogical features of all the outcrop

sections are homogenous and indicate marine depositional environment with minor

terrestrial inputs (Bellen et al., 1959).

5.4. Inorganic Geochemistry – Analysis of major and trace elements

Analysis of major and trace elements was conducted in order to interpret the

depositional palaeoenvironment of the Naokelekan Formation and the prevailed

conditions

The XRF analysis reveals that the CaO is the predominant major element (1.1-54.3 %)

(see Appendix II, Tables 2 a, b, c, d). Significant values were obtained also for SiO2

(0.7-28.7 %), Al2O3 (0.1-19.5 %), Fe2O3 (0.2-5.9 %) and MgO (0.6-6.1 %), although

their distribution among samples is quite variable. The elements Na, P, Ti and Mn are

depleted in relation to the upper crust concentrations, in all of the samples,

participating in concentrations < 1% (see Appendix II, Tables 2 a, b, c, d) (Mason and

Moore, 1982). Additionally, the elements V, Cr, Ni, Cu, Zn, Sr and Ba show values

between 100-1000 mg/kg for most of the samples, the elements Sc, Rb, Y, Zr, Pb, La

and Ce between 10-100 mg/kg and the Co, Nb, Hf and W betyween <10 mg/kg for

the majority of the samples, although a significant variance among the samples is

observed (see Appendix II, Tables 2 a, b, c, d).

The distribution of trace elements (Appendix II, Tables 2 a, b, c, d) among the

samples varies significantly; thus the evaluation of the samples as enriched/depleted

in a general frame is quite complicated. The total of the determined trace elements

includes Ag, Al, As, Ba, Be, Bi, Cd, Co, Cr, Cs, Cu, Ga, Mn, Pb, Rb, Sr, V, U, Zn and Ni.

The average concentration of the continental crust for the most abundant trace

metals of As, Cd, Ni, Cu, Pb, Cr, Mn and Zn were 3.06, 6.28, 3.77, 11.98, 305.6, 9.2,

42.2, 303.3 and 5.47 mg/kg, respectively (Mason and Moore, 1982). The Naokelekan

samples are enriched in As (11-44 mg/kg) with one exceptional sample. Seven of the

analyzed samples are enriched in Cd (9-27 mg/kg) and the rest five of the analyzed

samples are depleted (0-5 mg/kg). The ICP-MS analysis supports that the trace

elements of Ni and Cu are abundant in the analyzed Naokelekan samples (300-800



36

mg/kg and 45-60 mg/kg respectively). In contrast, the Pb and Cr are depleted (<1

mg/kg) according to this analytical technique. The Mn is depleted, considering the

average concentration of the continental crust (7-140 mg/kg) and the Zn scatters

(<1-1200 mg/kg).

5.4.1. Scanning Electron Microscopy (SEM) study

The application of SEM analysis aims to differentiate the organic structures observed

under the optical microscope, by obtaining further information for the cases where

the optical features of a particle were not sufficient for a definite identification. Four

samples were analysed by using SEM. The chemical identity of the less reflective

group (under the optical-microscope) is unexpectedly rich in phosphate, proving that

this group doesn’t belong to the category of solid bitumens, but to the category of

zooclasts (Fig 16). The rest organic structures are rich in carbon, as expected. All of

the SEM photographs are exposed in the Appendix III.

A B

Figure 16: A) a. Solid bitumen SEM image from the Barsarin section, and b. the elemental
spectra of the solid bitumen. B) a. A zooclast structure as occurred in the SEM analysis, and

b. the elemental spectra of the zooclast (Banik section).
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5.5. Organic Petrographical features and reflectance measurements

The observation of the samples under the microscope provided information

regarding the type and maturation of the existing organic particles (Fig. 17). The

description and classification of the organic-petrographical features is necessary to

comprehend and cross-check the parameters of origin, depositional environment

and parts of the geological history. The maturity level is assessed by the reflectance

values of the various organic structures (Sýkorová et al., 2005).

5.5.1. Description of the Samples

- Banik section:

During preliminary work, the existence of three different populations of solid

bitumen was assumed. The variation of reflectance ranges was considered as the

dominant differential characteristic. However, the SEM analyses provided the

particles with the lowest reflectance values being rich in phosphorous, in contrary

with the other two, which are rich in carbon.

Therefore, a different origin is implied (Table 4). Also, in combination with the

optical features of the SEM observation, it is evident that the low reflected organic

compounds comprise a kind of zooclasts that reveal original reflectance5 range of

0.13-0.49%.

The reflectance range of the migrabitumens in general fluctuates between 0.33-

0.7%, originally, with the lower values corresponding to weathered and partially

decomposed fragments. Applying Jacob’s equation6 the vitrinite equivalent range is

0.6-0.83%. In some cases, a homocentric variation of reflectance was observed, on

the same migrabitumen particle. Vitrinite particles seem to be completely absent,

indicating a restricted to none terrestrial input, in terms of organic matter (Table 5).

5 As original reflectance is mentioned, and going to be mentioned in the process, the reflectance
measurement that has not undergone any modification in order to be expressed as “vitrinite
equivalent”.
6 BRo were converted to equivalent Vitrinite reflectance (eq. VRo%) according to the Jacob’s equation:
VRO=0.618*(BRo)+0.40 (Jacob, 1989).
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Table 4: Semi-quantitative data of the various petrographical organic particles in the
studied samples.

Banik Migrabitumen Pyrobitumen Zooclasts Inertinite
B1 + + -
B2 +++ ++ -
B3 +++ ++ -
B4 + + -
B5 +++ + -
B6 +++ +++ -
B7 ++ + -
B8 +++ +++ -
B9 - ++ -
B10 + ++ +
B11 - +++ +
Galy-Derash
D1 - - ++ +
D2 - - ++ +
D3 + - ++ -
D4 + - ++ +
D5 + - ++ +
D6 + - + +
D7 + - ++ +
D8 + - + +
D9 + - + +
D10 - - - +
D11 - + + ++
D12 - + - -
D13 ++ - + -
D14 - + - +
D15 + - + +
Barsarin
Bs1 - ++ + -
Bs2 + +++ ++ -
Bs3 - ++ + -
Bs4 - +++ + +
Bs5 - + + -
Bs6 + - - +
Bs7 ++ - + -
Bs8 - - + -
Bs9 - - - +
Bs10 - - + +
Bs11 - - ++ +
Bs12 - - - -
Bs13 - + +++ +
Bs14 - + - -
Bs15 - + + -
Dwawa
Dw1 - ++ + -
Dw3 - ++++ - -
Dw4 - +++ + -
Dw5 - ++ + +
Dw7 - ++++ + -
Dw15 - + ++ -
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The texture of Banik samples is typical for sedimentary rocks. Minerals like

carbonates, gypsum/anhydrite and clays occur along with the organic particles.

Additionally, framboidal pyrite is highly participating. A flow-like (plastic) texture of

some migrabitumens has been observed in several cases (Fig. 17). The migrabitumen

particles are partially homogenous and well preserved, while in some cases they

seem to participate as secondary structures, characterized by fragmented and

weathered surfaces.

- Galy-Derash section:

The samples of the Galy-Derash section reveal, in general, common organic-

petrographical features as Banik section, with the additional appearance of pyro-

bitumens (Table 4). The predominant form of organic matter is the solid bitumens in

form of migrabitumen, although in lower percentages as in Bank section. The range

of original reflectance measurements is 0.27-0.5%, whereas the eq. VRo% ranges

between 0.57-0.71%. Zooclasts are also present, with original reflectance range

between 0.1-0.29%. The family of pyro-bitumens is characterized by the same

geometrical features, as the migrabitumens, but they appear to be much more

reflective, with original reflectance range of 1.17-1.33% and eq. VRo% of 1.12-1.22%

(Table 5). Moreover, a notable difference with Banik section is that in Galy-Derash,

minor occurrences of alginite and liptodetrinite were also observed.

- Barsarin section:

Barsarin section differs significantly from the previous two sections, in respect to the

petrographical features and especially regarding the maturity parameter regarding

the reflectance measurements (Table 4). The upper and lower parts of the section

are essentially shifted to higher rank, with the original solid bitumen reflectance

range to fluctuate between 0.8-1.81% and the eq. VRo% in the range of 0.9-1.52%.

The relative higher maturity than in the previous sections is reflected to the

occurrence of pyrobitumens, which occurred possibly during a regional effect, as

long as, this difference, cannot ensue due to depth causes, as shown from the

stratigraphy. Zooclasts participate in this outcrop section in lower amount, showing

original reflectance values between 0.13-0.77%. The general features indicate that
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Table 5: Mean reflectance values (Ro%) of the different particles in the studied samples (B:
migrabitumen, PyB: Pyrobitumen, Z: zooclast, I: inertinite, Eq.V: equivalent vitrinite

reflectance according to Jacob, 1989).

Banik BRo% Eq.VRo% PyBRo% Eq.VRo% ZRo% IRo%
B1 0,45 0,68 0,24
B2 0,51 0,71 0,26
B3 0,61 0,78 0,38
B4 0,45 0,68 0,24
B5 0,54 0,74 0,34
B6 0,52 0,72 0,35 0,59
B7 0,50 0,71 0,37
B8 0,57 0,75 0,30
B9 0,30
B10 0,26 0,95
B11 0,33 0,95
Galy-Derash
D1 0,18
D2 0,13
D3 0,40 0,65 0,18
D4 0,34 0,61 0,24 1,97
D5 0,31 0,59 0,15
D6 0,36 0,62 0,18
D7 0,34 0,61 0,16
D8 0,34 0,61 0,17
D9 0,43 0,66 0,18
D10
D11 1,33 1,22 0,18
D12 1,23 1,16
D13 0,35 0,62 0,22
D14 1,19 1,13 2,01
D15 0,47 0,69 0,18
Barsarin
Bs1 1,05 1,05 0,28
Bs2 1,57 1,37 0,39
Bs3 1,14 1,10 0,19
Bs4 1,57 1,37 0,27 3,07
Bs5 1,03 1,04 0,21
Bs6 0,55 0,74 1,96
Bs7 0,60 0,77 0,20
Bs8
Bs9 0,29 2,03
Bs10 0,23 2,03
Bs11 0,25 2,03
Bs12
Bs13 1,11 1,09 0,40 1,13
Bs14 0,93 0,97
Bs15 0,92 0,97 0,15
Dwawa
Dw1 1,03 1,04 0,17
Dw3 1,39 1,26
Dw4 1,30 1,20 0,46
Dw5 1,15 1,11 0,40 2,61
Dw7 1,15 1,11 0,30
Dw15 0,83 0,92 0,21
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these parts of the section include the same families of organic matter, shifted at

higher maturity level (Table 5).

