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Abstract

This cumulative thesis presents pioneering studies on the paleoclimate, paleosalinity and
paleoredox conditions, prevailing during the Jurassic period in northern Irag, based on a variety
of proxies. To this end, several research studies were performed, divided into five individual
chapters, four of which were already published in international peer-reviewed journals, while

a fifth manuscript will be submitted for publication in due course.

The areas of study were located in northern Irag and involved detailed examination and
analysis of six formations in total. From base to top, these are the Early Jurassic-age Sarki and
Sehkaniyan formations, the Middle Jurassic-age Sargelu Formation, the Late Jurassic-age
Naokelekan and Barsarin formations, and the Late Jurassic-Early Cretaceous-age Chia Gara
Formation. The lithologies present are mainly carbonate rocks (limestones, dolomitic
limestones and dolomites), sporadic shale units, in addition to some solid bitumens which were
observed from the Sargelu and Naokelekan formations in the Banik area. The formations were
examined in three different locations (i.e., the Banik, Warte and Ranya areas) within the three

governorates of the Kurdistan region (i.e., Duhok, Erbil and Sulaimaniyah).

Chapter 1 provides an introduction to the areas of study as well as the individual formations.
It also outlines the regional geology of northern Irag. This is followed by Chapter 2 which
focusses on a more detailed description of the Early Jurassic- to Early Cretaceous-age
formations of northern Irag. The calcareous nannofossils of the entire Jurassic system from the
Warte area in northern Iragq were recorded and analyzed for the first time. The results were
used to determine the stratigraphic position of the lower and upper boundaries of the Middle

Jurassic in the Warte succession. In addition, calcareous nannofossil data were integrated with



geochemical analyses to reconstruct the paleoecological and paleoclimatic conditions of the
Jurassic-Lower Cretaceous succession of the region. Chapter 2 was published in the peer-

reviewed journal Geosciences in 2022.

Chapter 3 presents the first broad comparative study of the mineralogical and geochemical
features of the Early Jurassic-Early Cretaceous-age Sarki, Sehkanyian, Sargelu, Naokelekan,
Barsarin and Chia Gara formations from the Ranya section with the same formations from the
Warte section (both sections are located in northeastern Irag). The aim of this study was to
reconstruct the paleoclimate, paleosalinity and paleoredox conditions which were active during
the deposition of the Early Jurassic-Early Cretaceous-age sedimentary successions in the area.
In addition, the results were used to evaluate the variations and/or similarities in the
paleoenvironmental conditions that prevailed during the Early Jurassic-Early Cretaceous times
across the region of northern Irag. Chapter 3 was published in the peer-reviewed journal

Marine and Petroleum Geology in 2023.

Chapter 4 presents a comprehensive examination of the petrography and microfacies of the
carbonates from the Middle to Upper Jurassic succession (i.e., Sargelu and Naokelekan
formations) from the Banik area in northernmost Iraq. The results were subsequently compared
with data on the geochemistry of the shale rocks from the same formations, with the aim of
providing important information regarding evaporation proxies, paleoredox and diagenetic
conditions, that can be integrated into new depositional paleoenvironments for the area.
Chapter 4 was published in the peer-reviewed journal Neues Jahrbuch fur Geologie und

Pal&ontologie in 2020.

A detailed study of the solid bitumens present in the Middle Jurassic-Late Jurassic-age Sargelu

and Naokelekan formations in the Banik area and which, to date, have never been studied,
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formed the basis of Chapter 5. This study aimed to propose possible depositional
paleoenvironments of the solid bitumens and their host rocks by examining a range of
paleoredox proxies and isotopic geochemistry. Furthermore, the results from the geochemical
data were integrated with the vitrinite reflectance results in order to reconstruct the
accumulation process of the solid bitumens and to interpret their origin. Chapter 5 was

published in the peer-reviewed journal Arabian Journal of Geosciences in 2021.

Chapter 6 comprises a detailed mineralogical and geochemical examination of the shales from
the Early Jurassic-Early Cretaceous-age formations of the Warte and Ranya sections in
northern Iraq. The aim of this study was to determine the provenance of the mud-size sediments
as well as the tectonic setting. Chapter 6 is currently being prepared as a manuscript for

submission.

The final chapter — Chapter 7 — presents a summary of the various aspects of the thesis. In
summary, these studies provide important information which is highly relevant for any future
hydrocarbon exploration in the region of northern Iraq; they will pave the way for future work
in this respect, since the Jurassic system in Iraq is — as noted - highly promising and harbors

great potential.



Chapter 1

Introduction



1. Introduction

The Early Jurassic-Early Cretaceous-age successions in Iraq are considered to be of great
importance (e.g., Daoud and Karim, 2010; Al-Ameri and Zumberge, 2012; Al-Juboury and
McCann, 2013; Jasim, 2013; Abdula, 2017) given the fact that most of the petroleum that has
been discovered in Iraq is reported to have been sourced from the Jurassic rocks and trapped
in the Cretaceous and Tertiary reservoirs of the Mesopotamian Basin and the Zagros Basin
(Pitman et al., 2004) (Figure 1). Therefore, understanding the paleoenvironmental conditions,
under which the Early Jurassic-Early Cretaceous-age successions of Iraq were deposited, will
provide significant information for future studies in terms of hydrocarbon exploration, given
that the Jurassic system is highly promising in this regard. Iraq is a major petroleum-producing
country in the Middle East, with current proven reserves of 115 billion barrels of oil (BBO)
and 110 trillion cubic feet (TCF) of gas in three total petroleum systems, namely the Paleozoic,
Jurassic and Cretaceous-Tertiary systems (see inset map in Figure 1 for names and locations)

(United States Geological Survey USGS, 2000; Ahlbrandt et al., 2000; Verma et al., 2004).

The present work focused on northern Iraq, which is estimated to contain about 45 billion
barrels (bbls) of Iraq’s 115 billion barrels of oil reserves, making Iraq the country with the
sixth largest oil reserves in the world (Al-Zubaidi and Al-Zebari, 1998; Jassim and Al-Gailani,
2006; Hill and Shane, 2009). Due to their geological and economic importance, the Jurassic
successions of Irag have been described in a number of academic theses and research papers,
the majority of which focused on the lithology and depositional environments, in addition to
their economic significance (Salae, 2001; Balaky, 2004, Al-Ahmed, 2006; Abdula, 2010;

Daoud and Karim, 2010; Al-Ameri and Zumberge, 2012; Al-Juboury and McCann, 2013;



Jasim, 2013; Sharezwri, 2015; Abdula, 2017). However, detailed studies integrating a
comprehensive examination of the sedimentology, petrography, mineralogy and geochemistry

of all of the Jurassic-age formations in northern Iraq have, to date, not been attempted.

Initial work in the present study involved a review of all the previously published studies in
order to establish a basis for a more detailed examination of the Jurassic successions in northern
Irag, involving the application of advanced analytical methods. The main methods employed
included sedimentological and petrographical investigations examining the main
characteristics of the various Jurassic units, in addition to geochemical characterization of the

major, trace and rare earth elements, carbon and oxygen isotopes, as well as clay mineralogy.
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1.1 Aim of the Work

This work focused on detailed studies of the paleoenvironmental conditions (i.e., paleoclimate,
paleosalinity and paleoredox conditions), provenance and tectonic setting of the Jurassic
system in northern Iraq where six formations, namely (from base to top) the Sarki, Sehkaniyan
(both Lower Jurassic), Sargelu (Middle Jurassic), Naokelekan, Barsarin (both Upper Jurassic)
and Chia Gara (Upper Jurassic-Lower Cretaceous) formations, are exposed. Three locations in
three different areas of northern Iraq (i.e., the Banik, Warte and Ranya areas) were chosen in
each of the three Kurdistan Governorates, Duhok, Erbil and Sulaimaniyah (Figure 2).
Carbonate rocks including limestones, dolomitic limestones and dolomites in addition to
sporadic shale units form the main lithological components of the studied formations (Figures
3 and 4). Some solid bitumens from the Sargelu and Naokelekan formations in the Banik area
(Figure 5) were additionally identified which have, to date, not been studied at all, according

to our knowledge.

The current work aimed to examine, at high resolution, and by using modern instrumentation
and techniques for analyses, the petrography, mineralogy and geochemistry of the Jurassic
system in northern Iraq in order to reconstruct the paleoenvironmental conditions, including
paleoclimate, paleosalinity and paleoredox conditions, and to provide much-needed new
information with regard to the reservoir characteristics of the Jurassic successions. By
comparing the Jurassic successions in three different areas in northern Iraq (i.e., the Banik,
Warte and Ranya areas), this study integrated sedimentological and petrographical features of
the various Jurassic units, together with the mineralogy and geochemistry, in order to provide

a broad paleoenvironmental reconstruction of the region during the Jurassic times.
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Figure 2. Geological map showing the location of the areas of study in three different sections

(the Banik, Warte and Ranya), northern Irag, where the Jurassic formations have been sampled

(modified after Agrawi, 1998).



Figure 3. Carbonate rocks interbedded with sporadic shales (yellow arrow) in the Warte

section (hammer for scale).
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Figure 4. Limestones, dolomitic limestones and dolomites in the Ranya section (tree for scale).
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(tree for scale).
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Figure 5. Solid bitumen in the Ban
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Moreover, the combination of the mineralogy and geochemistry of the Jurassic shales from
northern Iraq provided an excellent approach leading to a highly precise characterization of the

provenance history and tectonic setting.

1.2 Regional geology of the Zagros region

The Zagros Basin, with its massive oil and gas reserves, is one of the most important petroleum
provinces in the Middle East (Liu et al., 2018), and it is considered to be the second largest
basin in the Middle East (Alsharhan and Nairn, 1997), with an area of about 500x103 km? (Liu
et al., 2018). This basin forms a narrow belt that extends from Turkey, NE Syria and NE Iraq
through NW Iran, and into SE Iran (Hempton, 1987). In Iraq, the basin is bounded to the west
by the Mesozoic stable shelf (Khlesia Uplift) and by the Mesopotamian Basin to the south. To
the NW, the Zagros Basin converges with the Zagros Fold-and-Thrust Belt, with folding along
the basin margins. This region, i.e., the deformed margins of the basin, represent almost all our

areas of study (Jassim and Goff, 2006) (Figure 1).

The Zagros Basin is a classic foreland basin which developed adjacent and parallel to the
Zagros mountain range formed as a result of the collision of the Arabian Plate and the Eurasian
Plate, thus forming the Zagros Fold-and-Thrust Belt (Liu et al., 2018). The fold-and-thrust belt
is a structurally complex area, approximately 200-300 km wide (Zainy et al., 2017) which
forms part of the Alpine-Himalaya mountain chain (Talbot and Alavi, 1996; Lalami et al.,
2020), and extends for over 2000 km from Turkey to the Strait of Hormuz (Berberian and

King, 1981, Talbot and Alavi, 1996) covering the entire area of N Irag.

The Zagros Fold-and-Thrust Belt formed as a result of thin-skinned, detachment folding of the

sedimentary cover and thick-skinned thrusting in the basement (Pfiffner, 2017), resulting in
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the development of a c. 7-12 km thick heterogeneous sedimentary succession (Zainy et al.,
2017). Shortening within the zone of deformation tends to be more intense in the region of the
suture between the two plates, becoming less intense towards the Zagros Basin (Sepehr and
Cosgrove, 2004). The combination of thin- and thick-skinned deformation can be related to the
role of detachment fault tectonics in the region of N Iraq (i.e., Kurdistan; Sarkarinejad and
Goftari, 2019). Here, the presence of multiple mechanically-weak detachment horizons played

an important role in the evolution of the fold-and-thrust belt (Koyi and Mansurbeg, 2021).

The exposed Jurassic formations in the region of N Iraq crop out in isolated locations within
the eroded cores and limbs of anticlines in the structural zones of the Zagros Basin (Numan,
2000). Initial subdivisions of the Zagros region (e.g., Falcon 1969, 1974) recognised the
existence of extensive and parallel NW-SE-trending structural belts. Subsequent classifications
have modified and expanded the original subdivisions, with a total of three (or four) structural
zones now defined. Jassim and Goff (2006) suggested that there are three zones, namely, the
Low Folded Zone (or Foothills), the High Folded Zone and the Thrust Zone. However, Zainy
et al. (2017, see also discussion therein) have suggested that the region can be subdivided into
four zones, namely, the Low Folded Zone, the High Folded Zone, the Imbricate Zone and the
Zagros Suture Zone. According to the latter authors, the Imbricated Zone can be subdivided
into two subzones, including the Balambo-Tanjero Subzone and the northern (Ora) Thrust
Subzone (i.e., the Thrust Zone), and thus the Thrust Zone of Jassim and Goff (2006) falls

within their Imbricated Zone.