Additionally, the samples showing this high reflectivity of organic matter are

characterized by the participation of detrital organic particles, very angular and

reworked. Notable is the fact that morew reflective particles are enclosed to less

reflective ones, indicating that the enfolded, darker structures are subsequent. Such

zonation could be a result only of a hydrothermal or tectonic event.

The middle part of Barsarin section is characterized by similar petrographical prolife

like the Banik and Galy-Derash sections. Sedimentary textural features and typical

migrabitumens were observed with original reflectance in the range of 0.51-0.69%

that represent eq. VRo% in the range of 0.72-0.82% with the lower values

corresponding to weathered and decomposed surfaces. Particles considered as

zooclasts are also present, while in rare cases pyro-bitumen particles can be

observed.

- Dwawa section:

Dwawa outcrop section tends to be petrographically similar to Barsarin section.

Detrital, reworked particles, and high reflectance values, which distinguish the

predominant organic structures as pyrobitumens, characterize the samples of

Dwawa section (Table 4). The inorganic particles are also very angular. The

pyrobitumens have original reflectance range between 0.75-1.62% with the vitrinite

equivalent range to be 0.87-1.4% and they appear to be very anisotropic. A regional

effect like hydrothermal or tectonic activity possibly affected this section, too. The

participation of the phosphatic zooclasts is high, with original reflectance between

0.11 & 0.66% (Table 5).

Vitrinite particles seem to be completely absent, indicating the absence of

terrigenous plant-material inputs, in all the four outcrop sections. Furthermore,

needle-shaped inertinite particles occur in most of the samples, in variable

quantities.
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Figure 17: a. Zooclast Banik section, b. Bitumen Banik section, c. Zooclast underlying
bitumen Galy-Derash section, d. Exsudatinite Galy-Derash section, e. Zooclast Barsarin

section, f. Pyro-bitumen Barsarin section, g. pyro-bitumen Dwawa section, h. pyro-bitumen
Dwawa section.
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5.6. Organic Geochemical & Biomarker Features

The organic geochemical features of the studied samples provided important

information in relation to the depositional conditions, origin and type of the

contained organic matter of the Naokelekan Formation. The detected biomarker

features, are in principle distinguished in aliphatic and aromatic compounds. The

basic families of aliphatic compounds participating are the n-alkanes, hopanes,

steranes and acyclic isoprenoids (see Appendix IV for chromatograms and

fragmentograms). Various families of aromatic compounds are present (alkyl-

naphthalenes, alkyl-dibenzothiophenes, e.t.c.) with a surprisingly high participation

of sulfur compounds. The quantitative data of aliphatic, aromatic, NSO and non-

recovered constituents (NRC), as occurred after the separation of the extracts are

presented in Table 6 and graphically at Figure 18. The predominance of the aromatic

compounds was unexpected.

Table 6: Quantitative data of aliphatic, aromatic, NSO and NRC , NSO (Nitrogen, Sulfur and
Oxygen compounds) and non-recovered) constituents for the analyzed samples with GC-

MS, accompanied by the lithological types.

Sample Lithology Aliph (%) Arom (%) NSO (%) Ali+Aro+NSO (%) NRC (%) ALI/ARO
B3 Bit. lim./ bl shal 5.01 11.32 53.28 69.61 30.39 0.44
B6 Bit. lim./ bl shal 3.52 9.88 46.23 59.63 40.37 0.36
B8 Bit. lim./ bl shal 6.05 10.11 52.33 68.48 31.52 0.60
Bs2 Dol. lim. 3.19 14.43 51.17 68.79 31.21 0.22
Bs4 Dol. lim. 2.12 12.51 39.56 54.19 45.81 0.17
Bs13 Bit. lim./ bl shal 2.06 15.46 26.80 44.33 55.67 0.13
Dw4 Bit. lim./ bl shal 7.05 16.38 46.19 69.62 30.38 0.43
Dw5 Bit. lim./ bl shal 3.38 13.22 46.98 63.57 36.43 0.26

5.6.1. Aliphatic Compounds

-n-alkanes and acyclic isoprenoids

The concentrations of n-alkanes and isoprenoid compounds (pristane and phytane)

are determined from the m/z=57 fragmentogram (Fig. 19) of the GC-MS analysis

(total ion scanning). A representative chromatogram is shown in Figure 15. The n-

alkane compounds participate in the range of C14-C36. The group of isoprenoids is

represented by pristane and phytane (Fig. 20) in our samples, in low quantities. The

precursor of this kind of isoprenoids is supposed to be the chlorophyll, in principle
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(Goossens et al., 1984). Also, tocopherol is suggested as an additional precursor in

the case of pristane and according to the study of Kaplan et al. (1997), phytane may

derive by phosphatidyl glycelophosphate. See figure 16 for the 2-D structure of

pristane and phytane.

Figure 18: Bar graph of the quantitative (%) participation of aliphatic, aromatic, NSO
(Nitrogen, Sulfur and Oxygen compounds) and non-recovered constituents in the extracts,

after separation.

Figure 19:  Peak distribution of the n-alkanes at the m/z 57.00 fragmentogram for the
sample B8. The predominance of medium-chain compounds and the even predominance
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Figure 20: Simplified 2-D structural models of (a) pristane (formula C19H40)  and (b) phytane

(formula C20H42), with the arrows indicating the structural difference of the two

compounds (ChemSpider).

-Hopanes

The composition of the hopanoid fraction indicates the maturity of the investigated

source rock (Maliński et al., 2009) and the redox depositional conditions (Peters et

al., 1993b). Hopanes are a kind of terpenic biomarkers, whereas terpanes are

macrocyclic compounds that are formed by the union of isoprenoid, abundant in

resinous plants, soft corals and insects (Peters et al., 1993b).

Structurally, hopanes are pentacyclic triterpanes, typically built up by 27-35 carbon

atoms in a naphthenic structure which consists of four six-membered rings and one

five-membered ring (Van Dorselaer et al., 1977). Tricyclic and tetracyclic hopanes

contribute to the terpane fingerprint (mass chromatogram m/z 191) and are

commonly used to relate oils and source rocks (Seifert and Moldowan, 1979; Hunt,

1996; Peters et al., 1993b). The principal distinct features are Ts/Tm, Ts/(Ts+Tm)7

and C29/C30 hopane ratios (Hackley et al., 2013).

Tricyclic hopane compounds are not participating in the Naokelekan extracts. The

most hopane compounds exist in the samples of Banik outcrop section and the Bs13

sample. The Bs2 and Bs4 samples include five and four compounds, respectively.

Barsarin section in general is characterized by low hopane quantities. Finally, the

Dw4 and Dw5 samples lack completely in hopanoid fraction (Table 7).

7Ts refers to trisnorneohopanes and Tm refers to trisnorhopanes.
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Table 7: Quantitative presentation of hopane compounds expressed in μg/Rock and
μg/TOC unit (Dw4 and Dw5 do not include hopanoid fraction).

Hop
Comp

Β3 Β6 Β8 Bs13 Bs2 Bs4

μg/g
Rock

μg/g
TOC

μg/g
Rock

μg/g
TOC

μg/g
Rock

μg/g
TOC

μg/g
Rock

μg/g
TOC

μg/g
Rock

μg/g
TOC

μg/g
Rock

μg/g
TOC

Ts 0.05 0.21 0.04 0.14 0.08 0.41 0.0001 0.0020
Tm 0.55 2.32 0.63 2.03 1.12 5.58 0.0001 0.0025 0.0001 0.0007
C27b 0.30 1.29 0.34 1.11 0.41 2.02 0.0000 0.0007
C29ab 1.57 6.67 1.54 4.98 3.09 15.36 0.0012 0.0223 0.0002 0.0023 0.0010 0.0079
C29Ts 0.14 0.61 0.05 0.16 0.25 1.26 0.0002 0.0036
C29ba 0.10 0.42 0.10 0.33 0.22 1.09 0.0001 0.0027
C30ab 0.99 4.22 1.04 3.38 1.85 9.18 0.0018 0.0336 0.0002 0.0017 0.0009 0.0076
C30Ts 0.32 1.35 0.32 1.02 0.57 2.82 0.0004 0.0084
C30ba 0.06 0.25 0.06 0.21 0.11 0.52 0.0002 0.0034
C31abS 0.34 1.46 0.36 1.16 0.74 3.67 0.0020 0.0376 0.0001 0.0008 0.0004 0.0035
C31abR 0.28 1.19 0.28 0.90 0.64 3.17 0.0015 0.0286 0.0001 0.0013 0.0003 0.0025
G 0.11 0.49 0.11 0.35 0.32 1.61 0.0002 0.0037

0.0003 0.0060
C31ba 0.03 0.14 0.03 0.09 0.04 0.20 0.0002 0.0039
C32abS 0.17 0.70 0.25 0.80 0.39 1.95 0.0017 0.0325
C32abR 0.11 0.45 0.13 0.41 0.19 0.97 0.0012 0.0226

0.0001 0.0024
0.0003 0.0061
0.0002 0.0044

C33abS 0.03 0.14 0.03 0.11 0.07 0.35 0.0011 0.0216
C33abR 0.03 0.11 0.03 0.10 0.07 0.34 0.0009 0.0169
C33baS 0.18 0.76 0.19 0.61 0.29 1.44 0.0002 0.0045
C33baR 0.11 0.46 0.09 0.30 0.24 1.18 0.0001 0.0023
C34abS 0.03 0.15 0.04 0.12 0.04 0.22 0.0007 0.0133
C34abR 0.02 0.07 0.02 0.06 0.02 0.12 0.0005 0.0093
C35abS 0.10 0.40 0.08 0.27 0.19 0.96 0.0010 0.0191
C35abR 0.05 0.23 0.05 0.16 0.10 0.48 0.0005 0.0099
C36abS 0.08 0.34 0.07 0.23 0.15 0.74 0.0002 0.0040
C36abR 0.06 0.24 0.05 0.15 0.12 0.58 0.0001 0.0021

The next chromatogram, m/z 191 (Fig. 21) originates from one of the most complete

samples, including all the peaks of the tetracyclic compounds consisting the

hopanoid fraction of the Naokelekan extracts (Table 7).
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Figure 21: Peak distribution of the hopane compounds at the m/z 191.00 fragmentogram
of the total ion chromatogram, for the sample B6.

-Steranes

Steranes derive from precursor steroid molecules existing in both higher plants and

algae (Waples and Machihara, 1991). The transformation of sterols into diagenetic

steranes (Mackenzie et al., 1982) is a complex process, yielding the isomers 5a (H)

and 5b (H), 14a (H) and 14b (H) (Seifert and Moldowan, 1979) the number of carbon

atoms being preserved (Hackley et al., 2013). The distribution of steranes as those of

sterols (Hwang et al., 1989) can be used as an indicator of organic input and maturity

(Mackenzie and McKenzie, 1983). The characteristic m/z 217 mass fragmentograms

(Fig. 22) corresponds to the steranes and diasteranes fraction, is presented in Fig. 22

for a representative sample. Diasteranes are not present in the Naokelekan extracts.

The regular steranes consist of C27, C28 and C29 ααα (20S + 20R) and αββ (20S + 20R)

compounds (Moldowan et al., 1985). See Table 8 for analytical quantitative data.
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Figure 22: Peak distribution of the n-alkanes at m/z 217.00 fragmentogram of the total ion
chromatogram, for the sample B3.

Table 8: Quantitative presentation of sterane compounds expressed in μg/Rock and
μg/TOC unit.

Sample B3 B6 B8

Sterane
Comp

μg/gRock μg/gTOC μg/gRock μg/gTOC μg/gRock μg/gTOC

C27aaaS 0.022 0.093 0.018 0.059 0.043 0.212
C27abbR 0.023 0.099 0.028 0.089 0.044 0.219
C27abbS 0.022 0.092 0.025 0.080 0.044 0.218
C27aaaR 0.032 0.136 0.030 0.097 0.060 0.300
C28aaaS 0.024 0.103 0.026 0.084 0.047 0.231
C28abbR 0.024 0.101 0.022 0.072 0.040 0.198
C28abbS 0.015 0.063 0.018 0.059 0.037 0.182
C28aaaR 0.018 0.077 0.020 0.066 0.030 0.149
C29aaaS 0.045 0.193 0.053 0.173 0.089 0.443
C29abbR 0.057 0.242 0.063 0.204 0.107 0.529
C29abbS 0.045 0.190 0.050 0.162 0.090 0.445
C29aaaR 0.064 0.273 0.060 0.195 0.114 0.566
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5.6.2. Aromatic Compounds

As aromatic hydrocarbons are characterized the ones containing one or more rings

with delocalized π bonds, obeying to the formula CnH2n-6y, where y is the number of

aromatic rings8 (Peters et al., 1993a). The aromatic biomarkers are informative about

the organic matter inputs and thermal maturity (Peters et al., 1993a). Although

typically the occurrence of aromatic compounds in oil and gas is relatively lower than

the respective aliphatics, due to the limited transformation of the naphthalenic

precursor (Hase and Hites, 1976) during catagenesis (Albrecht and Ourisson, 1969),

the Naokelekan extracts seem to be richer in aromatic compounds. Several

compound families were detected during evaluation, with high participation of sulfur

compounds. The different families participating are alkyl-naphthalenes

(naphthalene, methyl, dimethyl and trimethyl compounds), alkyl-phenanthrenes

(until trimethyl compounds), alkyl-dibenzothiophenes (until tetramethyl

compounds), alkyl-naphthobenzothiophenes (until trimethyl compounds) and C2-

binaphthyl, C3-binaphthyl. The used standard for the analysis is the biphenyl.

Dibenzothiophenes (DBTs) and benzo[b]naphthothiophenes (BNTs) are the main

sulfur-containing heterocyclic aromatic compounds in sedimentary rock extracts and

they are potential geochemical markers for evaluating the depositional environment

and maturation, as also as for tracing oil filling pathways (Fang et al., 2016).

The binaphthyls are surprisingly participating in the Naokelekan extracts. These

compounds are not related with any parameter regarding the origin, depositional

environment and maturation of source rocks, according to the literature. The

evaluation of the participation of these compounds will possibly be under scientific

interest in the future. The 2-dimentional structure of the simplest compound (non-

branched) of each family is exposed in the Fig. 23 and the ion fragmentograms of

each aromatic compound family are exposed in the figures 20-25 from

representative samples.

8 For further analysis, retrace to the mentioned literature.
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Figure 23: 2-Dimentional structures of the non-branched aromatic compound
family participating in the Naokelekan extracts, with a: naphthalene, b:

phenanthrene, c: dibenzothiophene, d: naphthobenzothiophene and e: binaphthyl.

Figure 24: The fragmentograms m/z=142, 156, 170 which represent the methyl-, dimethyl-
and trimethyl-naphthalenes respectively, from the Bs2 sample.
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Figure 25: The fragmentograms m/z=178, 191, 206 and 220 which represent the
phenanthrene, methyl-, dimethyl- and trimethyl-phenanthrenes respectively, from the Bs4

sample.

Figure 26: The fragmentograms m/z=184, 196, 212, 226 and 240 which represent the
dibenzothiophene, methyl-, dimethyl-, trimethyl- and tetremethyl-dibenzothiophenes

respectively, from the Dw4 sample. The compounds with number are identified as ounces
with unknown specific formula.
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Figure 27: The fragmentograms m/z=234, 248, 262 and 276 which represent the
naphthobenzothiophene, methyl-, dimethyl- and  trimethyl-naphthobenzothophenes

respectively, from the Dw4 sample.

Figure 28: The fragmentogram m/z=282 representing the C2-binaphthyl compounds (of
unknown specific structure) from the sample Dw4.
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Figure 29: The fragmentogram m/z=296 representing the C3-binaphthyl compounds (of
unknown specific structure) from the sample Dw4.
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6. DISCUSSION

6.1. Geochemical Indices

The geochemical data are evaluated by using geochemical indices that provide

valuable information regarding the palaeo-environmental and palaeo-weathering

conditions. These parameters are related to the appraisal of Naokelekan Formation

as a possible oil and gas source rock.

6.1.1. Lithological Parameters

The elements of basic interest, in the course of the present study, are those that

contribute to distinguish the terrestrial/marine origin of the sediments and other

depositional conditions. SiO2, Al2O3, K2O, TiO2, Rb, Zr are some of the oxides/

elements related to terrigenous origin, while CaO and Sr are related to pelagic

environment (Hofer et al., 2013). The Si and Al elements are associated primarily

with the alumino-silicate fraction, for instance feldspars and clay minerals (Lopez et

al., 2006), whereas the Ca origin is related foremost with marine sedimentation. A

correlation between SiO2, Al2O3 and CaO is essentially indicative of the major

paragenesis. The triangular plot of these compounds reveals a very high percentage

of CaO, supporting in general the basic calcareous constitution, in all of the analyzed

samples, and a minor contribution of the silicate compounds (Fig. 30). Furthermore,

the correlation of Al2O3 and CaO is clearly negative, pointing to the almost

exclusively non-detrital derivation of Ca (Fig. 31).

Figure 30: Ternary diagram showing

the quantitative (%) participation of

the main elements in the form of CaO,

SiO2 and Al2O3 for the samples

analyzed with XRF method.
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Figure 31: Negative correlation of Al2O3 and CaO (mass %), indicating the marine origin of
calcite (selected samples).

A contribution of heavy minerals can be detected by correlations of the TiO2, which

can derive from heavy minerals or participate in clay structures (Ratcliffe et al.,

2007). In the studied samples, the Al2O3 and TiO2 show a positive correlation,

suggesting that the clay fraction is the primary host of titanium (Dabard, 1990).

Addtionally, the correlation of TiO2 and Zr also show a positive general trend,

revealing a possible secondary heavy minerals’ source (Fig. 32).

Figure 32: a. scatter plot revealing strong positive correlation of Zr and TiO2 showing a

secondary heavy minerals’s source, b. scatter plot revealing strong positive correlation of

Al2O3 and TiO2, revealing the participation of heavy minerals in the clay structures.

R2=0.96 R2=0.98
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6.1.2. Paleo-environmental parameters

The parameters of organic matter origin and depositional conditions can be inferred

by the content of redox sensitive elements, such as V, Co, Ni (Awadh & Al-Ankaz,

2016). Ni and V are usually the most abundant trace elements in the solid bitumens

that are hosted in sediments, whereas they are resistant to the processes of

maturation, secondary alteration and migration of hydrocarbon (Lewan, 1984). The

ratios of V/Ni, V/(V+Ni) and Ni/Co are widely used for source evaluation because

they are unaffected by reservoir conditions and fluid migration that vary significantly

in different sedimentary contexts (Lopez et al., 1998). Bitumens deposited in

reducing environment have a V/Ni ration >3.0 The V/Ni ratio higher than 3.0

indicates marine organic material. The range 1.9-3.0 indicates mixed terrigenous and

marine source input, whereas less than 1.9 indicates predominantly terrigenous

organic materials. The V/Ni ratio in the bituminous carbonates varies between 0.41-

5.0 (Quinby-Hunt and Wilde, 1994).

For Banik section the V/Ni range of the analyzed samples (6 in total) is 0.5-1.4,

indicating predominant terrigenous organic material. In the case of Galy-Derash

section (5 analyzed samples) the range is 0.6-4.2, providing high variability, as do the

eight samples from Barsarin section, which values range between 0.9 & 5.0; in both

cases the values indicate mixed terrigenous to marine input. Finally, three samples of

Dwawa section were analyzed, with V/Ni range in 0.3-0.5 revealing predominance of

terrigenous organic material (Table 9).

The ratio V/(V+Ni) is indicative of the oxygen concentration at the depositional

environment. Values higher than 0.84 reflect euxinic conditions; the range of 0.54–

0.82 reflects anoxic conditions, where the range 0.46–0.60 is suggestive of dysoxic

conditions (Lopez et al., 1998).

The range of V/(V+Ni) ratio for Banik section is 0.3-0.6, for Galy-Derash is in principle

0.4-0.8 (and one deviating sample with ratio 12.7), for Barsarin is 0.4-0.8 and finally,

for Dwawa the ratio range is 0.2-6.2 (Table 9). The previous suggest, in principle, a

mixed type of euxinic to dysoxic depositional environment (Hatch and Leventhal,

1992).
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Table 9: Geochemical Indexes.