The stratigraphical sections, which were examined as part of this study, are located within the
High Folded Zone and the Imbricated Zone (Figure 2). According to Zainy et al. (2017), the

High Folded Zone covers an area of c. 15,827 km? and extends from the Irag-Iran border where
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the folds are oriented NW-SE, to the Irag-Turkey border where the folds show an E-W
orientation. The anticlines within the zone show high amplitudes and short wavelengths thus
forming rugged anticlinal mountains separated by narrow synclinal valleys (Zainy et al., 2017).
The Imbricated Zone, in contrast, is a narrow and high zone comprising mainly SW-directed

thrusts and tight folds (Zainy et al., 2017).

1.3 Tectonic Framework in North Iraq

The areas of study in northern Iraq are situated within the Zagros Basin, an area which is, as
noted above, rich in hydrocarbons, and forms part of the broader oil-rich Arabian Plate (Jassim
and Goff, 2006; Abdula, 2010; Le Garzic et al., 2019). Indeed, the Middle East contains c.
65% of the world's remaing oil reserves as well as 35% of the remaining gas reserves (Sharland
et al., 2001). The Arabian Plate was located, in Jurassic times, within the equatorial zone, and
it was an area of relative tectonic stability. Across the plate region, organic-rich sediments (as
source units) were intercalated with highly porous and permeable shallow-marine carbonate
and siliciclastic sediments, which function as excellent reservoir units within the Jurassic and
overlying Cretaceous units (Agrawi et al., 2010). These successions were subsequently
overlain by evaporites or non-permeable sediments, forming an ideal seal and thus leading to
the formation of closed petroleum systems (Sadooni, 1995; Agrawi et al., 2010). For this
reason, the most petroleum-rich and productive Jurassic- and Cretaceous-age formations exist
in Irag, Saudi Arabia and the other Arabian Gulf countries (Murris, 1980; Beydoun, 1991;

Sharland et al., 2001).

Sharland et al. (2001), working with a British independent oil company - LASMO plc -

examined the sequence stratigraphy of the Arabian Plate region. Their sequence stratigraphic
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and chronostratigraphic interpretations are supported by a detailed tectonostratigraphic review
as well as the identification, dating and correlation of 63 Maximum Flooding Surfaces,
although the authors note that these should best be considered as "maximum flooding intervals"
since a more detailed interpretation would require full integration of the seismic, outcrop and
well data, which was beyond the realm of their study (Sharland et al., 2001). Based on a
comprehensive review of the literature as well as the experience and observations of the
authors, Sharland et al. (2001) identified eleven tectonostratigraphic sequences (AP1-AP11)
separated by major unconformities which reflect the evolution from an intracratonic setting,
through back arc, to passive margin and finally the active margin setting of today. Five main
tectonic phases were considered to be responsible for the evolution of the Arabian Plate, with
sedimentary successions being deposited during each tectonic phase, with each megasequence
reflecting the tectonic conditions which were active during deposition. The megasequences

(AP1-11) can be summarised as follows:

AP1. Precambrian plate accretion and compression.

AP2 to AP3. Late Precambrian-Late Devonian, intracratonic and extensional phase.

AP4 and AP5. Late Devonian-Mid-Permian, back-arc setting with minor extension, separated

by a period of compression.

AP6 to AP8. Mid-Permian-Mid-Cretaceous passive margin phase. This period includes the

studied Early Jurassic-Early Cretaceous successions.

AP9 to AP11. Late Mesozoic-Present active margin phase (Sharland et al., 2001).

16



As noted above, the sedimentary successions of northern Irag, which formed the basis of this
thesis, were deposited during AP6-AP8. This period was mostly characterized by a passive

margin setting, interrupted by periods of extensional tectonics (Sharland et al., 2001).

In detail, during the Lower Jurassic-Lower Cretaceous period the Arabian plate was dominated
by post-rift thermal sagging which generated a passive margin towards the northwest and the
northeast. The ongoing evolution of the Neo-Tethys Ocean saw continued spreading to the
northeast, while the Mediterranean Sea in the north began to open during the Late Jurassic.
The rifting associated with the formation of the Mediterranean Sea is thought to have created
local basins in the areas which is now northeastern Iraq, including the areas of the present study

(Fadhel and Al Rahim, 2019).

1.4 Jurassic and Early Cretaceous depositional history of North Iraq

The Jurassic and Cretaceous history of deposition of the region did not occur in isolation, but
rather is a reflection of the broader regional tectonic and paleogeographic controls (see also
above). In detail, six formations including the Sarki, Sehkanyian, Sargelu, Naokelekan,
Barsarin and Chia Gara formations were deposited during the Early Jurassic-Early Cretaceous
period. However, the controls on their deposition were broadly similar, although the situation
in N Iraq would have been subjected to specific tectonic and other conditions. As noted earlier,
the Sarki, Sehkanyian, Sargelu, Naokelekan, Barsarin and Chia Gara formations are located

within the Zagros Basin of Iraq.

The areas of study from northern Iraq were situated on the wide carbonate shelf of Gondwana
in the Upper Triassic-Lower Jurassic (Jassim and Goff, 2006). Some local basins formed in

the Middle and Upper Jurassic on the shelf as a result of extensional tectonics, although, as
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noted above, the region was predominantly a passive margin one (Sharland et al., 2001). These
small basins occasionally became restricted or confined when the sea-level fell (Csato et al.,
2014). A major sea-level fall occurred across much of the Arabian Plate in the Lower Jurassic,
with a subsequent sea-level rise in the Middle Jurassic (Simmons and Davies, 2018). Several
smaller scale regional sea-level fluctuations also occurred during the Jurassic and thus
complicated the depositional history. In the Upper Jurassic, there was a large scale fall in sea-
level (Sharland et al., 2001) coincident with the deposition of the Barsarin Formation. In the
Late Tithonian-Early Cretaceous, the sea level rose once more and this rise coincided with the

deposition of the Chia Gara Formation (Jassim and Goff, 2006; Csato et al., 2014).
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Chapter 2
Published in: Geosciences 2022, 12(2), 94;
https://doi.org/10.3390/geosciences12020094

Title: Early Jurassic-Early Cretaceous Calcareous Nannofossil Biostratigraphy and
Geochemistry, Northeastern lIraqi Kurdistan: Implications for Paleoclimate and

Paleoecological Conditions

Authors: Nagham Omar, Tom McCann, Ali I. Al-Juboury, Maria A. Ustinova, and Arkan O.

Sharezwri

Author contributions: The doctoral student conceived, designed and prepared the study and
wrote the main text under the supervision of Prof. Dr. Tom McCann. Maria A. Ustinova
investigated the calcareous nannofossils. The final text was edited by all co-authors. All
authors have read and agreed to the published version of the manuscript. The doctoral
candidate submitted the manuscript acting as the sole corresponding author.

Summary

The correlation between analytical data of calcareous nannofossils and inorganic geochemical
results can be used for interpreting paleoenvironmental and paleoclimatic conditions (Reolid
et al., 2014; Al-Lhaebi et al., 2020; Al-Miamary et al., 2020). Oxygen isotope geochemistry
may additionally be used as an indicator of climatic conditions (Bartolini et al., 2003; Weissert
and Erba, 2004; Ruf et al., 2005; Mahanipour et al., 2019). However, detailed studies
integrating the calcareous nannofossil biostratigraphy with related isotopic and inorganic
geochemistry of the Early Jurassic-Early Cretaceous-age formations (i.e., Sarki, Sehkanyian,
Sargelu, Naokelekan, Barsarin and Chia Gara) from northern Irag have not been attempted to
date, even though a few articles on calcareous nannofossils from the Naokelekan and Chia
Gara formations in the Kurdistan region of Iraq have been published (Abdula, 2016;
Wimbledon et al., 2016).

The Early Jurassic-Early Cretaceous-age Warte succession comprises interbedded shales and
carbonates (dolomites and limestones) and rare chert beds. A total of sixty-five samples,

covering the entire succession at this location, were selected. The calcareous nannofossils were
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investigated using optical methods. The species diversity of the nannofossils was studied
throughout each of the examined slides. In addition, the same samples were analyzed using X-
ray fluorescence in order to determine the major and trace elements. Measurements were
completed in the Institut fir Geowissenschaften-Geologie, Bonn University, whilst the oxygen

isotope analysis was performed at the Ruhr-University Bochum, using a mass spectrometer.

Of particular importance is the fact that this is the first study that focused on recording and
analyzing calcareous nannofossils from the Early Jurassic-Early Cretaceous-age succession in
northern Iraq. Investigation of the calcareous nannoplankton revealed that the Sarki and
Sehkanyian formations of the Warte section are barren, while the Sargelu, Naokelekan,
Barsarin and Chia Gara formations of the same section contain a range of nannofossils,
including, Watznaueria barnesiae, W. fossacincta, W. britannica, W. manivitiae and
Cyclagelosphaera margerelii. The first occurrences of Cyclagelosphaera margerelii,
Watznaueria britannica, W. fossacincta, W. manivitiae, W. barnesiae and W. ovata would

suggest a Bajocian-Callovian age for the Sargelu Formation.

A range of isotopic and inorganic geochemical analyses were carried out with the aim of
reconstructing the paleoecological and paleoclimatic conditions predominant during the Early
Jurassic-Early Cretaceous period. Based on prominent paleoclimate and paleoecological
proxies (Sr, Ca, Al, Rb/Sr, Sr/Cu and Sr/Ba), as well as the results from the oxygen isotope
data, it is suggested that warm and arid conditions were predominant during the period of

deposition of the Early Jurassic-Early Cretaceous-age formations.
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Chapter 3
Published in: Marine and Petroleum Geology, 2023, 156, 106430
https://doi.org/10.1016/j.marpetgeo.2023.106430

Title: A comparative study of the paleoclimate, paleosalinity and paleoredox conditions

of Lower Jurassic-Lower Cretaceous sediments in northeastern Iraq

Authors: Nagham Omar, Tom McCann, Ali I. Al-Juboury, Sven Oliver Franz, Giovanni

Zanoni, and Harry Rowe

Author contributions: The doctoral student conceived, designed and prepared the study and
wrote the main text under supervision of Prof. Dr. Tom McCann. Giovanni Zanoni, and Harry
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Summary

The major aim of paleoenvironmental reconstructions is to reconstruct paleoclimates,
paleosalinities and paleoredox conditions (Jones and Manning, 1994; Tribovillard et al., 2006;
Wang et al., 2020; Men et al., 2022; Li et al., 2023). Thus, understanding the
paleoenvironmental conditions is essential for reconstructing and comprehending how
oxygenation, climate and paleosalinity on the surface of the Earth have changed through time
(Severmann and Anbar, 2009). A number of researchers (e.g., Cullers, 1995; Canet et al., 2004;
Gao et al., 2017; Ivani¢ et al., 2017; Qin et al., 2018; Hussain et al., 2021; Fathy et al., 2023)
have utilized the geochemical features of particular major and trace elements and/or elemental
ratios to provide important information about the paleoenvironmental conditions during
deposition. Other scientists have used ratios of specific rare earth and trace elements to
understand the variations in paleoredox conditions in both modern and ancient marine
successions (Calvert and Pedersen, 1993; Kimura and Watanabe, 2001; Algeo and Maynard,
2004; Rimmer, 2004; Fu et al., 2010; Madhavaraju et al., 2015). Mineralogical studies (XRD,

SEM and EDX analyses) of clay minerals have also been employed to track changing climate
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conditions, providing evidence based on the effects of weather conditions and the paleoclimate
on particular minerals present in the source area (e.g., Chamley, 1989; Ruffell et al., 2002; Cao
et al., 2012; Madhavaraju et al., 2016; Liu et al., 2021; Hussain et al., 2021).

Certain isotopes (e.g., carbon and oxygen isotopes) can also be studied to provide insights into
paleoenvironmental conditions (e.g., Bartolini et al., 2003; Weissert and Erba, 2004; Ruf et al.,
2005; Fisher et al., 2005; Li et al., 2016; Hennhoefer et al., 2018; Afrozi et al., 2021). However,
to date, such broader comparative geochemical studies of the Lower Jurassic-Lower
Cretaceous successions of Iraq have not been attempted. The aim of this particular study was,
therefore, to focus on a variety of paleoenviromental proxies, including paleoclimate,
paleosalinity and paleoredox proxies in the Early Jurassic-Early Cretaceous period in NE Irag.
To this end, a comparative study of the mineralogical and geochemical features of the Early
Jurassic-Early Cretaceous-age Ranya section was carried out, together with a study of the
Warte section (also Early Jurassic-Early Cretaceous in age). The Warte and Ranya successions
(NE Iraq) are adjacent to the towns of the same name. Both of the sections comprise six
formations (Sarki, Sehkanyian, Sargelu, Naokelekan, Barsarin and Chia Gara).

A total of one hundred and forty-one carbonate and shale samples were collected, covering the
entire Jurassic-Lower Cretaceous succession of NE Irag. Their mineralogical composition was
examined using X-ray diffraction (XRD) at the Institute for Geosciences-Geology of Bonn
University, Germany. Scanning electron microscopy (SEM) with energy-dispersive X-ray
microanalysis (EDX) was conducted at the Premier Corex Group, Houston, Texas, USA. In
addition, geochemical analyses were performed using X-ray fluorescence (XRF) analysis for
major, trace and rare earth elements at the Bureau Veritas Laboratory, Canada. Stable carbon
and oxygen isotopes were analyzed using a mass spectrometer MAT253 at the Ruhr University
Bochum, Germany. Moreover, petrographic determinations for the main components and
diagenetic processes of the carbonate rocks from the two sections were conducted at the
Institute for Geosciences-Geology of Bonn University, Germany.