Sample V/Ni V(V+Ni) Ni/Co Cu/Zn CIA Zr/Sc
B1 0.6 0.4 88.1 1.7 15.1 0.4
Β2 1.4 0.6 58.9 0.3 23.4 -
B5 0.7 0.4 114.1 0.4 4.3 0.2
Β6 1.4 0.6 277.4 - 12.3 -
B9 0.5 0.3 209.1 0.8 10.0 0.2
B11 0.6 0.4 368.0 1.1 15.8 0.5
D1 0.6 0.4 76.2 0.4 4.9 0.3
D7 4.2 0.8 5.3 0.2 0.4 0.1
D9 - 12.7 - - 0.9 1.2
D13 1.6 0.6 18.9 1.4 15.1 0.6
D15 1.3 0.6 15.4 1.2 87.6 108.5
Bs2 1.3 0.6 131.6 - 6.0 -
BS3 0.9 0.5 58.9 0.3 8.7 0.1
Bs7 5.0 0.8 4.4 0.2 1.6 0.1
Bs9 - - - - 0.8 -0.2
Bs12 4.7 0.8 - 0.3 2.1 -
BS13 0.7 0.4 18.8 1.8 41.0 1.9
Bs14 3.1 0.8 - - 0.7 -
Dw1 0.5 0.3 37.2 1.5 15.5 0.2
DW3 0.3 0.2 84.8 4.0 23.3 0.3
DW11 - 6.2 - - 1.3 0.1

Furthermore, values of the ratio Ni/Co higher than 7.0 indicate anoxic environment,

between 5.0-7.0 dysoxic, whereas lower than 5.0 indicate oxic environment (Hatch

and Leventhal, 1992). The Ni/Co ratio is very high, due to increased values of Ni. The

range for Banik section is 88.1-368, which is probably indicative of anoxic conditions.

For Galy-Derash, Barsarin and Dwawa sections, the Ni/Co ration range fluctuates

within 5.3-76.2, 4.4-131.6 and 37.2-84.8 respectively, indicating mixed dyssoxic-

anoxic environmental type.

Finally, the Cu/Zn ratio can also be informative about the oxygen concentration

during the deposition. The lower the ratio value, the lower the oxygen concentration

(Moosavirad et al., 2012). The values for all the analyzed samples vary between 0.2-

4.0 (Table 9), indicating anoxic-dysoxic conditions.
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6.1.3. Paleo-weathering parameters

The parameter of transportation is of great significance, concerning the sediments in

terms of organic petrology. The CIA (Chemical Index of Alteration) is a useful tool

that reveals information regarding the alteration of rocks during depletion (Fang at

al., 2016). Therefore, CIA can provide indirect information in relation with the

geological history of the organic matter, but not necessarily. The conclusions of this

estimation are going to be considered as an indication. The effects of alteration

produce substantial differences in composition, indicating the mobility of major

alkali elements. The method for calculating the Index was proposed by Mac Lennan,

(1993):

CIA = Al2O3 / (Al2O3+CaO*+Na2O+K2O) x 100,

Where CaO* is referring to the fraction originating by silicates and it is calculated by

the type:

CaO*= CaO-10/3P2O3

In a general trend, higher values of CIA suggest more intense chemical weathering

(Amstrong-Altrin et al., 2004). Typically, the average upper crust has a CIA value of

about 47 (Mc Lennan, 1993). Kaolinite and chlorite show high CIA values,

approximately 100, whereas illite has values in the range of 70-80. Primary minerals

show much lower CIA values (Nesbitt and Young, 1982). The analyzed samples are

composed mainly by primary minerals, with the CIA values being relatively low, in

most of the cases. The only sample appearing high deviation is the D15, which seems

to have high CIA value, up to 87.63%. The average value of CIA is 13.42 (Table 9).

The intensity of chemical weathering is mainly affected by the composition of the

parent rock of the sediments (Wronkiewicz and Condie, 1987). The elements of Ca,

Na and K are widely removed during weathering processes (Nesbitt et al., 1982). The

content of K2O and Na2O, as well as the ratio K2O/Na2O are reliable parameters of

the weathering of source inorganic material, as long as the sediments are free of

alkali-related post-depositional modifications (Lindsey, 1999). The correlations of

K2O and Na2O with the parameter of CIA can provide information about the mobility
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of these elements during the progression of weathering in the sediments. In the case

of the Naokelekan samples, the trend of CIA values cannot be correlated with a

clearly positive or negative way therefore, their mobility is not progressing with the

weathering processes (Moosavirad et al., 2012).

The Zr/Sc ratio is associated with sediment recycling and sorting processes (Mac

Lennan, 1993). The higher values indicate Zircon enrichment due to the recycling

(Hofen et al., 2016). For all the analyzed samples the estimated ratios are very low

with average between 0.1-1.9 suggesting no sedimentary recycling. In this case the

sample D15 is exceptional, revealing Zr/Sc value 108.5 (Table 9).

6.2. Quantitative evaluation of Organic Matter

All the studied outcrop sections of Naokelekan Formation can be considered as rich-

in organic matter. Banik section is the most rich according to the TOM (average 34.0

wt.-%) and TOC (average 27.5 wt.-%) data. Galy-Derash section follows with second

higher TOM and TOC average values (12.6 wt.-% and 9.0% wt.-% respectively). Third

is the Dwawa outcrop section, with TOM and TOC averages 9.5 wt.-% and 5.2 wt.-%

Barsarin section is the less rich-in organic matter outcrop section, with TOM and TOC

averages 5.4 wt.-% and 3.5 wt.-% respectively. Despite the variations, all the outcrop

sections reveal very satisfying quantitative features. These data do not deviate

significantly from the data presented by recent studies focused on Naokelekan Fm;

according to Hussein et al. (2013) Naokelekan Formation reveals TOC content in the

range of 5.39%-25.55%, as indicated from Rock-Eval/TOC pyrolysis. The study of El-

Kamaar et al. (2015) proposes average TOC value 17.77% for the Naokelekan Fm.,

obtained from Rock-Eval/TOC pyrolysis.

6.3. Biomarker Indexes

The quantitative analysis of the organic compounds of Naokelekan Formation has

shown that the major part belongs to the family of NSO compounds. The aromatic

compounds are unexpectedly slightly exceeding the aliphatic compounds.

Furthermore, a small amount of extract could not be recovered after the analytical

procedures (Fig. 33).

The biomarker features provide various parameters which are related to the origin
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of the organic matter, palaeo-environmental conditions of deposition and

maturation level (Peters et al., 1993b).

Figure 33: a. Ternary diagram of the aliphatic, aromatic and NSO compounds b. Ternary
diagram of the aliphatic, aromatic and NSO compounds + residual, for all the analyzed

data.

6.3.1. Parameters based on Aliphatic Compounds

-n-alkanes

The composition of the n-alkane fraction in the studied samples occurs in general

within the range of n-C14 to n-C36 (Fig. 34), with predominance of medium-chain

compounds and a high content of even carbon numbered n-alkanes9. The even

predominance is very strong in the Banik section and less marked in Dwawa and

Barsarin sections. The samples from Barsarin and Dwawa section appear to be more

enriched in the short chain compounds. Typically, the predominance of low

molecular weight compounds attributes to algae and bacterial (cyanobacterial) as

sources of organic matter (Maliński et al., 2009). Thus, these compounds are current

representative forms of marine photosynthetic bacteria (e.g. Hunt, 1996). On the

contrary, the ascendency of long chain n-alkanes indicates higher plant input,

whereas this kind of compounds is abundant in epicuticular waxes of vascular plants

(Eglinton and Hamilton, 1967).

Furthermore, the predominance of even numbered n-alkanes within the range of

C20–C30 is thought to be typical of hypersaline carbonate environments (e.g.

9 The sample Bs13 is exceptional, displaying a very peculiar distribution, maximizing at the n-C25. In
addition it is exceptionally phosphatic-rich.



61

Dembicki and Mathiesen 1994; Connan et al., 1986). Dembicki and Mathiesen (1994)

suggested that an even carbon number n-alkanes predominance indicates

sedimentary organic matter originated from cyanobacteria.

Figure 34: a, b, c: Linear distribution of the n-alkane compounds for Banik, Barsarin and
Dwawa section, respectively.
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The type of highly reductive environment is supported by the fact that the even

predominance is distinctly affected by redox potential, whereas the microbial

decomposition of organic carbon can take place in situ, under highly reducing and

anoxic conditions (e.g. Maliński et al., 2009).

The values of the parameter C17/C18 vary widely and are generally significant lower

than 1.0, whereas it can be concluded that uncontrolled evaporative losses of C~6

took place, during solvent removal and perturbed significantly the natural signal

(Collister et al., 1992). Only in the cases of the samples Bs2 and Bs4 the parameter

mentioned above exceeds the 1.0 (Table 10).

The parameter of Carbon Preference Indices, where CPI = [(C25+C27+C29+C31+C33) /

(C24+C26+C28+C30+C32) + (C25+C27+C29+C31+C33) / (C26+C28+C30+C32+C34)]/2 for the n-

alkanes refers to sums of even and odd carbon numbered compounds in the

indicative carbon number range (Cooper and Bernard, 1995). The lower values

suggest the domination of even carbon numbered compounds and subsequently the

bacterial source. A high increase would suggest a significant input of vascular plant

material (Eglinton, 1994). For all the analyzed samples, the CPI values are considered

as low, approaching ~1 (Table 10).

-Acyclic Isoprenoids

Pristane and phytane are of great significance, whereas the pristane/ phytane ratio is

widely applied as a molecular indicator of redox conditions (e.g. Didyk et al., 1978),

depending on the differentiation of phytol degradation under reducing versus

oxidizing conditions, whereas oxygen availability leads to formation of phytenic acid,

which is consecutively decarboxylated thus yielding pristane, an isoprenoid that has

lost one carbon atom when compared to its biological precursor phytol. Low pr/ph

ratios are found in many evaporitic paleo-environments (e.g. Giani et al., 1984),

indicating hypersaline depositional conditions, due to halophilic bacterial

contribution in the sedimentary organic matter (Maliński et al., 2009).
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Furthermore, values of pr/ph <1 low refer to low oxygen concentration, or even

anoxic conditions (e.g. Didyk et al., 1978), thus higher activity of methanogenic

bacteria and anoxygenic photosynthetic sulfur bacteria (Giani et al., 1984).

Only in the cases of the samples B3, B6 and Bs13 the pr/ph parameter is <1 and thus

clearly indicative of anoxic conditions. The two analyzed samples from Dwawa

section (Dw4 and Dw5) have the higher pr/ph values (Table 10). Mohialdeen et al.

(2013) presented low pr/ph ratio (<1) for Chia Gara Formation of Northern Iraq

(Upper Jurassic–Early Cretaceous). In all the samples apart from the two originating

from Dwawa section, the pr/ph can be considered as low. Generally, the suggested

depositional environment is transitional (oxic-dysoxic). However, the pr/ph ratio can

be affected by various factors (ten Haven et al., 1985).

The relative proportions of phytane and octadecane are applied as a redox proxy, in

a similar trend with phytane and pristane. High phytane/n-C18 values suggest oxygen

depletion (Schwark et al., 2009). For all the analyzed samples the ph/n-C18 is

extremely low, in agreement with the relatively high pr/ph ratios. The samples from

Dwawa section are characterized by the higher values (Table 10). Low Pr/C17 and

Ph/C18 suggest marine organic matter and reducing depositional conditions. These

observations are supported by the recent studies of Hussein et al. (2013) and El-

Kammar et al. (2015), concerning Jurassic Formations in Northern Iraq, including

Naokelekan Fm., who have also observed low Pr/C17 and Ph/C18 ratios (Table 10),

suggesting marine-reducing depositional environment.

A binary projection of the parameters Pr/C17 and Phy/C18 provides information

regarding the humic/algal kerogen origination (Peters et al., 1993b). The occurring

projection for the Naokelekan extracts provides a mixed type, predominated by algal

type but with significant humic input (Fig. 35).
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Figure 35: Binary projection of Pr/C17 to Phy/C18 parameter, concerning the kerogen type.

-Hopanes

Tricyclic hopane compounds are not participating in the Naokelekan extracts. The

most hopane compounds exist in the samples of Banik outcrop section and the Bs13

sample. The Bs2 and Bs4 samples include five and four compounds, respectively.

Barsarin section in general is characterized by low hopane quantities. Finally, the

Dw4 and Dw5 samples lack completely the hopanoid fraction (see Table 18).

The Ts/Tm ration is >1 in all the samples containing the mentioned compounds (see

Table 18), indicating that the Ts is dominant over its counterpart Tm. The Ts/(Ts+Tm)

ratio is one of the indices that has been used for characterization of oil source rocks

(Wang et al., 2011) and evaluation of the thermal maturity (Peters et al., 1993b).

Higher values correspond to higher maturities (Seifert and Moldowan, 1979). The

Ts/(Ts+Tm) values for the Banik samples are low, suggesting immature organic

matter. The respective ratio for Bs13 sample is higher, indicating more mature

organic matter in this case (Table 10).

The extended hopane compounds with C31-C35 (homohopanes), which are present in

the most of the samples, are used to infer the redox conditions during deposition

(Peters et al., 1993b). Homohopanes originate from bacterio-hopanetetrol, whereas
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poly-functional C35 hopanoids are common in prokaryotic micro-organisms (e.g.

Ourisson et al., 1979). The relative distribution of C31-C35 17α 22S and 22R10

homohopanes are indicators of the Eh during and immediately after deposition in

marine environments (Peters et al., 1993b). See Fig. 36 for the (%) quantitative

distribution of homohopanes in the Naokelekan extracts.

Figure 36: Distribution of C31-C35 homohopanes (%).

High concentration of C25 is associated with marine carbonates and evaporates,
indicating hypersaline environments, typically expressed by the ratio C35/C34. The
C35/C34 for the samples of Banik section and the sample Bs13 are high (Table 35),
referring to anoxia (thus highly reducing conditions) and hypersaline depositional
environment (Peters and Moldowan, 1990).

The ratio of C35/(C31-35) is an index related with the oxygen concentration during

deposition, known in the literature as “homohopane index”. High values support the

anoxic depositional environment and poor water circulation (Peters et al., 1993b).

The Naokelekan extracts have high values of homohopane index, in agreement with

the high C25/C24 ratios (Table 10).

The C29/C30 and the C35/C34 hopane ratios can be used in order to define the source

facies of hydrocarbons (Peters et al., 1993b). Marine source rocks, as carbonates and

shales show higher C35/C34 ratio (>0.8) than crude oils from coal or resin source rocks

(Peters et al., 1993b). Furthermore, the marine source rocks show high C29/C30,

higher than 0.6 (Table 10). The study of Mohialdeen et al. (2013) exhibited a

10 The 17α 22S and 22R refers to structural details of the compounds, regarding the position of
carbons (different epimers) and other. Suggested literature: Peters et al., 1993 b..
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relatively high C35 homohopane index and high C27 regular steranes abundance for

other Upper Jurassic Formation in NE Iraq area.

Table 10: Parameters based on the aliphatic compounds.

Sample B3 B6 B8 Bs2 Bs4 Bs13 Dw4 Dw5

C17/C18 0.53 0.23 0.47 1 1.25 0.19 0.9 0.87

CIP (C25-C34) 1.59 1.45 1.05 1.06 1.05 1.21 1.09 1.14

Pr/Ph 0.7 0.7 1.17 1.7 2.16 0.27 3.09 3

Pr/n-C17 0.16 0.44 0.27 0.11 0.27 0.22 0.18 0.11

Ph/n-C18 0.12 0.14 0.11 0.06 0.15 0.15 0.05 0.03

Ts/Tm 1.79 1.83 2.77 - - 3.34 - -

Ts/(Ts+Tm) 0.08 0.06 0.07 - - 0.45 - -

C35/C34

Homohopane

2.73 2.29 4.39 - - 1.43 - -

Homohopane index 11.87 10.73 11 - - 23.43 - -

C29/C30 1.58 1.47 1.67 1.35 1.05 0.67 - -

22S / 22S + 22R 0.55 0.56 0.54 0.37 0.59 0.57 - -

C29 20S/(20S+20R) 0.41 0.47 0.44 - - - - -

C29 ββ/(ββ+αα) 0.48 0.5 0.49 - - - - -

The ratio of 22S/(22S+22R) extended hopanes is used as maturity indicator proposed

by Peters and Moldowan (1990), revealing an equilibrium value at 0.55,

corresponding to the onset of hydrocarbons generation (Mackenzie and Mackenzie,

1983). In all the cases of Naokelekan extracts containing such compounds the

equilibrium has been reached, with only sample Bs2 revealing lower values (Table

10). The study of El-Diasty et al. (2016) supports that the hopane 22S isomerization

ratios for source rocks and oils from northern Iraq, are close to the thermal endpoint

value, indicating oil window maturity and the C29 sterane aaa20S and abb ratios are

below endpoint, indicating maturity not yet at peak oil generation.

-Steranes

High concentration of steranes and sterane/hopane ratio >=1 typify marine organic

matter with major contribution from plankton and benthic algae, whereas the
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opposite is indicative of terrigenous and microbially reworked organic matter (Tissot

and Welte, 1984). Steranes are present only in the samples originating from Banik

section, though the preference in hopane/sterane fraction is not clear for the

respective samples, depending on the type of each compound. In this case it is not

possible to export a general conclusion based on this parameter.

The abundance of C29 sterane isomers over C27 sterane suggests a terrestrial source,

whereas C27 steranes are predominant over C29 sterane in marine or generally

aquatic environments (e.g. Seifer and Moldowan 1979). All Banik samples are

dominant in C29 over the C27 sterane, suggesting terrestrial inputs (Hackley et al.,

2013). The ternary projection of C27-C28-C29 sterane compounds indicate proximity to

coastline (Fig. 37) (Seifer and Moldowan 1979).

Figure 37: Ternary projection of C27-C28-C29 sterane compounds, suggesting open marine
depositional environment for all the samples containing steranes.

The ratio 20S / (20S+20R) for regular C29 steranes and the ββ (ββ + αα) ratio for C29

are parameters expressing the degree of isomerization, related to the thermal

maturation (Peters et al., 1993b). Isomerization at C-20 in the C29 5α, 14α, 17α(Η)

steranes causes 20S / (20S+20R) rising from 0 to 0.5 (equilibrium approximately 0.52-
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0.55), reflecting on rising of the thermal maturity (Seifert and Moldowan, 1979).

Factors, as organofacies differences, biodegradation and weathering can affect the

20S / (20S+20R) isomerization (Peters et al., 1993b).

Furthermore, the isomerization at C-14 and C-17 for the C29 20S and 20R regular

steranes is responsible for the increase of ββ (ββ + αα), from approximately 0 values

to the equilibrium point, which is evaluated in the limits of 0.67-0.71 (Seifert and

Moldowan, 1979). The values of 20S / (20S+20R) and ββ (ββ + αα) ratios concerning

the Banik extracts (Table 10) suggest that the sediments are thermally mature and

medium-matured, respectively (Moldowan et al., 1985). The values are quite

homogenous for all the three samples.

6.3.2. Parameters based on Aromatic Compounds

Quantitatively, the alkyl-dibenzothiophenes exceed on the alkyl-naphthobenzo-

thiophenes, which also exceed on the alkyl-phenanthrene compounds (Fig. 38).

Figure 38: Ternary diagram of the quantitative (%) participation of BNT, DBT and P
compounds participating in the Naokelekan extracts.

-Alkyl-naphthalenes

The ratios trimethylnaphthalene (TMNr), tetramethylnaphthalene (TeMNr) and

pentamethylnaphthalene (PMNr) are based on the increase of the stable isomers

relative to the less stable isomers and are thought to be determined by 1,2-methyl

shift and methyl transfer in the naphthalene carbon skeleton (van Aarssen et al.,
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1999). The 1,2,5-trimethyl-naphthalene11 is abundant in the samples from Dwawa

section and in the Bs2 and Bs4 samples, indicating origination of higher plants and

restricted marine or lacustrine environment with anoxic to suboxic conditions

(Strachan et al., 1988). The rest analyzed samples lack in 1,2,5 and 1,2,7-trimethyl-

naphthalene completely, which indicates that the organic matter has been derived

from source containing predominantly higher plant organic matter deposited in a

marine environment (Armstroff et al., 2006).