The findings of this work are considered to be of great importance given their singularity as
the first comparative mineralogical and geochemical study of the Early Jurassic-Early
Cretaceous-age successions in northern Irag. The results from the paleoclimate proxies (Ca,

Al, Sr/Ba, Rb/Sr and Sr/Cu), paleosalinity proxies (Sr, Ca, Al and Sr/Ba) and oxygen isotopes
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would suggest that the predominant climate at the time was hot and arid. A mineralogical
change from dominance of illite to increasing amounts of kaolinite during the Late Jurassic-
Early Cretaceous period, revealed a climatic shift to more humid conditions during this period.
Paleoredox proxies, including U/Th, V/Cr, Ni/Co, V/Sc and V/(V+Ni), indicated anoxic (or
reduced oxygen) conditions during the depositional time in the examined areas. The changes
in paleoclimate, paleosalinity and paleoredox conditions were most likely controlled by the
tectonic activity in northern Irag, where probably small silled subbasins developed within the
tectonically-active Zagros Basin.

The final aspect of this particular study focussed on the petrographic and microfacies analyses
of the carbonate units. This work revealed that the depositional environments of the Early
Jurassic-Early Cretaceous-age formations in both the Warte and Ranya sections were tidal flat

(supratidal), restricted lagoons and shallow marine to bathyal.
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Summary

The Middle-Late Jurassic-age successions in northern Irag comprise very significant carbonate
source units interbedded within highly porous and permeable siliciclastic reservoir units (Omar
et al., 2021). Due to the high contents of total organic carbon (TOC) recorded in the Middle
Jurassic-age Sargelu Formation and the Late Jurassic-age Naokelekan Formation these rocks
represent an excellent source for further studies (Omar et al., 2021). The current work focused
on the Middle to Upper Jurassic succession (i.e., the Sargelu and Naokelekan formations) from
the Banik section of northernmost Irag. These formations have been studied with work
focussing on the petrology and organic geochemistry (e.g., Al-Ahmed, 2006; Abdula, 2010;
Al-Ameri and Zumberge, 2012; Al-Ameri et al., 2013; Abdula, 2017), sedimentology (e.qg.,
Salae, 2001; Sharezwri, 2015; Abdula et al., 2015) and shale geochemistry (e.g., Tobia et al.,
2019). However, a comprehensive examination of the petrography and microfacies of the
carbonate units, integrated with the geochemistry of the shale units, has not, to date, been
attempted. A total of 34 carbonate and shale samples from the Sargelu and Naokelekan
formations were collected for detailed analysis (sedimentological, petrographical, microfacies
and geochemical analyses). Thin sections were prepared at the Institut fiir Geowissenschaften-

Geologie, Bonn University. Microfacies analysis was used to interpret the depositional
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environments, based on the Dunham (1962) classification. Mineralogical and geochemical
analyses were performed at the Institute for Geosciences-Geology of Bonn University,
Germany, to obtain supporting information regarding the depositional environments. Scanning
electron microscopy (SEM) with energy-dispersive X-ray microanalysis (EDX) were both

carried out at the Nees Institute, Bonn University.

The aim of this work was to provide original data as a basis for an updated discussion on the
sedimentary and diagenetic history, and, in addition, to examine the evaporation and
paleoredox proxies under which the carbonate and clastic sediments were deposited.
Lithological analysis of the Sargelu Formation showed the presence of massive dolomites,
interbedded with shales, rare cherts and one single limestone bed, while the samples from the
Naokelekan Formation comprised mainly shales overlain by limestones and one single
dolomite bed. The petrographic analysis of the carbonates showed the presence of rare
ostracods, bioclastic fragments as well as calcispheres. Five main microfacies were identified,
including bioclastic wackestone, mudstone, dolorudite, dolarenite and dolomicrite. Analysis
of the shales revealed the presence of clay mineral assemblages (illite/muscovite and kaolinite)

with some quartz, alkali feldspar and rare pyrite.

The detailed study of the microfacies and the fossil content in the area of deposition and
related/adjacent areas suggests that the depositional environment was shallow-marine for the
Sargelu Formation and a restricted shallow lagoon environment for the Naokelekan Formation.
In contrast, anoxic conditions were concluded to have been dominant during the sedimentation
of both formations, based on the paleoredox proxies. This observation of marked differences
has been explained as a result of the ongoing tectonic activity in the region of northern Iraqg.
Tectonic activity might have resulted in the formation of small subbasins where water
circulation was restricted, thus, resulting in oxygen depletion. Additionally, evaporation
processes (controlled by an arid climate) support an interpretation of basin
compartmentalization across the region. Such basin subdivision would also have facilitated the

development of anoxic periods within small silled basins.

30



31



32

Chapter 5



Chapter 5

Published in Arabian Journal of Geosciences, 2021, 14, 755
https://doi.org/10.1007/s12517-021-07048-9

Title: Solid bitumen in shales from the Middle to Upper Jurassic Sargelu and Naokelekan

Formations of northernmost Iraq: implication for reservoir characterization

Authors: Nagham Omar, Tom McCann, Ali I. Al- Juboury, and Isabel Suérez-Ruiz

Author contributions: The doctoral student conceived, designed and prepared the study and
wrote the main text under supervision of Prof. Dr. Tom McCann. Isabel Suarez-Ruiz carried
out the petrographic investigation of the solid bitumens. The final text was edited by all co-
authors. All authors have read and agreed to the published version of the manuscript. The

doctoral candidate submitted the manuscript acting as the sole corresponding author.
Summary

The hydrocarbon reserves of Iraq are the sixth largest in the world (Al-Zubaidi and Al-Zebari,
1998; Jassim and Al-Gailani, 2006) with current proven reserves of 115 billion barrels of oil
(BBO) and 110 trillion cubic feet (TCF) of gas. These reserves are contained within three
different stratigraphic petroleum systems, namely the Palaeozoic, Jurassic, and Cretaceous-
Tertiary (Ahlbrandt et al., 2000; Verma et al., 2004).

This particular study was carried out in the Banik area within the Kurdistan Region of Iraq.
This latter area contains, according to current estimates, c. 39% of Iraq’s total barrels of oil
reserves. Recent studies have shown that most of the discovered oil in the Kurdistan Region
of Iraq is sourced from the Sargelu (Middle Jurassic), Naokelekan (Upper Jurassic), and Chia
Gara (Late Jurassic-Early Cretaceous) formations (Al-Ameri and Zumberge, 2012;
Mohialdeen et al., 2013; Tobia et al., 2019).

Studies on the organic geochemistry of the Sargelu and Naokelekan formations have
previously been published (Al-Ahmed, 2006; Agrawi and Badics, 2015; El Diasty et al., 2018;
Abdula et al., 2020). However, detailed studies of the solid bitumens from the Middle-Late
Jurassic-age Sargelu and Naokelekan formations in the Banik succession have not, to date,
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been conducted. Bellen et al. (1959) studied the presence of solid bitumens in the Naokelekan
Formation, but misinterpreted them as coal horizons. To fill this gap, we performed a detailed
study comprising petrographic, organic, and inorganic geochemistry of the solid bitumens and
the host sediments (i.e., the shales) from the Sargelu and Naokelekan formations from the

Banik section.

A total of eight shale samples hosting the solid bitumens were collected from the two
formations. The petrographic identification of the solid bitumens was performed using optical
microscopy at the Instituto de Ciencia y Tecnologia del Carbono (INCAR-CSIC), Oviedo,
Spain. Organic petrographical characterization was conducted using reflected white light and
blue light excitation (fluorescence mode). The solid bitumens and host shale samples from the
Sargelu and Naokelekan formations were additionally studied using scanning electron
microscopy with energy-dispersive X-ray microanalysis (EDX) at the Nees Institute, Bonn

University.

Mineralogical and geochemical analyses of the host shales were performed using XRD, and
XRF measurements, respectively, at the Institut fur Geowissenschaften-Geologie, Bonn
University. Similarly, the total organic carbon (TOC) measurement of the solid bitumens and
host shales was conducted in the Institut flir Geowissenschaften-Geologie, Bonn University.
Furthermore, carbon and oxygen stable isotopes were examined at the Ruhr University

Bochum.

Determining the derivation, and preservation, of the solid bitumens within the shales of the
Banik section, was one of the main aims of this particular study. In addition, the conditions
under which the solid bitumens and shales were deposited were examined — with these aspects

being elducidated using the carbon and oxygen isotopes and paleoredox indicators.

The attained results from the petrographic examination of the Sargelu and Naokelekan
formations revealed the presence of two phases of solid bitumen, namely, solid bitumen with
high reflectance (first phase) and solid bitumen with low reflectance (second phase). The
accumulation process of the solid bitumens was interpreted to have occurred within the shale
reservoirs, based on the equivalent vitrinite reflectance, probably as a result of oil migration

from other source rocks located within the same (i.e. Sargelu and Naokelekan) formations.
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Mineralogical studies (i.e., XRD and SEM-EDX) revealed that the shales hosting the solid
bitumens also comprised clay minerals (illite, rectorite, chlorite, montmorillonite, and
kaolinite), in addition to carbonate minerals, quartz, alkali feldspar, and pyrite. The carbon and
oxygen isotope analysis results, together with the paleoredox proxies, suggested that deposition
of the solid bitumen sources and host shales occurred within a shallow-marine setting, and

under anoxic conditions, where water circulation was restricted.
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Abstract

Mineralogical and geochemical features of the shales of the Lower Jurassic-Lower Cretaceous
successions from the Warte and Ranya areas in northeastern Iraq were investigated, with the
aim to determine the provenance and tectonic setting of their source region. X-ray diffraction
analysis revealed that the shales’ mineral composition was dominated by calcite, dolomite and
quartz, with traces of feldspar, illite/mica, kaolinite and chlorite. The geochemical proxies,
namely La/Th vs Hf, Th/U, TiO2 vs Zr, Al,O3/TiO2, TiO2 vs Al2Os3, light rare earth elements
(LREE)/heavy rare earch elements (HREE), and Eu/Eu*, revealed that felsic and intermediate
igneous rocks constituted the predominant source rocks. These results suggest that the
sediments were derived from the Zagros ophiolites and related igneous rocks in northeastern
Irag. In addition, the tectonic setting proxies discriminating function-based major element
diagrams, K2O/Naz0 vs SiO», and Th-Sc-La ternary diagram, suggest a passive margin setting
for the Early Jurassic-Early Cretaceous shale successions, which is consistent with the

geological history of the studied areas.

Keywords: Iraq, Jurassic, Shale, Provenance, Tectonic setting
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1. Introduction

The chemical composition of shales provides important clues to assess the paleotectonic setting
and provenance of these rocks (McLennan et al., 1993; Lee, 2009; Moradi et al., 2016; Al-
Juboury et al., 2021). A variety of factors, including the composition of the source rocks, the
degree of weathering in the source area, the depositional setting and post-depositional
modifications, all influence the chemical and mineralogical composition of siliciclastic rocks
(Neshitt et al., 1980; Dickinson et al., 1983; Roser and Korsch, 1988; McLennan et al., 1993;
Nesbitt et al., 1996; Ekoa Bessa et al., 2021; Mahdi et al., 2021). Many elements, such as
transition trace elements (Th, Sc, Hf, and Ti) and rare earth elements (La and Y), are transferred
to the sedimentary basin without significant fractionation, thereby preserving the signature of
the source materials (Floyd et al., 1989; Mondal et al., 2012). These immobile elements are
widely used in provenance studies (Dickinson and Suczek, 1979; Bhatia, 1983; McLennan et
al., 1983; Bhatia and Crook, 1986; Roser and Korsch, 1986; McLennan and Taylor, 1991,
Wani and Mondal, 2011; Mehrabi et al., 2021), and to assess the relative contribution of felsic
and basic sources (Wronkiewicz and Condie, 1987; Armstrong-Altrin et al., 2013; Mudoi et
al., 2022). The fine-grained nature and impermeability of shales helps to retain the original
geochemical signatures of source rocks (Sochava et al., 1994; Cullers, 1995; Wani and Mondal,
2011; Lopez et al., 2019 ) thus allowing researchers to decipher the paleotectonic setting of a
sedimentary basin based on the geochemical signature of shales (Bhatia, 1983; Bhatia and
Crook, 1986; Roser and Korsch, 1986; Wani and Mondal, 2011; Verma and Armstrong-Altrin,
2013; Moradi et al., 2016; Al-Juboury et al., 2021; Tobia and Mustafa, 2022).

In the current study, the shales of the Early Jurassic-Early Cretaceous successions in two
outcrop sections from northeastern Iraq namely the Warte and Ranya sections, which comprise
six formations (i.e., Sarki, Sehkanyian, Sargelu, Naokelekan, Barsarin and Chia Gara), have
been subjected to detailed mineralogical investigations using X-ray diffraction (XRD) and
scanning electron microscopy (SEM), as well as geochemical (major, trace and rare earth
elemental) analyses by X-ray fluorescence (XRF) spectroscopy. The Jurassic successions of
Irag were previously studied in terms of their depositional environments, hydrocarbon
potential, paleoclimate, paleosalinity, paleoweathering, and paleoredox conditions in various

formations, while little attention has been paid to investigating their source areas and tectonic
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setting (Mohialdeen et al., 2013; Abdula, 2016; Mustafa and Tobia, 2020; Omar et al., 2020,
2022; Tobia and Mustafa, 2022). The present work constitutes a pioneering study that
combines the analysis of mineralogical and geochemical data of the Jurassic shales from
northeastern Iraq with the aim to determine their provenance history and tectonic setting.

2. General Geology

The studied areas (i.e., Warte and Ranya areas) are located in northeastern Iraq and within the
Zagros Basin (see Figure 1), at the northeastern boundary of the Arabian Plate, marking the
collision between the continental Arabian Plate and the continental segments of the Eurasian
margin (Beydoun et al., 1992; Stampfli and Borel, 2002; Liu et al., 2018). The two studied
areas, which are about 70 km apart, are located in different structural zones of the Zagros Basin,
namely, the High Folded Zone, and the Imbricated Zone (Figure 1). The Zagros Basin
comprises three structural zones, from southwest (SW) to northeast (NE), the Low Folded Zone
(or Foothills), the High Folded Zone and the Thrust Zone (Jassim and Goff, 2006). The latter
Zone of Jassim and Goff (2006) falls within the Imbricated Zone of Zainy et al. (2017).
According to Zainy et al. (2017), the Imbricated Zone can be subdivided into two subzones,
including the Balambo-Tanjero Subzone and the northern (Ora) Thrust Subzone (i.e., the
Thrust Zone). The Early Jurassic-Early Cretaceous-age succession of the Warte area is exposed
within the Imbricated Zone, whilst the Early Jurassic-Early Cretaceous-age succession of the

Ranya area is located within the High Folded Zone (Figure 1).

The relative stability of the area during the Early Jurassic was reflected by the deposition of
several carbonate and evaporite successions as represented by the Alan, Mus and Adaiyah
formations in the Mesopotamian Basin of central Irag and their correlative Sarki and
Sehkaniyan formations in the Zagros Basin of northern Irag. In the Middle Jurassic, deposition
of the organic-rich shales of the Sargelu Formation and their equivalents on the Arabian Plate
occurred (Murris, 1980; Beydoun, 1991; Sadooni, 1997).

In the Late Jurassic, the Naokelekan and Barsarin formations were deposited on the eastern
margin of the Zagros foreland basin (Murris, 1980; Numan, 2000), while the Najmah
Formation was deposited on the western basin margin. The Chia Gara Formation was deposited
in the Late Jurassic-Early Cretaceous as a result of global separation and expansion within the

deep outer shelf of the Arabian Plate margins (Numan, 1997).
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Figure 1. Geological map of northern Irag showing the study areas and the structural zones

of the Zagros Basin.

In the Zagros Thrust Zone of northeastern Irag, ophiolite complexes are abundant along the
Irag-Iran border that resulted from the opening and subduction of the Neo-Tethys Ocean and
subsequent oblique collision of the African-Arabian plate with the Iranian microcontinent in
the Late Cretaceous-Early Tertiary (Ismail and Carr, 2008).

The Jurassic rocks are commonly exposed as isolated outcrops in eroded cores and limbs of
anticlines within the structural zones of the Zagros Basin (Numan, 2000). This exposure pattern

can be related to plate tectonic activity in northern Iraq (Bellen et al., 1959).

The Lower Jurassic-Lower Cretaceous successions of both the Warte and Ranya areas
comprise six formations, namely, the Sarki, Sehkanyian, Sargelu, Naokelekan, Barsarin and
Chia Gara formations. Some of these formations are considered to be part of the recognized
megasequences in the region. Sharland et al. (2001) classified a series of megasequences,
namely eleven megasequences, based on the tectonic evolution of the Arabian Plate through
its five evolutionary phases. These phases range from the plate accretion and compressional
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phase during the Precambrian (AP1), through the intracratonic and extensional phase (AP2 to
AP3) in the Late Precambrian to the Late Devonian, the back-arc setting with minor extension
separated by a period of compression during the Late Devonian to Mid-Permian (AP4 and
AP5), and the passive margin setting during the Mid-Permian to the Mid-Cretaceous (AP6 to
APB8), interrupted by periods of extensional tectonics, to the active margin setting of the Late
Mesozoic to the present time (AP9 to AP11).

Tectonically, the studied Early Jurassic-Early Cretaceous successions are included within the
period of (AP6 to AP8). The Sarki and Sehkanyian formations can be regarded as a part of the
sedimentary Megasequence AP6, whilst the Sargelu, Naokelekan and Barsarin formations
form part of the Megasequence AP7 (Jassim and Goff, 2006). According to the latter authors,

the Chia Gara Formation forms part of the Megasequence AP8.

3. Samples and Analytical Methods

Fifty-seven samples from the Lower Jurassic-Lower Cretaceous shale successions of the Sarki,
Sehkaniyan, Sargelu, Naokelekan, Barsarin and Chia Gara formations from the Warte and
Ranya sections were collected for detailed mineralogical and geochemical analyses.
Mineralogically, the same samples were examined using X-ray diffraction (XRD, using a D8
Advance from the company Bruker AXS GmbH) at the Institut fiir Geowissenschaften-
Geologie of Bonn University, Germany. Geochemical analyses of the shale samples were
analyzed using X-ray fluorescence (XRF) spectroscopic analysis for major, trace and rare earth
elements) at the Bureau Veritas Laboratory, Canada. Scanning electron microscopy (SEM)
analyses were completed on selected samples at the Premier Corex Group Laboratory in
Houston, Texas, U.S.A, using a FEI Quanta FEG 650 FE-SEM instrument equipped with two
Bruker EDS XFlash 5030 energy dispersive X-ray spectroscopy (EDS) detectors, and a FEI
R580 Everhart-Thornley (ETD) electron detector. Freshly broken surfaces were created by
breaking a rock segment as close to perpendicular to bedding as possible, and used for the
study. All samples were mounted on aluminum stubs using a conductive high viscosity glue.
They were then spatter-coated with 10 nm of iridium using a Leica EM ACEG00 sputter coater
prior to being placed in the SEM. The measurements were performed under high vacuum, with

an accelerating voltage of 10 kV.
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4. Results

4.1 Mineralogy

The main minerals contained by the shale samples, as indicated by X-ray diffraction analysis,
are calcite and quartz. Dolomite was also distinguished, in addition to traces of feldspar and

some clay minerals including illite/mica, kaolinite and chlorite (Figure 2).
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Figure 2. Representative X-ray diffractograms showing the main components in the studied
shales. A. Sample 8 from the Sarki Formation of the Warte section. B. Sample 13 from the
Sargelu Formation of the Warte section. C. Sample 6 from the Chia Gara Formation of the
Ranya section. C, Calcite; Qz, Quartz: I/M, llite/mica,;F, Feldspar; Do, Dolomite; K/C,
Kaolinite/Chlorite.

In addition, scanning electron microscopy (SEM) confirmed the presence of illite, of

illite/mica- and illite/smectite-mixed layers, and of kaolinite (Figure 3).

Calcite was found to be present in a number of forms, including, euhedral (hexagonal) crystals,
star-shaped Mg-calcite microcrystals and columnar calcite crystals (Figure 3). Quartz was
found mainly in a subhedral form with overgrowth. Feldspar was detected mainly as euhedral
crystals while pyrite framboids were also recognized. The framboidal forms of pyrite were
previously reported to reflect anoxic-euxinic conditions in ancient marine (Liao et al., 2010;
Tian et al., 2014). A variety of clay minerals were also recognised, including kaolinite as
degraded hexagonal plates (Figure 3), illite/mica in the form of fibers and laths or as platelets,

with illite/smectite mixed layers present as matted crenulated flakes (Figure 3).
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Figure 3. Representative SEM microimages showing the main components in the studied
shales. A. Shale from Chia Gara Formation. B. Shale from Sarki Formation. C, Calcite; Qz,
Quartz; 1, llite/mica; 1/S, lllite/smectite mixed layers; K, Kaolinite; F, Feldspar; Py, Pyrite;

Mg, calcite (arrow).

4.2 Geochemistry

XRF analysis of the major oxides, trace and rare earth elements of the shale samples from the
six formations (i.e., Sarki, Sehkanyian, Sargelu, Naokelekan, Barsarin and Chia Gara) of the
Warte and Ranya sections, NE Irag, was carried out (Tables 1, 2). In Table 1, the major
elemental data for the studied shales are collected. The Early Jurassic-age formations Sarki
and Sehkaniyan shales reflect a higher content of SiO2and Al.Oz as compared to other middle
and Late Jurassic-age formations (Table 1). The average K>O/Al;Os ratios for the Early
Jurassic-age formations are also higher than those of other Jurassic formations. This ratio can
be employed for predicting the original composition of ancient sediments. The clay minerals
and feldspars have different ratios (0.0 to 0.3, and 0.3 to 0.9, respectively; Cox and Lowe,
1995). The ratios of the Early Jurassic shales are close to the upper limit of the clay mineral
range, which reflects the dominance of illite/mica in the clay minerals as indicated by the XRD
studies (Figure 2). The Al,O3/TiO; ratios of the studied shale samples are as follows: 14.8
(Lower Jurassic, Sarki and Sehkaniyan), 19.8 (Middle Jurassic Sargelu), and 8.6 (Late
Jurassic—age Naokelekan and Barsarin formations). The Al2Os/TiO> ratios of the investigated
shales are very similar to that of the Post Archean Australian Shale (PAAS) (19.0; Taylor and
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McLennan, 1985) in the Middle Jurassic shales, whereas the lowest values were found in the

Late Jurassic shales. Titanium is mainly concentrated in phyllosilicates (Condie et al., 1992);

it isimmobile in relation to other elements during several sedimentary processes, and may truly

represent the source rocks (McLennan et al., 1993). The concentrations of some of the trace

elements and ratios used in the current study, along with rare-earth elements, are indicated in

Table 2.

Table 1. Major oxide concentrations (%) of the studied samples

formations.

Formation

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki
Sehkaniyan
Sehkaniyan
Sehkaniyan
Sargelu
Sargelu
Sargelu
Sargelu
Sargelu
Sargelu
Sargelu
Naokelekan
Naokelekan
Naokelekan
Barsarin
Barsarin
Chia Gara
Chia Gara
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Section
/No.
w/s2

w/s6
w/s8
w/s10
w/s12
w/sl5
w/sl8
w/s21
w/s28
w/s31
w/s3
w/ s6
w/s21
w/s6
w/s7
w/s8
w/s9
w/s10
w/sll
w/s13
w/sl
w/s4
w/s8
w/s2
w/s5
w/sl
w/s3

SiO;

7.79
36.02
41.45
12.36

6.72
15.71
42.48
32.72
28.04
14.26
23.75
28.14

7.04

1.46

8.87
24.19
13.14
23.71
28.58
24.09
19.07

7.56
17.65

3.69

2.78
31.80

1.03

Al,O3

2.24
13.03
14.75

45

2.38

4.08
14.66
14.21
12.97

5.35

9.98

9.62

3.14

0.42

3.74
10.02

5.78

3.30

291

4.35

4.79

2.22

7.53

1.33

0.99
16.19

0.62

Fe,O3

1.65

3.9
4.22
2.02
1.35
211

3.5
7.99
5.60
2.55
8.43
4.55
1.27
0.35
2.27
5.22
1.76
2.53
1.80
2.94
3.42
1.46
6.69
0.98
0.53
8.24
0.42

MnO

0.06
0.07
0.07
0.09
0.1
0.09
0.07
0.05
0.02
0.04
0.03
0.03
0.02
<DL
0.04
0.06
0.02
0.01
<DL
<DL
<DL
<DL
<DL
0.03
0.03
0.01
<DL

MgO

19
9.9
8.14
17.49
19.44
16.58
7.63
6.85
491
11.48
0.84
9.27
521
0.24
0.94
0.85
1.58
1.03
0.42
2.07
4.28
0.37
0.59
2.1
0.39
0.85
0.37

CaO

26.13
10.52

7.89
23.38
26.64
22.53

7.43

8.48
17.73
26.43
30.88
16.70
41.51
53.83
45.16
25.77
44.11
34.92
33.22
30.57
27.58
45.30
32.71
48.71
51.82
16.38
48.64