-Alkyl-phenanthrenes

The distribution of methyl and dimethyl-phenanthrene undergoes a shift with

maturity, towards a preponderance of 3-type isomers (Radke et al., 1982). The

Methyl-phenanthrene Index (MPI 1) is a chemical parameter which is based on this

regular rearrangement (Radke, 1987). MPI 1 weight to the presumed parent

compound (phenanthrene), thus compensating for facies-dependent variations in

the degree of phenanthrene alkylation (Radke et al., 1982). However, the MPI 1 as

also as other indexes occurring of the alkyl-phenanthenes became of natural

importance when they are correlated with the vitrinite reflectance values, which is

not possible in the present study, since alkyl-phenanthrene compounds exist only in

three samples.

Additionally, specific phenanthrene compounds, as well as the MP1 (1) parameter

are used to assess the vitrinite reflectance and thus the maturity level of the organic

matter. Two different equations exist, those of Rc=2,242*(2MP+3MP/2MP+3MP+

1MP+9MP)-0,166 and Rc=0,7*MPI(1)+0,22 (Peters et al., 1993b). Both of them, and

especially the second one, are well corresponding to the vitrinite equivalent

reflectance as it was measured under the coal-petrographical microscope at the

bitumen structures and after conversion of the values with the Jacob’s equation

(Table 11).

-Alkyl-dibenzothiophenes

Reaction of sulphur with polyunsaturated isoprenoids results mostly in cross-linking,

11 The 1,2,7-trimethyl-naphthalene compound supports the same indications.



70

whereas cyclisation producing alkylthiophenes and benz[b]thiophenes upon

subsequent aromatization is generally considered to be a side reaction (e.g. Perakis,

1986). Formation of dialkylated dibenzothiophenes from sulphurized triterpenoids

hypothesized recently still needs to be substantiated (Budzinski, 1993). Normal

statistical distributions of C&C, benzo [b] thiophenes and dibenzothiophenes in

crude oils suggest generation by severe transformations of organic precursors in the

sediments (Aprino et al., 1987). Complex reaction networks would render any

attempt of identifying specific reaction pathways infeasible beyond the top of the

oil-generation window (Radke and Welte, 1983). The amount of benzo[b]thiophenes

strongly decrease with maturity, indicative of their relatively low kinetic stability

under sedimentary conditions, i.e., in the presence of catalytically active minerals

(Radke, 1987). Furthermore, although the Dibenzothiophene (DBT) is kinetically

more stable than benzo[b]thiophenes, is converted mostly to inextractable material

(Burkow et al., 1990). The concentration of the alkyl-dibenzothiophenes increases

with the advance of maturity. The samples B3, Dw4, appear to be very rich-in

methyl-dibenzothiophenes, the samples B8 and Bs2 are rich and thus all of them are

considered as mature, whereas the samples B6, Bs13 and Dw5 are relatively poor,

thus less mature than the previous samples, with the Bs13 to be the poorest and less

mature, according to this parameter (Table 11).

Table 11: Vitrinite reflectance, as assessed by the phenanthrene equations and the vitrinite
equivalent values as measured under the microscope and converded with the Jacob’s

equation.

Equation B3 B6 B8 Bs2 Bs4 Bs13 Dw4 Dw5
2.242·(2MP+3MP/2MP+3MP+1MP+9MP)-0.166 0.72 0.66 0.69 1.38 1.32 1.50 1.12 1.16
0.7*MPI(1)+0.22 0.55 0.49 0.67 1.62 1.54 1.39 1.21 1.23
Vitrinite Equivalent Ro (microscope) 0.78 0.72 0.75 1.57 1.57 1.11 1.2 1.11

The methyldibenzothiophene ratio (MDR) was introduced by Radke et al. (1982) as a

maturity parameter of the type [A]/[ B], where [A] and [B] are the concentrations of

4-MDBT and 1-MDBT, respectively. The EDR (ethyl-dibenzothiophene ratio) [A]/[ B] is

a variant of the first type in order to allow comparison (Radke, 1987), where [A] and

[B] are the concentrations of 4,6-DMDBT and 4-EDBT, respectively (Radke and

Willsch, 1982). The MDR and EDR can be affected by weathering processes, which



71

can result in preferential depletion of 4-MDBT vs. 1-MDBT due to water washing

eventually, associated with biodegradation. Higher values of MDR and EDR

correspond to higher maturity level (Table 12) (e.g. Radke et al., 1982). The variation

of the previous parameters is in agreement with the vitrinite equivalent Ro (%). The

samples originating from the Banik section are the only ones within the oil-

generation window. The rest appear to be over-matured and characterized by higher

MDR and EDR values.

The dibenzothiophene/phenanthrene ratio assesses the availability of reduced sulfur

for incorporation into organic matter and it is also an excellent indicator of source

rock lithology with carbonates having ratios > 1 and shales having ratios < 1 (Hughes

et al., 1995). Most of the analysed samples are characterized by

dibenzothiophene/phenanthrene ratio (D/Ph)>1, apart from the B3 and B6 (Table

12). This fact indicates dominance of the carbonaceous lithological parameters from

the one hand and quantitative prevalence of sulfur aromatic compounds, from the

other. The second observation suggests depositional environment rich-in sulfur and

microbiological and chemical processes that advanced the availability of sulfur,

which incorporated in the organic structures. Mohialdeen at al. (2013) suggest

relatively high D/Ph ratio for other Formation at Northern Iraq of Jurassic age.

-Alkyl-naphthobenzothiophenes

The naphthobenzothiophene compounds are aromatic, heterocyclic, sulfur, organic

compounds, which occur in petroleum-related systems but are not of significant

interest regarding the evaluation of depositional conditions, origin and maturity

parameters. Though, the ratio of [2,1]BNT/([2,1]BNT+[1,2]BNT) varies during

migration and thus is a useful parameter for appraising the pathways and distances

of oil migration (Li et al., 2014). The mentioned above ratio can be correlated with

other biomarker parameters related to depositional conditions and maturation, for

the purpose of oil migration pathways evaluation, but this is not within the scopes of

the present study. Furthermore, the presence of naphthobenzothiophene

compounds, as well as the presence of all the kind of sulfur compounds participating

in oil and gas are under study, since the presence of sulfur compounds is undesirable
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in petroleum and in its derivatives (Cardoso and Aucélio, 2006), in the course of

environmental research.

Table 12: Parameters based on the aromatic compounds.

Sample B3 B6 B8 Bs2 Bs4 Bs13 Dw4 Dw5

Total conc. DBT+ M+D+T 258 24.3 83.7 81.5 161.1 5.7 118.3 37.8

MDR 1.23 1.16 1.02 9.15 8.65 11.82 5.19 5.61

EDR 4.56 3.85 3.85 33.18 20.28 66.8 10.31 10.14

D/Ph 0.55 0.53 1.16 2.64 1.81 3.04 1.74 1.79

6.4. Microscopy

6.4.1. Organic Matter Type observed under the microscope

Migra-bitumens and pyro-bitumens comprise almost exclusively the organic

structures present in the samples of Naokelekan Fm. Vitrinite particles, as well as

any kind of macerals referring to algal original organic material are absent12. These

observations suggest that Naokelekan Formation exhibits a reservoir rock profile,

instead of a source rock profile. According to the GC-MS analysis, the organic matter

has more possibly marine origination, but it is material transferred to Naokelekan

Fm. from other formation(s). The migra- and pyro-bitumens participate as secondary

features and characterized by weathered and disintegrated surfaces, intensifying the

theory, which supports the reservoir profile of Naokelekan Fm., although so far all

studies published support the source rock nature of Naokelekan Fm. Recent data

exported by the studies of Baban and Ahmed (2014) and El-Kammar et al. (2015) are

in contrary with the data exported in the course of the present study, whereas they

support the presence of virtinite particles and liptodetrinite/liptinite maceral groups,

respectively. The absence of maceral particles forbids the prompt evaluation of the

kerogen type based on microscopical data.

Furthermore, the thermogravimetric combustion support the existence of only one

kind of organic matter, since the combustion profiles for all the samples show one

12 Exception: Exsudatinite present in one sample from Galy-Derash outcrop section.
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decomposition point of organic matter in the range around 500oC. An additional

peak at 900oC represents the structural break-down of the carbonates (Fig. 39).

Figure 39: Correlation of temperature-time during thermogravimetric ccombustion.

6.4.2. Maturation Estimation based on reflectance measurements

Every outcrop section is characterized by different range of vitrinite equivalent

reflectance values. Banik section, which is the most rich in organic matter section,

according to the quantitative data, is the less mature section (eq. VRo% in the range

of 0.6-0.83%). Galy-Derash section contains both kinds of solid bitumens. The migra-

bitumens reveal eq. VRo% values in the range of 0.57-0.71% and the more

predominant pyro-bitumens in the range of 1.12-1.22%. Galy-Derash section is in

principle considered as over-mature. Barsarin section reveals also mixed maturity

features (pyro-bitumens at the upper and lower parts, and migra-bitumens in the

middle with eq. VRo% in the range of 0.9-1.52% and 0.72-0.82%, respectively.

Barsarin section can be described as mature to over mature. Dwawa section is the

less rich in organic matter outcrop section and the most mature, at specific samples

where the measurements were possible. The lower part of Dwawa section contains

pyro-bitumens with vitrinite equivalent range 0.87-1.4%. Baban and Ahmed (2014)

consider the observed organic structures of Naokelekan and Sargelu Formations as

vitrinite particles, with estimated vitrinite reflectance range 0.79–1.25 % (samples
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taken by an outcrop section near Sargelu Village), which is not contrasting with the

exported data in the course of the present study. This range is well corresponding to

the eq. VRo% range of the pyro-bitumens present in Barsarin and Dwawa sections.

Furthermore, Al-Jaafary & Hadi (2015) calculated Ro values in the range of 0.76–

0.90% for samples from Naokelekan Fm., that correspond to the VRo% range in the

middle part of Galy-Derash section. The vertical distribution of VRo% values do not

reveal any vertical trend, but rather appear scattered. Also, the lack of particles

suitable for measurement in several samples is responsible for the intermittent

distributions (Figs. 40, 41 and 42). Vertical projection of eq. VRo% to depth was not

able to be created for the Dwawa section, whereas measurements were possible to

be taken only in five samples.

Furthermore, the Rock-Eval analysis that was conducted by Noori and Muhammad

(2016) on selected samples from the same areas indicated Hydrogen Index (HI) 106 –

580 mg HC/gTOC, Oxygen Index (OI) 2-19 mg HC/gTOC and very good to excellent

Petroleum Potential, ranging between 9.6 –139.25 mg HC/gRock. The Tmax values

range between 443 - 474°C, concerning the outcrop section of Banik and Galy-

Derash outcrop sections and between 469-474oC, regarding Barsarin and Dwawa

section. The previous data support that the maturity level is over-mature in the cases

of Barsarin and Dwawa section and mature in the cases of Banik and Galy-Derash, in

agreement with the petrographical data obtained in the course of the present study.
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Figure 40: Vertical distribution of VRo % with depth, for Banik section.

Figure 41: Vertical distribution of VRo % with depth, for Galy-Derash section.
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Figure 42: Vertical distribution of VRo % with depth, for Barsarin section.
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7. CONCLUSIONS

Four sections of Naokelekan Formation located at KRG region of NE Iraq were

examined in this study. The working sections comprise those of Banik, Galy-Derash,

Barsarin and Dwawa. The obtained petrographical and geochemical data suggest

that the Naokelekan Fm. was probably formed in a marine depositional

environment, under dysoxic-anoxic and hypersaline conditions; open marine

environment is suggested by several organic and inorganic geochemical parameters,

though proximity to coastline is also supported by the sterane distribution.

Naokelekan Fm. is rich in organic matter with the bottom “Coal Bed” horizon being

the richest one.

However the petrographical analysis revealed the predominance of solid bitumens

with reworked, weathered texture. Also, phosphatic zooclasts are secondarily

participating. The absence of vitrinite particles, which was revealed during the

petrographic observation, does not support the presence of humic-origin kerogen

type.

The organic geochemical features and particularly the correlation of Pr/C17 to Ph/C18

suggest mixed humic-algal (I & III) kerogen type, with a predominance of the algal

type, for the precursors of the solid bitumens.

The maturity level is evaluated as marginally mature, in the cases of Banik, Galy-

Derash and the middle part of Barsarin sections. In the cases of the upper and lower

parts of Barsarin section and the total of Dwawa section the maturity level is mature

to post-mature, as interpreted from the petrographical and the organic geochemical

results.

Finally, it is concluded that the petrographical and geochemical features of

Naokelekan Fm. correspond better to the requirements of a reservoir formation than

to the requirements of a source rock. Though, further research in needed to clear up

if Naokelekan Fm. comprises a reservoir rock, a pathway for hydrocarbons transfer

to other Formations or it is also the source formation of the contained hydrocarbons.
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APPENDIX (I)
-X-RAY DIFFRACTOMETERS (ONE EXAMPLE PER OUTCROP SECTION)
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FIGURE 1: X-RAY DIFFRACTOMETER FOR THE SAMPLE B1.

FIGURE 2: X-RAY DIFFRACTOMETER FOR THE SAMPLE D9.
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FIGURE 3: X-RAY DIFFRACTOMETER FOR THE SAMPLE BS5.

FIGURE 4: X-RAY DIFFRACTOMETER FOR THE SAMPLE DW3.
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APPENDIX (II)
-TABLES WITH RAW DATA OF C-H-N-S, XRF & ICP-MS ANALYSES
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Table1: C-H-N-S elemental analysis, for the Whole-Rock and De-carbonated samples.

Code
C H N S C decarb H decarb N decarb S decarb

B1 25.23 1.52 0.88 3.59 41.52 3.60 2.46 7.99
B2 35.41 2.19 1.01 6.00
B3 32.18 1.84 0.73 4.69 63.38 2.30 3.95 15.24
B4 75.25 4.18 2.03 8.13
B5 30.69 1.77 0.69 4.04 61.47 6.00 2.42 12.31
B6 37.43 2.44 0.98 7.00
B7 31.06 1.77 0.82 4.80 61.85 4.18 2.89 13.41
B8 30.79 1.70 0.71 5.08
B9 36.44 2.11 0.84 6.13 58.29 4.56 2.56 12.21

B10 38.83 2.35 1.00 7.31
B11 22.99 1.55 0.65 6.72 59.32 4.92 3.48 10.21
D1 23.76 1.65 0.45 5.98 43.36 5.19 2.02 11.04
D2 29.85 1.65 0.76 4.87
D3 20.98 1.84 0.44 3.99 37.14 4.64 1.91 9.94
D4 31.53 2.77 0.99 4.10
D5 25.76 3.68 1.35 5.86 52.02 4.27 2.86 12.97
D6 30.87 3.65 1.99 7.91
D7 22.54 1.77 0.77 6.98 50.34 4.31 3.36 14.75
D8 30.35 2.88 0.44 4.09
D9 10.23 2.11 0.88 1.09 12.06 0.90 1.84 3.86

D10 20.75 1.99 0.86 2.98
D11 5.89 3.86t 0.39 3.90 6.86 5.33 0.72 4.12
D12 12.87 1.94 0.65 3.09
D13 9.54 3.32 0.65 2.99 11.65 2.26 0.83 4.85
D14 12.97 1.99 0.92 4.10
D15 7.63 1.41 1.29 2.11 10.35 2.08 0.73 3.00
Bs1 15.15 0.20 0.33 0.44 34.85 1.07 2.28 7.58
Bs2 19.97 0.56 0.47 1.25
Bs3 12.94 0.18 0.55 0.64 17.69 1.64 2.26 4.26
Bs4 21.80 0.57 0.66 1.22
Bs5 14.79 0.30 0.51 0.48 20.94 1.70 1.19 4.49
Bs6 13.10 0.08 0.18 0.29
Bs7 13.99 0.15 0.29 0.69 26.97 3.00 1.77 6.04
Bs8 12.42 0.04 0.23 0.81
Bs9 12.41 0.05 0.25 0.09 4.84 3.41 0.68 3.80

Bs10 11.16 0.27 0.48 0.87
Bs11 10.97 0.55 0.42 1.94 13.77 2.68 1.30 4.42
Bs12 12.36 0.07 0.16 0.42
Bs13 7.86 0.66 0.42 2.02 9.50 0.75 0.71 2.75
Bs14 14.05 0.11 0.25 0.61
Bs15 1.94 0.11 0.15 0.36 1.28 0.00 0.59 0.72
Dw1 16.99 0.30 1.91 0.00 11.88 1.94 2.44 0.00
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Table1: continued.

Code C H N S C decarb H decarb N decarb S decarb
Dw2 - - - -
Dw3 21.70 0.40 0.47 0.00 23.97 2.15 1.57 3.67
Dw4 24.29 2.02 0.67 0.00
Dw5 26.22 0.73 0.94 3.70 38.38 3.65 1.58 6.19
Dw6 15.45 0.00 1.21 0.23
Dw7 18.56 0.48 1.20 0.00 43.53 3.83 3.27 0.00
Dw8 23.04 0.00 3.42 0.16
Dw9 15.52 0.00 1.11 0.05 19.71 1.96 6.08 0.00

Dw10 16.29 0.00 1.72 0.11
Dw11 17.08 0.00 1.52 0.06 29.55 2.57 1.16 0.00
Dw12 16.74 0.00 1.39 0.01
Dw13 19.95 0.49 0.27 0.00 12.89 2.24 2.49 0.07
Dw14 18.87 0.00 0.28 0.00
Dw15 11.04 2.70 0.63 0.00 7.26 1.74 1.73 0.00
Dw16 16.56 0.00 1.18 0.02 - - - -
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Table 2 (a): Main and trace elemental analysis of Banik section, where a data obtained by
XRF method and b data obtained by ICP-MS method.

Element Sample B1 Β2 B5 Β6 B9 B11

Al2O3
a % 3.63 3.75 1.53 3.50 2.31 3.10

CaO a % 20.31 33.52 20.69 16.65
Fe2O3

a % 2.71 0.82 1.06 1.60
K2O a % 1.09 0.55 0.65 1.05
MgO a % 2.29 0.65 0.98 1.06
Na2O a % 0.24 0.16 0.23 0.17
P2O5

a % 0.35 0.19 0.21 0.39
SiO2

a % 11.92 5.95 8.08 11.00
TiO2

a % 0.24 0.12 0.15 0.21
As b mg/kg 19.2 12.7 11.2 4.3
Ba b mg/kg 108.0 80.7 169 142.7 <1 89.0
Be b mg/kg 1.0 1.0 0.9 0.6
Bi b mg/kg 0.1 0.2 0.2 0
Cd b mg/kg 9.3 7.7 45.5 21.8
Co a mg/kg 10 6.4 11 2.8 9 6
Cr a mg/kg 83 72.3 104 79.4 121 176
Cs b mg/kg 1.3 1.8 1.7 1.0
Cu b mg/kg 334 61.4 431 47.9 635 750
Ga b mg/kg 6 6.2 7.7 4.0
Hf a mg/kg 1 0 0 1
Mn b mg/kg 44.4 39.4 15.00 27.40 23.00 23.00
Ni a mg/kg 881 376.9 1255 776.7 1882 2208
Nb a mg/kg 8 4 8 13
Pb a mg/kg 32 3.5 26 2.9 27 41
Rb a mg/kg 23 10.3 12 9.5 14 21
Sc a mg/kg 82 73 98 78
Sr a mg/kg 155 99.8 325 246.1 307 147
V b mg/kg 534 516.8 869 1066.4 854 1418
U b mg/kg 28.3 45.9
W a mg/kg 3 0 1 1
Y a mg/kg 43 29 27 41
Zn a mg/kg 197 178.9 994 1156.9 775 711
Zr a mg/kg 32 17 20 38
Ce a mg/kg 21 16 14 30
La a mg/kg 14 17 9 14
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Table 2 (b): Main and trace elemental analysis of Galy-Derash section, where a data
obtained by XRF method and b data obtained by ICP-MS method.