Na,O

0.09
0.15
0.15
0.12
0.11
0.15
0.15
0.07
0.05
0.04
0.05
0.04
0.01
0.02
0.04
0.03
0.05
0.06
0.05
0.15
0.06
0.07
0.03
0.01
<DL
0.10
0.02

from

K20

11
5.16
6.13
1.95
0.95
1.67
6.44
5.27
3.72
2.15
1.92
4.06
0.32
0.10
0.83
1.75
0.94
0.89
0.78
0.99
1.08
0.60
1.52
0.18
0.14
1.72
0.04

various Jurassic

TiO,  P2Os  SOs

011 0.04 021
064 012 0.1
068 0.2 025

0.2 005 0.27
0.11 0.04 0.16
0.28 0.05 0.43
0.73 0.17 0.18
0.67 0.05 0.56
097 0.09 0.15
0.34 0.04 0.20
094 020 131
0.64 0.04 0.09
0.22 0.05 0.05
0.02 0.04 0.29
023 0.23 0.25
0.68 0.27 1.36
032 0.10 0.33
022 021 0.97
020 0.23 2.38
037 039 128
041 022 218
022 0.13 150
062 017 132
0.09 0.02 0.56
0.06 0.01 0.27
116 035 0.94
0.07 0.06 271



ChiaGara ~w/s4 274 1364 6.06 003 089 2269 009 124 085 048 299
ChiaGara  w/s6 | 16.63 6.24 3.04 002 069 3768 004 056 033 014 041

Sarki R/s0 | 23.54 799 278 0.04 14 1 17.8 0.1 379 038 0.06 0.24
Sarki R/s2 | 21.38 724 316 005 1431 186 0.12 341 033 0.08 031
Sarki R/s5 | 25.39 8.65 296 0.04 13.05 17.15 0.1 4.04 041 0.06 0.22
Sarki R/s8 3473 1254 395 0.04 1011 1179 011 521 055 0.12 0.16
Sarki R/s10 5212 1936 552 0.02 428 114 011 8.05 0384 0.12 0.44
Sarki R/s11 = 7.17 253 179 0.07 1919 2606 009 11 011 0.01 0.29
Sarki R/s13 17.31 579 185 0.04 1624 2126 008 283 025 0.08 0.24
Sarki R/s15  14.02 471 192 0.02 1267 26.66 0.02 228 0.33 0.01 0.09
Sarki R/s17 46.62 16.66 51 001 486 549 009 822 061 039 031
Sarki R /s20 16 6.01 204 002 1598 2216 0.08 198 0.22 0.05 0.08
Sarki R/s25 4147 2042 699 002 391 373 007 569 119 001 162
Sarki R/s28 34.54 124 484 004 914 1194 005 5.08 066 0.11 0.36

Sehkaniyan R /s2 408 1232 466 0.04 6.01 1202 0.1 581 069 0.06 0.29
Sehkaniyan R/s4 | 46.15 1639 731 0.06 3.18 75 008 6.48 091 0.07 0.19
Sehkaniyan = R/sl11 5283 1895 6.04 0.04 517 114 0.08 6.59 0.83 0 012
Sehkaniyan = R/s13 @ 26.99 947 418 0.03 13.09 1534 0.09 3.72 046 0.03 0.19
Sehkaniyan R/s14 528 1844 685 0.04 513 068 012 6.88 111 0.04 0.24
Sehkaniyan R/sl7 49.27 2155 406 002 528 168 017 7.18 114 <DL 0.22

Sargelu R/s10 8.3 469 293 005 1401 2888 007 09 022 051 058
Sargelu R/s11 10.89 641 209 003 999 3128 004 11 031 0.09 0.77
Sargelu R/s12  14.97 587 215 0.02 0.8 3827 0.04 1.04 025 0.17 0.58
Sargelu R/s13 31.16 169 102 001 161 3263 002 05 011 011 081
Sargelu R/sl14 = 323 21 15 001 268 3037 0.01 056 013 0.26 1.85

Naokelekan = R /sl 14.42 175 106 0.01 055 4181 0.07 043 013 034 0.81
ChiaGara R/sl  23.14 596 247 001 044 3518 0.04 047 0.38 0.04 055
ChiaGara R/s4 7.68 35 131 o0.01 0.4 | 46.46 0 038 0.21 0.08 0.86
ChiaGara R/s5 | 1292 196 087 001 034 4418 0.04 0.26 0.11 0.04 0.97
ChiaGara R/s6 2995 1369 552 0.02 044 232 005 051 0.83 011 0.64

The values for the light rare earth elements (LREE, La, Ce, Pr, Nd, Sm, Eu) and the heavy rare
earth elements (HREE, Gd, Th, Dy, Ho, Er, Tm, Yb and Lu) and the ratio of LREE/HREE are
illustrated in Table 2. The LREE/HREE ratios show slight variations between the studied shale
samples. The ratio is in general high in lower Jurassic shales (7.6) as compared to middle and
upper Jurassic shales (6.1 and 6.0), whereas it increases to 9.3 in the Upper Jurassic to Lower

Cretaceous shales of the Chia Gara Formation.
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The Eu/Eu* ratios vary between the studied shale samples. The Average Eu/Eu* ratio in the
Lower Jurassic shale is 0.91, while it corresponds to 2.25, and 2.14, respectively, in the shales

of the Middle Jurassic and the Upper Jurassic to Lower Cretaceous periods.

Table 2. Rare earth and trace elements (ppm) and ratios analysed in the current study

Formation | Section Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Yb Lu Hf Zr

/No.
Sarki w/s2 123 18 66 14 13 02 09 02 04 01 04 01 04 173
Sarki w/s6 52.7 6.4 227 4 34 05 27 05 13 02 11 02 23 86.7
Sarki w/s8 354 43 16 28 27 04 21 04 11 02 1 0.1 25 883
Sarki w/sl0 215 28 104 22 22 03 17 04 09 01 08 01 13 506
Sarki w/sl2 175 24 94 18 18 02 14 03 07 01 06 01 04 152
Sarki w/sl5 294 38 146 33 29 04 24 04 1 02 1 0.2 11 432
Sarki w/sl8 564 64 224 41 31 04 24 05 12 02 11 02 26 957
Sarki w/s21 147 19 71 18 18 03 19 04 13 02 13 02 31 1342
Sarki w/s28 29.0 3.2 10 16 15 02 18 04 11 02 13 0.2 3.0 116.1
Sarki w/s31 132 15 5 08 09 01 07 02 04 01 04 01 11 377

Sehkaniyan w/s3 53.0 6.2 209 36 33 05 28 05 14 02 14 02 26 1055
Sehkaniyan w/s6 234 27 93 17 16 02 19 03 09 02 09 01 14 521
Sehkaniyan ' w/s21 102 15 49 09 07 01 07 01 04 01 03 01 06 209
Sargelu w/s6 20 06 22 04 06 01 05 01 04 01 03 01 01 48

Sargelu w/s?7 247 44 154 31 32 04 28 06 15 02 13 02 10 456
Sargelu w/s8 379 46 166 38 33 05 31 06 15 02 15 02 24 847
Sargelu w/s9 158 2 7 14 12 01 12 03 07 01 07 01 13 476
Sargelu w/sl0 122 22 85 16 19 02 18 04 11 02 09 01 06 264
Sargelu w/sll 94 21 81 14 19 02 16 04 12 01 09 01 05 181
Sargelu w/sl3 138 34 131 25 3 04 25 06 16 02 13 02 06 228

Naokelekan | w/sl 136 38 151 29 32 05 33 08 22 03 17 03 09 324
Naokelekan | w/s4 113 34 126 22 28 04 3 07 21 03 18 03 06 223
Naokelekan w/s8 358 43 166 35 32 05 29 05 16 02 15 02 19 795
Barsarin w/s2 60 08 25 05 04 01 04 01 02 01 02 01 03 116
Barsarin w/ss5 41 05 19 04 03 01 03 01 01 01 02 01 02 7.2
ChiaGara ~'w/sl 584 63 23 41 33 05 31 06 18 03 17 02 34 1228
ChiaGara 'w/s3 ' 28 04 11 03 01 01 02 01 01 01 01 01 02 8
ChiaGara ~w/s4 | 555 6 212 42 31 04 32 06 16 02 16 03 32 1221
ChiaGara ~w/s6 | 260 3 101 21 16 02 13 03 07 01 06 01 1.2 419

Sarki R/sO 310 36 131 25 21 03 22 04 11 02 11 02 21 795
Sarki R/s2 233 28 105 23 2 02 16 03 09 01 08 01 17 701
Sarki R/s5 318 35 132 26 24 03 19 03 11 02 1 01 20 761
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Sarki

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki
Sehkaniyan
Sehkaniyan
Sehkaniyan
Sehkaniyan
Sehkaniyan
Sehkaniyan
Sargelu
Sargelu
Sargelu
Sargelu
Sargelu
Naokelekan
Chia Gara
Chia Gara
Chia Gara
Chia Gara

Table 2. Rare earth and trace elements (ppm) and ratios analysed in the current study,

continued.

R/s8
R/s10
R/sl1
R/s13
R/s15
R /s17
R/s20
R/s25
R/s28
R/s2
R/s4
R/sl1
R/s13
R/sl4
R/sl17
R/s10
R/sl1
R/s12
R/s13
R/sl4
R/sl
R/sl
R/s4
R/sb
R/s6

Formation

Sarki
Sarki
Sarki
Sarki
Sarki
Sarki
Sarki
Sarki
Sarki
Sarki
Sehkaniyan

45.8
23.2
12.8
14.7
25.9
13.8
14.1
18.5
46.8
32.3
16.1
7.8

23.7
6.4

13.7
29.6
20.7
20.5
6.8

10.1
8.1

314
12.9
12.6
66.5

53
2.8
1.8
1.7
3.4
2.4
1.8
1.9
6.2
3.6
1.5
0.8
2.8
0.8
1.7

2.6
2.8
15
1.9
3.2
3.9
1.5
15
8.1

Section

/No.

w/s2

w/sb

w/s8

w/s10
w/s12
w/sl5
w/s18
w/s21
w/s28
w/s31
w/s3

19.3
10.3
6.4
6.6
11.8
10.4
5.7
54
21.2
12.4
4.5
2.3
9.9
2.8
5.7
15.9
8.9
10.1
6.3
7.4
12.9
13.6
55
54
29.2

La

5.8

27.9
16.4
11.4

15.6
30.9
7.9
19.9
7.9
30

3.6
1.9
1.2
1.3
2.1
2.3
1.4
0.8
4.2
2.3

0.5
1.9
0.7
1.2
2.9
1.7

1.2
1.2
2.3

1.2
5.3

Eu

0.2
0.8
0.5
0.4
0.4
0.7
0.6
0.3
0.3
0.2
0.6

3.1
1.8
1.3
1.2

2.8
1.2
0.9
3.7
24
1.2
0.4
1.9
0.8
1.7
3.6
1.6
2.1
14
1.7
3.2
2.8
0.9
1.3
4.7

Th

0.4
35
2.2
1.7
0.2
3.1
4.1
2.7
4.4
2.5
3.3

0.4
0.3
0.1
0.2
0.4
0.4
0.2
0.2
0.6
0.4
0.2
0.1
0.3
0.2
0.3
0.5
0.2
0.3
0.2
0.2
0.4
0.4
0.1
0.2
0.7

1.8
1.7
2.3
2.1
1.4
1.9

19
20.2
12.6
3.3

2.3
1.8

1.4
1.9
2.6
1.3
1.4
3.6
2.4
1.6
0.9
1.8
1.2
2.3
2.8
15

15
1.4
2.8
2.3
0.8

3.5

0.4
0.4
0.2
0.3
0.4
0.5
0.3
0.4
0.8
0.6
0.4
0.2
0.4
0.3
0.6
0.6
0.3
0.4
0.3
0.3
0.7
0.4
0.2
0.2
0.7

LREE
/HREE

7.8
11.6
9.4
7.5
7.8
7.9
13.3
6.0
9.5
9.9
11.1

11
1.1
0.5
0.8
1.1
1.5
0.9
11
2.2
1.7
1.5
0.7
11
0.9
1.8
1.6

1.2
0.9
0.9
2.1
1.3
0.5
0.8
1.7

Th/U

0.22
2.06
0.96
0.81
0.14
1.63
1.37
0.14
0.22
0.20
1.00

0.2
0.2
0.1
0.1
0.2
0.2
0.2
0.2
0.3
0.3
0.3
0.1
0.2
0.1
0.3
0.2
0.1
0.2
0.1
0.1
0.3
0.2
0.1
0.1
0.3

La/Th Eu/Eu*

14.5
8.0
7.5
6.7
45.0
5.0
75
2.9
45
3.2
9.1

0.5
0.7
0.9
11
0.8
1.5
1.7
15
1.7
0.8
11
1.1
2.1
1.2
0.9
11
0.7
0.6
1.6
1.2
0.4
0.7
1.5

0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.2
0.3
0.2
0.3
0.1
0.2
0.2
0.3
0.2
0.1
0.2
0.1
0.1
0.3
0.2
0.1
0.1
0.2

0.81
2.95
2.09
1.74
1.74
2.67
1.97
1.30
1.22
0.98
2.39

2.1
3.9
0.7
1.6
1.6
2.6
1.5
5.1
3.3
2.4
3.0
2.6
1.6
3.1
5.1
1.3
1.8
1.6
0.4
0.4
0.4
1.6
0.7
0.5
2.2

75.3
139.8
28.5

57.8
86.4
49.7
183.6
118.8

104.2
83.5
59.5
109.6
183
54.7
59.5
66.5

16.1
16.5
60.4
28.8
24.6
79.1
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50

Sehkaniyan
Sehkaniyan
Sargelu
Sargelu
Sargelu
Sargelu
Sargelu
Sargelu
Sargelu
Naokelekan
Naokelekan
Naokelekan
Barsarin
Barsarin
Chia Gara
Chia Gara
Chia Gara
Chia Gara
Sarki

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki

Sarki
Sehkaniyan
Sehkaniyan
Sehkaniyan
Sehkaniyan
Sehkaniyan
Sehkaniyan
Sargelu
Sargelu
Sargelu
Sargelu
Sargelu

w/s6
w/s21
w/s6
w/s7
w/s8
w/s9
w/s10
w/sll
w/s13
w/sl
w/s4
w/s8
w/s2
w/s5
w/sl
w/s3
w/s4
w/ s6
R/s0
R/s2
R/s5
R/s8
R/s10
R/sll
R/s13
R /s15
R/sl17
R/s20
R /s25
R/s28
R/s2
R/s4
R/sll
R/s13
R/sl4
R /sl17
R/s10
R/sll
R/s12
R/s13
R/sl4

13
6.4
4.7
17.5
18.3
10.7
12.8
12.5
18
20.6
21.7
17.3
3.6
2.5
30.3
1.7
29.3
13.4
16.5
11.7
16.6
22.6
10.2
6.4
8.8
14.3
9.2
9.5
10.3
217.7
19.9
11.2
4.9
13.4
3.2

17.6
14.2
12.9
9.2

11.5

0.4
0.2
0.1
0.7
0.8
0.3
0.4
0.4
0.7
0.8
0.6
0.8
0.1
0.1
0.9
0.1
0.9
0.4
0.5
0.4
0.5
0.7
0.4
0.2
0.3
0.4
0.5
0.3
0.2
0.8
0.5
0.2
0.1
0.3
0.1
0.3
0.7
0.4
0.5
0.3
0.3

3.4
1.6
0.2

5.7

1.6
1.3
1.8
2.2
1.7
4.7
0.8
0.4
9.9
0.3
8.5
3.7
2.9
3.1
2.8
2.9
2.9
0.2
2.2
3.7
1.8
2.4
10

4.6
6.2
3.8

2.5
2.9
15
2.8
3.3

0.9
1.3

2.1
1.6
11
7.5
314
5.9
21.1
25
39.1
32
40.7
28.3
10.3
5.8
34.9
5.7
40.1
13.1
2.2

1.8
2.2
3.8
3.2
4.7

19.2
8.9
41.8
6.1
54
6.2
1.5
4.8

54
14.7
13.9
23.6
13
22.6

8.3
9.6
4.5
6.5
7.5
8.4
5.7
53
5.2
4.6
4.5
7.4
8.4
7.3
10.7
7.1
10.6
11.2
8.8
8.5
9.3
11.3
7.3
7.6
6.9
8.3
4.1
6.5
6.3
8.1
7.5
4.8
5.0
7.4
2.9
3.4
6.6
6.4
6.5
4.8
6.1

1.62
1.00
0.02
0.27
0.18
0.34
0.08
0.05
0.05
0.07
0.04
0.17
0.08
0.07
0.28
0.05
0.21
0.28
1.32
0.78
1.56
1.32
0.76
0.06
0.47
1.23
0.09
0.27
0.24
0.75
1.15
0.61
2.67
0.52
0.58
2.78
0.19
0.24
0.13
0.07
0.06

3.8
4.0
235
8.8
3.2
5.4
8.0
9.6
10.0
9.4
12.8
3.7
45
6.3
3.1
5.7
3.4
3.6
5.7
3.8
5.9
7.8
3.5
32.0
4.0
3.9
5.1
4.0
1.0
6.0
3.2
2.9
1.2
54
11
0.6
6.3
4.3
4.3
10.2
8.8

1.63
0.67
0.65
3.13
3.01
1.12
2.06
2.36
3.64
3.83
3.31
3.17
0.35
0.33
3.14
0.14
2.88
1.32
1.82
1.51
2.00
2.62
1.64
0.94
1.20
1.65
2.64
1.12
0.98
3.06
2.26
1.04
0.35
1.30
0.50
1.84
3.77
1.63
2.28
1.52
1.84



Naokelekan R/sl 179 05 12 29.7 3.9 0.04 149 3.02
ChiaGara R/sl 17 06 47 88 79 0.53 3.6 2.43
ChiaGara R/s4 75 02 2 81 92 025 338 0.78
ChiaGara R/s5 8 03 14 128 6.6 011 57 1.41
ChiaGara R/s6 366 1 89 6.6 @11 135 4.1 3.85

5. Discussion

In the present study, detailed mineralogical and geochemical analyses were conducted on the
Lower Jurassic-Lower Cretaceous shale successions from the Warte and Ranya sections in
northeastern Irag. The results are employed to deduce the source areas and tectonic settings of
the examined sediments utilizing both geochemical proxies and mineralogical composition of

the studied shale units.

5.1 Proxies for source rock determination

A range of geochemical diagrams which combine various elements and element ratios (e.g., in
form of major metal oxides) as well as individual elements (i.e., trace and rare earth elements)
have been used to examine provenance in clastic sediments (e.g., Dai et al., 2016; Akkoca et
al., 2019; Armstrong-Altrin et al., 2020). Some of these diagrams, e.g., those published by
Floyd and Leveridge (1987) and Roser and Korsch (1988), have turned out to be most useful,
and are still utilized as discriminant for the provenance signatures of sandstone and shale suites.
According to Floyd and Leveridge (1987), the La/Th vs Hf plot can provide valuable
information on the composition of the source areas, and provide a useful tool for bulk rock
discrimination between different arc compositions and sources. Felsic composition-dominated
arcs have low and uniform La/Th ratios (less than 5) and Hf contents of about 3-7 ppm. With
the progressive unroofing of the arc and/or an incorporation of sedimentary basement rocks,
the Hf content increases via the release of zircon (Floyd and Leveridge, 1987). The La/Th vs
Hf plot from the current study (Figure 4) shows that most of the samples from the Sarki,
Sehkanyian, Sargelu, Naokelekan, Barsarin and Chia Gara formations, and from both sections,
plot in the felsic and intermediate source fields, with plenty of samples being plotted within
the field of increasing old sediment components, especially for those from lower Jurassic
sediments. Derivation from older rocks has been indicated by using Th/U ratio in the current

study. Th/U ratios may be useful in interpreting sedimentary recycling histories and derivation
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from older sedimentary rocks (McLennan et al., 1990; Asiedu et al., 2000). The Th/U ratio in
most upper crustal rocks is typically about 3.5 to 4.0 (McLennan et al., 1993). An elevation in
the Th/U ratio may have happened during sedimentation after oxidation of U to soluble U®*
and its loss due to forming other deposits. Thus, Th/U ratios may be useful in interpreting
sedimentary recycling histories (McLennan et al., 1990). In sedimentary rocks, Th/U values
higher than 4.0 may indicate intense weathering in source areas, or sediment recycling,
meaning derivation from older sedimentary rocks (Asiedu et al., 2000). In general, the Th/U
ratios in the current study (Table 2) are less than 4.0, with higher values in the Lower Jurassic

shale samples.
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Figure 4. Discriminant Hf versus La/Th diagram for the shales of the Lower Jurassic-Lower

Cretaceous formations (assignments according to Floyd and Leveridge, 1987).

In addition, the data obtained from the TiO2 vs Zr plot (Figure 5) confirms that the shales of
both sections (i.e., Warte and Ranya) have been sourced from felsic and intermediate igneous
rocks (cf. McLennan et al. 1993).
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The Al,O3/TiO; ratio of the Warte and Ranya shales has also been used to assume the structure
of the parental materials (Hayashi et al., 1997). The Al>Os/TiO ratio values for the Warte and
Ranya shales range from 12.68 to 28.98 with a mean value of 18.22, thus reflecting
intermediate to felsic source rock composition for both studied areas (cf. Fathy et al., 2017).
Derivation from felsic and intermediate igneous sources may indicate a significant contribution

of detritus from continental settings or rifted continental margins (Vdacny et al., 2013).
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Figure 5. TiO2 vs Zr diagram of the shales of the Lower Jurassic-Lower Cretaceous formations

(McLennan et al., 1993) that discriminates the source rock types.

Based on the type of the igneous rocks using TiO2 vs Al.Os diagram (Figure 6), the studied
samples lie mainly in the granite and basalt (felsic igneous rock) field with very few samples

lying in the basalt and granite field.
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Figure 6. Scatter plot of Al.Oz vs TiO., for inferring rock types used in provenance
discrimination of the shales from the Lower Jurassic-Lower Cretaceous formations (after
Amajor, 1987)

The chondrite-normalized REE patterns for the Lower Jurassic-Lower Cretaceous shales are
shown in Figure 7. In general, the REE contents in the shales are lower than in the Post Archean
Australian Shale (PAAS) and North American Shale Composite (NASC), (Table 2 and Figure
7). The studied shales are more enriched in Light Rare Earth Elements (LREE, La, Ce, Pr, Nd,
Sm and Eu) than Heavy Rare Earth Elements (HREE, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu)
and show almost uniform patterns similar to PAAS and NASC (Figure 7). The Chia Gara
shales are more enriched in the LREE and the Naokelekan shales are more enriched in HREE

as compared to the other studied shales.

Moreover, the ratios of LREE/HREE have been utilized to infer sources of sedimentary rocks
(Taylor and McLennan, 1985). Generally, the felsic rocks contain higher LREE/HREE ratios,
whereas the intermediate and mafic rocks contain lower LREE/HREE ratios. In the current
study, the ratio of LREE/HREE (average of 7.6) in the shales from the Lower Jurassic Sarki
and Sehkaniyan formations is higher than the average ratio in both Sargelu (Middle Jurassic)
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and Naokelekan and Barsarin formations (Upper Jurassic) which have an average of 6.0. This
may reflect the higher contribution of felsic than intermediate igneous rocks to the Lower

Jurassic sediments.
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Figure 7. Average chondrite-normalized rare earth element (REE) patterns for the shales from
the Lower Jurassic-Lower Cretaceous formations, compared with the PAAS and NASC
(Taylor and McLennan, 1985).

Furthermore, the Eu/Eu* ratio values of the Warte and Ranya shales have been used by many
authors to suggest their provenance area (e.g., Tobia et al., 2019; Cai et al., 2022). The Eu/Eu*
ratio of the Warte and Ranya shales shows generally low values (average of 1.89) (Table 2).
This would point to their derivation from a provenance dominated by felsic rocks (cf. Tobia et
al., 2019; Cai et al., 2022).

The presence of detrital quartz and feldspars in addition to illite and kaolinite clay minerals as
revealed by the mineralogical XRD and supported by SEM studies may also suggest the
contribution from felsic (acidic) igneous sources. Quartz, feldspar and mica are the common
minerals in the felsic rocks, kaolinite is commonly formed under acidic conditions through
complex weathering processes or hydrothermal changes in feldspar and other aluminosilicates,
while illite is one of the most dominant clay minerals in fine muddy rocks through silicate
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weathering (mainly feldspar) during its replacement with other clay minerals due to the

dissolution (degradation) of muscovite (Deer et al., 1992).

5.2 Proxies for tectonic setting discrimination

The tectonic setting is largely influenced by sedimentation, diagenesis and composition of
sediments (Pettijohn et al., 1972; Bhatia, 1983). The clastic sedimentary rocks from different
tectonic settings have a different characteristic of detrital components and chemistry
(Dickinson and Suczek, 1979; Dickinson et al., 1983; Bhatia, 1983; Roser and Korsch, 1986;
McLennan et al., 1990). Some information on the tectonic setting and the source of sediments
can be attained from the elemental composition, including Si, Al, Ti, Fe, Mn, K, Mg, Ca, Na
and P, as well as their plot design (Roser and Korsch, 1986; Rollinson, 1993).

Additionally, Verma and Armstrong-Altrin (2013) proposed two discriminant diagrams based
on major elements for the tectonic discrimination of siliciclastic sediments, which are
successfully used in many studies (e.g., Armstrong-Altrin et al., 2015; Tawfik et al., 2015).
According to the differences in SiO values, the diagrams can be divided into a low-silica type
(35-63%) and a high-silica type (63-95%). Three different tectonic settings can be classified
based on these diagrams including island arc, rift and collisional settings.