D1 D7 D9 D13 D15

Al2O3
a % 1.81 0.19 0.49 5.05 19.56

CaO a % 35.69 45.85 54.34 27.95 1.11
Fe2O3

a % 1.16 0.09 0.19 2.42 9.48
K2O a % 0.41 0.04 0.10 0.63 2.50
MgO a % 1.94 0.62 0.87 0.73 1.34
Na2O a % 0.29 0.02 0.05 0.04 0.06
P2O5

a % 0.33 0.03 0.01 0.10 0.27
SiO2

a % 7.87 0.71 1.51 12.67 41.25
TiO2

a % 0.14 0.01 0.04 0.26 1.12
As b mg/kg 13.9 <1 44.0
Ba b mg/kg 445.0 <1 28.0 8.00 160
Be b mg/kg 0.5 0.2 2.4
Bi b mg/kg 0.1 0.1 0.5
Cd b mg/kg 27.1 0.4 11.6
Co a mg/kg 13 9 10 14 38
Cr a mg/kg 90 30 24 61 174
Cs b mg/kg 0.7 0.2 2.4
Cu b mg/kg 355 19 -20 106 268
Ga b mg/kg 8.9 0.3 30
Hf a mg/kg 0 0 1 2 6
Mn b mg/kg 23.00 23.00 31.00 54.00 123
Ni a mg/kg 990 48 -70 265 587
Nb a mg/kg 6 0 -2 6 28
Pb a mg/kg 27 7 6 20 50
Rb a mg/kg 13 1 5 23 117
Sc a mg/kg 62 67 13 104 2
Sr a mg/kg 355 254 209 193 161
V b mg/kg 545 203 76 422 744
U b mg/kg
W a mg/kg -1 2 3 3 4
Y a mg/kg 37 9 9 12 24
Zn a mg/kg 890 85 23 75 219
Zr a mg/kg 20 5 15 61 217
Ce a mg/kg 14 36 29 22 57
La a mg/kg 16 0 -3 6 25



97

Table 2 (c): Main and trace elemental analysis of Barsarin section, where a data obtained
by XRF method and b data obtained by ICP-MS method.

Element Sample BS1 Bs2 BS3 Bs7 Bs9 Bs12 BS13 Bs14

Al2O3
a % 1.32 2.71 2.01 0.75 0.41 4.22 9.62 1.12

CaO a % 28.87 20.99 45.12 52.00 12.56
Fe2O3

a % 0.61 0.83 0.27 0.19 5.92
K2O a % 0.27 0.48 0.24 0.09 2.09
MgO a % 2.25 1.30 0.66 1.05 1.77
Na2O a % 0.06 0.23 0.05 0.02 0.07
P2O5

a % 0.04 0.14 0.07 0.02 0.27
SiO2

a % 5.10 11.47 4.09 1.59 28.76
TiO2

a % 0.07 0.12 0.05 0.03 0.54
As b mg/kg 16.8 22.8 40.8 10.8 <1
Ba b mg/kg <1 30.0 <1 13.0 112.0 263.3 100.00 11.2
Be b mg/kg 0.5 0.2 0.2 0.3 0.1
Bi b mg/kg 0.1 0.1 0.0 0.0 0.0
Cd b mg/kg 15.7 5.1 0.4 0.5 0.3
Co a mg/kg 7 2.6 11 14 12 <1 42 <1
Cr a mg/kg 32 <1 95 69 27 <1 111 <1
Cs b mg/kg 0.8 1.1 0.8 0.5 0.1
Cu b mg/kg 53 28 235 28 -25 2.9 328 0.4
Ga b mg/kg 2.4 2.1 <1 7.8 <1
Hf a mg/kg 0 0 0 1 3
Mn b mg/kg 38.00 30.80 23.00 7.70 85.00 75.40 139.00 57.30
Ni a mg/kg 137 342.2 648 62 -83 16.3 788 2.7
Nb a mg/kg 1 2 -2 -3 12
Pb a mg/kg 8 <1 17 14 10 3.1 38 <1
Rb a mg/kg 7 6.5 13 7 3 5.8 72 1
Sc a mg/kg 99 96 40 -67 56
Sr a mg/kg 157 265.3 360 413 294 291.4 247 124.0
V b mg/kg 123 428.8 561 307 46 77.3 588 8.3
U b mg/kg 35.5 5.4 6.9
W a mg/kg 2 3 3 7 2
Y a mg/kg 14 24 12 11 15
Zn a mg/kg 52 605 705 115 23 10.9 186 <1
Zr a mg/kg 12 13 5 16 106
Ce a mg/kg 31 34 13 35 38
La a mg/kg 11 18 19 14 29
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Table 2 (d): Main and trace elemental analysis of Dwawa section, where a data obtained
by XRF method and b data obtained by ICP-MS method.

Element Sample Dw1 DW3 DW11

Al2O3
a % 3.65 4.73 0.53

CaO a % 19.28 14.94 40.36
Fe2O3

a % 1.30 1.58 0.17
K2O a % 0.53 0.72 0.08
MgO a % 6.12 6.02 0.64
Na2O a % 0.32 0.23 0.04
P2O5

a % 0.07 0.11 0.01
SiO2

a % 16.44 23.02 1.33
TiO2

a % 0.17 0.22 0.03
As b mg/kg
Ba b mg/kg 289.00 209.00 <1
Be b mg/kg
Bi b mg/kg
Cd b mg/kg
Co a mg/kg 9 8 7
Cr a mg/kg 88 62 23
Cs b mg/kg
Cu b mg/kg 124 245 0
Ga b mg/kg
Hf a mg/kg 1 1 0
Mn b mg/kg 47.00 38.00 23.00
Ni a mg/kg 335 678 0
Nb a mg/kg 3 5 0
Pb a mg/kg 21 18 6
Rb a mg/kg 13 19 2
Sc a mg/kg 100 86 82
Sr a mg/kg 140 117 169
V b mg/kg 152 205 74
U b mg/kg
W a mg/kg 2 3 2
Y a mg/kg 12 21 7
Zn a mg/kg 82 62 19
Zr a mg/kg 20 30 12
Ce a mg/kg 24 17 19
La a mg/kg 9 17 0
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APPENDIX (III)
-SEM PHOTOGRAPHS
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Figure 1: Selection of SEM photomicrographs, a. migrabitu men from block B6, b.
carbonates from block B6, c. and d. pyrobitumens from block Bs13, e and f mineral phases

from block Dw5.
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APPENDIX (IV)
-TIC ION CROMATOGRAMS & FRAGMENTOGRAMS OF ALIPHATIC AND AROMATIC FRACTIONS
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▪ TIC ION CHROMATOGRAMS

FIGURE 1: TOTAL ION CHROMATOGRAM OF THE ALIPHATIC FRACTION, SAMPLE B3.

FIGURE 2: TOTAL ION CHROMATOGRAM FOR THE AROMATIC FRACTION, SAMPLE B3.
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FIGURE 3: TOTAL ION CHROMATOGRAM OF THE ALIPHATIC FRACTION, SAMPLE B6.

FIGURE 4: TOTAL ION CHROMATOGRAM OF THE AROMATIC FRACTION, SAMPLE B6.
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FIGURE 5: TOTAL ION CHROMATOGRAM OF THE ALIPHATIC FRACTION, SAMPLE B8.

FIGURE 6: TOTAL ION CHROMATOGRAM OF THE AROMATIC FRACTION, SAMPLE B8.
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FIGURE 7: TOTAL ION CHROMATOGRAM OF THE ALIPHATIC FRACTION, SAMPLE BS2.

FIGURE 8: TOTAL ION CHROMATOGRAM OF THE AROMATIC FRACTION, SAMPLE BS2.
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FIGURE 9: TOTAL ION CHROMATOGRAM OF THE ALIPHATIC FRACTION, SAMPLE BS4.

FIGURE 10: TOTAL ION CHROMATOGRAM OF THE AROMATIC FRACTION, SAMPLE BS4.
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FIGURE 11: TOTAL ION CHROMATOGRAM OF THE ALIPHATIC FRACTION, SAMPLE BS13.

FIGURE 12: TOTAL ION CHROMATOGRAM OF THE AROMATIC FRACTION, SAMPLE BS13.
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FIGURE 13: TOTAL ION CHROMATOGRAM OF THE ALIPHATIC FRACTION, SAMPLE DW4.

FIGURE 14: TOTAL ION CHROMATOGRAM OF THE AROMATIC FRACTION, SAMPLE DW4.
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FIGURE 15: TOTAL ION CHROMATOGRAM OF THE ALIPHATIC FRACTION, SAMPLE DW5.

FIGURE 16: TOTAL ION CHROMATOGRAM OF THE AROMATIC FRACTION, SAMPLE DW5.
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▪ FRAGMENTOGRAMS OF ALIPHATIC FRACTIONS (E.G. SAMPLE B8)

FIGURE 17: FRAGMENTOGTAM M/Z= 57, FOR THE SAMPLE B8.

FIGURE 18: FRAGMENTOGTAM M/Z= 191, FOR THE SAMPLE B8.

FIGURE 19: FRAGMENTOGTAM M/Z= 191, FOR THE SAMPLE B8.

▪ FRAGMENTOGRAMS OF AROMATIC FRACTIONS AND MASS SPECRTUMS OF THE

BASIC COMPOUNDS (E.G. SAMPLE BS2)
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FIGURE 20: FRAGMENTOGRAMS M/Z= 142, 156, 170 FOR THE SAMPLE BS2.

FIGURE 22: FRAGMENTOGRAM M/Z= 142 AND MASS SPECTRUM FOR THE SAMPLE BS2.
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FIGURE 23: FRAGMENTOGRAMS M/Z= 178, 192, 206, 220 FOR THE SAMPLE BS2.

FIGURE 24: FRAGMENTOGRAM M/Z= 178 AND MASS SPECTRUM FOR THE SAMPLE BS2.
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FIGURE 25: FRAGMENTOGRAMS M/Z= 184, 198, 212, 226 & 240 FOR THE SAMPLE BS2.

FIGURE 26: FRAGMENTOGRAM M/Z= 184, AND MASS SPECTRUM FOR THE SAMPLE BS2.
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FIGURE 27: FRAGMENTOGRAMS M/Z= 234, 248, 262 AND 276 FOR THE SAMPLE BS2.

FIGURE 28: FRAGMENTOGRAM M/Z= 234 AND MASS SPECTRUM FOR THE SAMPLE BS2.
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FIGURE 29: FRAGMENTOGRAM M/Z= 296 FOR THE SAMPLE BS2.

FIGURE 30: FRAGMENTOGRAM M/Z= 296 FOR THE SAMPLE BS2.