In the present study, the SiO> contents of the studied shale samples are low being generally
below 50% (Table 1). Thus, the shales can be classified as low-silica clastic sediments. The
results obtained in this study show that the shale samples from the Warte and Ranya

successions are clearly located within the collision and rift tectonic fields (Figure 8).
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Figure 8. Discriminant function (DF) multidimensional diagram for low-silica clastic
sediments (fields after Verma and Armstrong-Altrin, 2013). The subscript m2 in DF1 and DF2
represents the low-silica diagram based on log-ratios of major elements. Discriminant function
equations are DF1(Arc-Rift-Col) m2 = (0.608 x In (TiO2/SiO2) adj) + (-1.854 x In
(Al203/Si02) adj) + (0.299 x In (Fe203 t/SiO2) adj) + (—0.550 x In (MnO/Si0Oz2) adj) + (0.120
x In(MgO/SiO2) adj) + (0.194 x In (CaO/SiO2) adj) + (—1.510 x In (Na20 /SiOz) adj) + (1.941
x In (K20/Si02) adj) + (0.003 x In (P205/SiO) adj) — 0.294. DF2 (Arc-Rift- Col) m2 = (-0.554
X In (TiO2/Si0O2) adj) +(—0.995 x In (Al203/SiO2) adj) + (1.765 x In (Fe20st/SiO.) adj) +
(—1.391 x In (MnO/SiOy) adj) + (~1.034 x In (MgO/SiO2) adj) + (0.225 x In (CaO/SiO,) adj)
+(0.713 x In (Na20/Si0) adj) + (0.330 x In (K20/Si02) adj) + (0.637 x In (P20s/ SiO) adj)
—3.631.

A further discrimination diagram, which was created by Roser and Korsch (1986), has

additionally been used to conclude on the tectonic setting of the shale samples investigated in
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this study. The results suggest that the samples were generally derived from the passive margin

with a few samples derived from the active continental margin (Figure 9).
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Figure 9. Tectonic discrimination diagram of Roser and Korsch (1986) for the shales from the
Lower Jurassic-Lower Cretaceous formations. ARC, oceanic island arc margin, ACM, active

continental margin; PM, passive margin.

Additionally, a ternary plot of the trace and rare earth elements (La-Th-Sc), introduced by
Bhatia and Crook (1986), has been generated for the shale samples of the Warte and Ranya
sections. The results indicate that most of the samples were deposited in a passive margin and

continental island arc with some being deposited within the oceanic island arc (Figure 10).
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Figure 10. Discrimination diagram of Bhatia and Crook (1986) using Th-Sc-La elements
illustrates the tectonic setting fields, A. Oceanic Island Arc; B. Continental Island Arc; C.

Passive Margin.

The proposed passive margin, as noted above, being the tectonic province of the Warte and
Ranya shale successions, correlates well with the geology of the region of Iragi Kurdistan,
which was exposed to tectonic activity (see also Omar et al., 2020, 2021, 2023). However, the
shale samples plotted within the rift field are suggestive of a passive margin. This difference
in clastic provenance might be interpreted as being derived from the adjacent Mesopotamian
Basin. The Mesopotamian Basin is considered to be a characteristic example for the passive

margin setting (Jassim and Goff, 2006).

According to Sharland et al. (2001), the time span from Early Jurassic to Early Cretaceous was,

tectonically, critical. During this time the tectonism of the Arabian Plate was converted from
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extension because of rifting to compression due to collision and subduction of the Neo-Tethyes
oceanic crust beneath the Iranian Plate. This subduction occurred during the Late Jurassic and
Early Cretaceous. Accordingly, the formations Sarki, Sehkanyian and Sargelu were deposited
in an extension environment, whereas Naokelekan, Barsarin and Chia Gara formations were
formed during a compression state. The geochemical and mineralogical analyses showed that
all of these formations revealed felsic and intermediate igneous rocks, which indicate quiet
passive margin deposits. The dominance of felsic and intermediate origin suggests derivation
of the studied shales from a provenance dominated by felsic igneous rocks from the Zagros

ophiolites and related igneous rocks in northeastern Iraq (Buday and Jassim, 1987).

Conclusions

The Early Jurassic-Early Cretaceous-age shale successions of northeastern Iraq were deposited
in the Warte and Ranya areas within the Zagros Basin.

A combination of extensive mineralogical as well as geochemical analyses of the Early
Jurassic-Early Cretaceous shales was undertaken in order to elucidate their provenance history
and tectonic setting. The shales of the Early Jurassic-Early Cretaceous-age Warte and Ranya
sections are dominated by calcite, dolomite and quartz with traces of feldspar, illite/mica,
kaolinite and chlorite. The occurrence of detrital quartz and feldspar with the clay minerals
illite and kaolinite indicates their felsic (acidic) igneous origin. The source area, from which
these felsic rocks were derived, is suggested to be the Zagros ophiolites and related igneous
rocks in northeastern Irag. The provenance origin of the Early Jurassic-Early Cretaceous-age
shale successions has been interpreted as being dominant by felsic and intermediate igneous
rocks, whilst a passive margin setting was considered to be the tectonic setting for the Early
Jurassic-Early Cretaceous-age shales. This interpretation correlates well with the geological

history of the area of northeastern Iraq.
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Chapter 7
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Chapter 7

Conclusions

This dissertation comprises seven chapters and presents the results of a variety of studies
carried out on the Early Jurassic-Early Cretaceous-age formations which crop out in three
different areas (Banik, Warte and Ranya) of northern Irag. The formations include, the Sarki,
Sehkaniyan, Sargelu, Naokelekan, Barsarin and Chia Gara formations. The studies involved
the analysis of the sedimentary successions in detail, with the main focus being on the
geochemistry and mineralogy of the main lithological components of the studied formations
including limestones, dolomitic limestones, dolomites, shales and solid bitumen. The results
of these analyses were used as proxies to examine the paleoenvironmental evolution of the
region, in particular, the paleoclimate, paleosalinity and paleoredox conditions dominant

throughout the period of deposition of the Jurassic successions in northern Iraqg.

An initial introductory chapter (Chapter 1) outlines the importance of the studied Jurassic
formations and presents the aim of the study. It also describes the general geology of northern
Irag. This is followed by Chapter 2, which examines, in detail, the calcareous nannofossils of
the Early Jurassic-Early Cretaceous-age Warte section. Although the preservation of the
calcareous nannoplankton is considered to be moderate to poor in the sediments, the recovered
nannofossil assemblages were successfully recorded from the Middle Jurassic Sargelu, Upper
Jurassic Naokelekan, Barsarin and Chia Gara (Upper Jurassic-Lower Cretaceous) formations,
including Watznaueria barnesiae, W. fossacincta, W. britannica, W. manivitiae and
Cyclagelosphaera margerelii, whilst the Lower Jurassic Sarki and Sehkanyian formations
were found to be barren. A Bajocian-Callovian age was suggested for the Sargelu Formation
based on the first occurrence of C. margerelii, W. britannica, W. fossacincta, W. manivitiae,
W. barnesiae and W. ovata. The obtained data in Chapter 3 comprise elemental ratios of major
and trace elements (Sr, Ca, Al, Sr/Ba, Rb/Sr and Sr/Cu) as well as oxygen isotopic
geochemistry of the both Early Jurassic-Early Cretaceous-age Warte and Ranya sections.
Analysis of these paleoclimate and paleosalinity proxies, suggested that hot and arid conditions
were dominant during the time of deposition of the Early Jurassic-Early Cretaceous-age Warte

and Ranya sections. During the Late Jurassic-Early Cretaceous time, the climate changed and
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increasing amounts of kaolinite were observed reflecting more humid conditions during this

period in northern Irag.

Petrographic and microfacies analyses of the carbonate units indicated that the Warte and
Ranya sections were deposited within tidal flats (supratidal) and in restricted lagoons, as well
as in shallow marine and bathyal settings during the Early Jurassic-Early Cretaceous time.
Paleoredox proxies (U/Th, V/Cr, Ni/Co, V/Sc and V/(V+Ni) revealed that conditions during
deposition of the Warte and Ranya sediments were likely anoxic with periods of low oxygen.
This difference between paleoredox and depositional paleoenvironments is likely related to
variations in tectonic settings within the Zagros Basin which extends across the region of
northern Irag, with the formation of semi-enclosed subbasins where water circulation was

restricted.

In Chapter 4, the carbonates of the Middle and Upper Jurassic succession of the Banik section
from northernmost Iraq were subjected to several analyses including sedimentological,
petrographical and microfacies analyses, whilst geochemical analyses were carried out on the
shales. The Banik section is dominated by dolomites, limestones, mudstones and rare cherts.
Deposition of the Sargelu and Naokelekan formations is interpreted to have occurred in

shallow marine and restricted shallow lagoon environments, respectively.

Paleoredox indicators suggested that the sedimentary successions, which are characterized by
the deposition of the Middle-Late Jurassic-age Sargelu and Naokelekan formations were
accumulated under anoxic conditions. The ongoing tectonic activity might have resulted in the
formation of barred subbasins, where the water circulation is topographically restricted. Taken
together, the evaporation conditions suggested that permanently anoxic conditions were

established within those semi-enclosed subbasins.

In Chapter 5, solid bitumens from the Middle to Upper Jurassic Sargelu and Naokelekan
formations in the Banik section from northernmost Irag were identified and analyzed.
Accumulation of solid bitumens in the host shale rocks is interpreted to have occurred as a
result of oil migration from other source rocks within the same formations. The results suggest
that the source rocks reached a peak for petroleum generation during the Jurassic time.
Moreover, due to the ongoing tectonic activity in the region of northernmost Irag, the

occurrence of fractures and faults provided effective pathways for oil migration through the
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porous and permeable reservoir rocks (i.e., host shales) in the Banik section. Furthermore, the
results from the carbon and oxygen isotopic geochemistry and the paleoredox proxies suggest
that the host shales and solid bitumen sources were deposited in a shallow-marine setting and

under anoxic conditions.

Chapter 6 combines mineralogical and geochemical analyses of the Early Jurassic-Early
Cretaceous-age shale successions in order to elucidate their provenance history and tectonic
setting. The occurrence of detrital quartz and feldspar together with the clay minerals illite and
kaolinite indicated the influence of felsic (acidic) igneous origins, whilst a passive margin
setting was interpreted to be the tectonic setting for the Early Jurassic-Early Cretaceous shales.
This interpretation correlates well with the geological history of the area of northern Iraq.

In conclusion, the detailed examination of the paleoenvironmental conditions in the
successions of northern Iraq provided a range of novel findings and contributions important
for future studies on hydrocarbon explorations of this highly promising Jurassic system. These
findings included the elucidation of the paleoclimatic (arid vs humid) conditions and their
effect on the internal reservoir architecture of the carbonate rocks. Paleoclimate is an important
control on a variety of aspects of carbonate reservoir development, including cyclic variations
of the lithological, sedimentological and geochemical properties, and by extension, the
depositional patterns (both lateral and vertical) within the sedimentary successions (Ahr, 2008;
Samani et al., 2023). In addition, paleoclimate is also an important factor controlling the

diagenetic regime of such reservoirs (Worden et al., 2000; Ahr, 2008).

The levels of oxygenation within a depositional setting (i.e., paleoredox) as well as the salinity
levels within marine environments (i.e., paleosalinity) are both important controls on the
preservation and enrichment of organic material within sedimentary successions (Lu et al.,
2013; Sajid et al., 2020). Thus, the quality of source rocks within a hydorcarbon play are also
greatly influenced by these two factors (e.g., paleoredox and paleosalinity). Increasing
paleosalinity leads to greater reducibility and an increase in the amount of organic matter
accumulation (Lu et al., 2013). Lower oxygen conditions (e.g., anoxic/dysoxic) are more

favorable for organic matter preservation.

Thus, in summary, the examination of the paleoenvironmental proxies has provided important

information with regard to the role that hydrocarbons play in the region of northern Iraq -
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elucidating both the depositional settings (i.e., reservoir rocks), as well as the conditions active
during deposition (i.e., source rocks). This work represents an important contribution to our
knowledge of the geology of northern Iraq, also providing a detailed understanding of the role

that hydrocarbons play in the area.
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Abstract: Early Jurassic- to Early Cretaceous-age calcareous nannofossils from the Sarki, Sehkanyian,
Sargelu, Naokelekan, Barsarin and Chia Gara formations are investigated for the first time from the
Warte area, northeastern Iraqi Kurdistan. A range of isotopic and inorganic geochemical analyses are
carried out in order to reconstruct the paleoecological and paleoclimatic conditions during which the
Sarki, Sehkanyian, Sargelu, Naokelekan, Barsarin and Chia Gara formations were deposited. The
age of the Sargelu Formation was determined as Bajocian—Callovian based on the first occurrence of
Cyclagelosphaera margerelii, Watznaueria britannica, W. fossacincta, W. manivitine, Watznaueria barnesiae
and Watznaueria ovata. Geochemical proxies (Sr, Ca, Al, Rb/Sr, Sr/Cu and Sr/Ba) for paleoclimate
and paleoecological conditions, along with oxygen isotopes (5'30) data, suggest that warm and arid
climatic conditions were predominant during the Early Jurassic-Early Cretaceous period.

Keywords: calcareous nannofossils; stable isotopes; paleoclimate; paleoecology; Jurassic; Iraq

1. Introduction

Calcareous nannofossils are the most important carbonate-forming organisms since
Jurassic times, and their biostratigraphy and carbon-isotope data commonly provide excel-
lent stratigraphic control [1]. In addition, the relationship between calcareous nannofossils
and inorganic geochemical data can be used as a tool to interpret paleoenvironmental and
paleoclimatic conditions [2-4]. Similarly, the oxygen isotope geochemistry is used as an
indicator of the dominant climatic conditions [5-8]. The Jurassic successions in Iraq are
of geological and economic importance and, thus, they have been described in numerous
academic theses and research papers, the majority of which have focused on the lithology
and depositional environments of the successions and their economic significance [9-13].
A few articles on calcareous nannofossils from the Naokelekan and Chia Gara formations
in Iraqi Kurdistan have been published [14,15]. However, detailed studies covering the
calcareous nannofossil biostratigraphy of all Jurassic-age formations in northeastern Iraqi
Kurdistan have not, to date, been attempted.

The current study focuses on calcareous nannofossil biostratigraphy and related iso-
topic and inorganic geochemistry of the Early Jurassic- to Early Cretaceous-age formations
from the Warte section, northeastern Iraqi Kurdistan, including the paleoecology and pale-
oclimate proxies. This section, i.e., the Warte section, crops up in a region where calcareous
nannofossils from the entire Jurassic system were recorded and analyzed for the first time.
The location of this section, and its lack of accessibility (partly due to the political situation)
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means that this work will remain unique for the foreseeable future. The sedimentary
succession from the Warte section comprises interbedded shales and carbonates (dolomites
and limestones) and rare chert beds. A total of sixty-five samples were selected, covering
the entire Jurassic succession, and including the Sarki, Sehkanyian, Sargelu, Naokelekan,
Barsarin and Chia Gara formations. While the presence of a Lower Jurassic-Middle Jurassic
boundary and a Middle Jurassic-Upper Jurassic boundary interval was confirmed, the
position of these boundaries remains unclear. The aim of the present study, therefore, is
to determine the stratigraphic position of the lower and upper boundaries of the Middle
Jurassic in the Warte succession from northeastern Iraqi Kurdistan based on the detailed
analysis of the calcareous nannofossils. In addition, the study aims to reconstruct the
paleoecological and paleoclimatic conditions of the Jurassic-Lower Cretaceous succession
of the region by integrating calcareous nannofossil data with geochemical analyses.

2. Geological Setting

The area of study is situated in the Erbil Governorate, within the region of Iraqi
Kurdistan, Northern Iraq [13,16]. Northern Iraq lies within the Zagros Basin/Zagros Fold
Belt on the northeastern boundary of the Arabian Plate (see Figure 1a for the location and
tectonic provinces) [13-18]. The Zagros Basin/Zagros Fold Belt, which covers an area of
about 500 x 103 km?, has a NW-SE length of c. 2300 km, extending from Turkey to SE Iran,
and a NE-SW width of 100-300 km [16]. It formed as a result of the collision between the
continental Arabian Plate and the continental segments of the Eurasian margin [19-21]. In
Iraq, the Zagros Basin/Zagros Fold Belt contains sedimentary rocks ranging in age from
Jurassic to Tertiary, i.e., dominated by a thick Mesozoic succession.

a ae s
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River High Folded Zone

Figure 1. (a) Location of the study area in northeastern Iraqi Kurdistan within the Arabian plate.
(b) Geological map of Northern Iraq showing the study area and the structural zones of the Zagros
Basin/Zagros Fold Belt.

The present study focusses on the Early to Late Jurassic succession of the Warte area,
northeastern Iraqi Kurdistan region. The regional stratigraphy can be subdivided into
six formations, namely, the Sarki, Sehkanyian, Sargelu, Naokelekan, Barsarin and Chia
Gara formations [22]. The exposed Jurassic formations in Northern Iraq are located as
isolated patches within eroded cores and limbs of anticlines in the structural zones of the
Zagros Basin/Zagros Fold Belt of Northern Iraq [23]. These structural zones include, from
SW to NE, the Low Folded Zone (or Foothills), the High Folded Zone and the Imbricated
Zone [24]. The Warte section, which was examined as part of this study, is located within
the Imbricated Zone (Figure 1b). The Imbricated Zone of Iraq generally is characterized
by marked folding and faulting in the Paleozoic to Cenozoic sedimentary strata [25]. The
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impact of tectonic deformation in this zone is clearly visible in the complex fold geometries
that are noted [26].

The Early-Jurassic-age Sarki Formation was first described by Dunnington [27] from
the Chia Gara Range of N Iraq as a 300 m thick carbonate unit [22,24].

The formation consists of limestones, dolomitic limestones, dolomites and shales.
An Early Liassic age has been inferred based on the stratigraphic position of the forma-
tion between the underlying Upper Triassic Kurra Chine Formation and the overlying
Middle Jurassic Sargelu Formation. The lower and upper contacts of the formation are
conformable and gradational. The Sarki Formation was deposited in a restricted lagoonal
environment [24].

The Early-Jurassic-age Sehkaniyan Formation was first described by Wetzel and Mor-
ton in 1950 from the Surdash Anticline, NE of Iraq, as a 180 m thick carbonate unit [28].
The formation consists mainly of dolomites and dolomitic limestones. A Liassic age was
proposed for the formation based on the faunal content, including bivalve (e.g., Lithiotis)
and algae (e.g., Boueina hochstetteri). The lower and upper contacts of the formation with
the Sarki and Sargelu formations are conformable and gradational [22,29]. The formation
was deposited in a restricted lagoonal environment [24].

The Middle-Jurassic-age Sargelu Formation was first described by Wetzel from the
Surdash Anticline in the High Folded Zone, NE of Iraq [30]. The thickness of the Sargelu For-
mation in its type section is about 115 m, and consists of bituminous limestones, dolomitic
limestones and black shales with streaks of thin black chert. A Bajocian-Bathonian age was
suggested for the Sargelu Formation based on the presence of bivalves (e.g., Bositra buchii).
The lower contact with the Sehkaniyan Formation in the type area is usually conformable
and gradational, and the contact with the overlying Naokelekan Formation is similar. The
formation was deposited in a basinal euxinic marine environment [22,24].

The Late-Jurassic-age Naokelekan Formation was first described by Wetzel and Morton
from the Balambo-Tanjero Zone near Rowanduz, NE Iraq [28]. The Naokelekan Formation
consists of argillaceous bituminous limestones, dolomites, and shales with beds of black
shales in its lower part. An Early Callovian-Kimmeridgian age was proposed for the forma-
tion based on the recorded fauna, including belemnites, stromatoporoids, foraminifera and
algae [31]. The lower and upper contacts of the formation with the Sargelu and Barsarin
formations, respectively, appear to be conformable. The formation was deposited in an
euxinic environment in a subsiding or starved basin [22,24].

The Late-Jurassic- age Barsarin Formation was first described by Wetzel in 1950 from
its type area in the Balambo-Tanjero Zone near Rowanduz, NE Iraq [32]. The Barsarin
Formation consists of limestones and dolomitic limestones. A Kimmeridgian—Early Titho-
nian age was suggested for the formation based on its stratigraphic position below the
Late Tithonian Chia Gara Formation and above the Naokelekan Formation. The lower and
upper contacts of the formation appear conformable with both the Naokelekan and Chia
Gara formations in the type area. The Barsarin Formation was deposited in a lagoonal or
evaporitic environment [22,24].

The Late Jurassic-Early Cretaceous-age Chia Gara Formation was first defined by
Wetzel in 1950 from the Chia Gara Anticline in the High Folded Zone of Northern Iraq [30].
The Chia Gara Formation consists of thinly bedded limestones and calcareous shales. A
Middle Tithonian—Berriasian age was suggested for the formation. The lower contact with
the Barsarin Formation is conformable. The contact with the overlying Garagu Formation
is gradational and conformable. The Chia Gara Formation was deposited in a mid-deep
shelf environment [22,24].

3. Materials and Methods

Sixty-five (65) samples from the Warte section were selected for detailed calcareous
nannofossil biostratigraphy, trace element and oxygen stable isotopic geochemistry anal-
yses. The samples cover the entire succession at this location, extending from the Sarki
Formation to the Chia Gara Formation (see Figure 2 and Table 1 for sample locations).
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Figure 2. Sample location and distribution of the calcareous nannoplankton of the Warte section.
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Table 1. Simplified table showing the precise stratigraphic position of the studied samples from the
Sarki, Sehkaniyan, Sargelu, Naokelekan, Barsarin and Chia Gara formations.

Formation Sample No. Bed Thickness (m)
Sarki S1 0.60
Sarki S2 0.20
Sarki S6 0.25
Sarki S8 0.15
Sarki S10 0.25
Sarki S12 0.20
Sarki S18 0.10
Sarki S21 0.30
Sarki pc. ! 30.00
Sarki S2 5.00
Sarki S28 5.00
Sarki S31 7.50
Sarki S36 25.00
Sarki S37 4.00

Sehkanyian S1 0.40
Sehkanyian S2 8.00
Sehkanyian S3 0.10
Sehkanyian p-c. 1 5.00
Sehkanyian Sé6 0.15
Sehkanyian S21 0.25
Sehkanyian S30 25.00
Sehkanyian S31 25.00
Sargelu S1 5.00
Sargelu S3 4.00
Sargelu S4 4.00
Sargelu S5 4.00
Sargelu S6 0.10
Sargelu S7 1.00
Sargelu S8 1.50
Sargelu S8 1.50
Sargelu S9 3.00
Sargelu S9 3.00
Sargelu p.c ! 6.00
Sargelu S10 3.00
Sargelu S10 3.00
Sargelu S11 3.00
Sargelu S11 3.00
Sargelu S11 3.00
Sargelu S12 1.00
Sargelu S13 2.00
Sargelu S13 2.00
Sargelu S13 6.00
Naokelekan S1 7.00
Naokelekan S2 1.00
Naokelekan S3 1.80
Naokelekan S4 1.80
Naokelekan S5 1.80
Naokelekan S6 1.80
Naokelekan S7 1.80
Naokelekan S8 1.50
Naokelekan S9 1.50
Naokelekan S10 1.00
Barsarin S1 6.00
Barsarin S2 6.00
Barsarin S3 2.00
Barsarin S4 3.00
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Table 1. Cont.

Formation Sample No. Bed Thickness (m)
Barsarin S5 3.00
Barsarin S6 3.00
Barsarin S7 5.00
Barsarin S8 1.50
Barsarin S9 1.50

Chia Gara S1 143

Chia Gara S2 1.43

Chia Gara S3 1.43

Chia Gara S4 143

Chia Gara S5 1.43

Chia Gara S6 1.43

Chia Gara S7 143

! p.c.: partly covered.

The calcareous nannofossils were investigated using optical methods. Initially, the rock
samples were crushed and concentrated using a centrifuge, and smear slides (24 x 24 mm)
were prepared using Canada balsam. The slides were then analyzed under the microscope
with a 1000 x magnification for precise recognition and identification of the nannofossils
present. At least 100 fields of view (diameter 0.018 mm) were ob-served randomly in
each slide (in a row-on-row pattern), in order to obtain relative abundances and semi
quantitative information about the nannofossil assemblage composition. Species diversity
of nannofossils was studied throughout the slide. Addi-tionally, the same samples were
analyzed by XRF (X-ray fluorescence) to determine the both the major and trace element
compositions. For each sample, 5 g of material was weighed and combined together with
1 g of wax and ground to homogeneity in an agate mortar. This was then pressed into
a pellet for 60 s at 20 kbar to prepare for trace element analysis. Measurements were
performed in the Institut fiir Geowissenschaf-ten-Geologie, Bonn University. The isotopic
geochemistry analyses for oxygen were conducted at the Ruhr-Universitdt Bochum, using
a mass spectrometer MAT253 (Thermo Fisher Scientific, Bremen, Germany) equipped with
a ConFlo IV and a GasBench II (both Thermo Fisher Scientific).

4. Results
4.1. Lithological Analysis

The Warte section, which formed the basis for this study, is located NE Iraq, where, to
date, no detailed studies of the entire Jurassic have been attempted. A schematic lithological
log was measured illustrating the transition from the Early-Jurassic-age Sarki Formation
through to the Late Jurassic-Early Cretaceous-age Chia Gara Formation (see Figure 2). The
measured profile is described from base to top, below.

4.1.1. Sarki Formation

The base of the profile referred to the lower part of the Sarki Formation (31.95 m).
This generally consists of alternating beds of gray dolomite that are interbedded with dark
grey-black shales. Individual dolomite beds range in thickness from c. 0.1 to 3.5 m, whilst
the shales range in thickness from c. 0.05 to 0.5 m. Individual dolomite beds are generally
medium-to-very-thickly bedded (Figure 3a). Bed boundaries are horizontal and often sharp
and are laterally continuous across the outcrop. Internally, some beds show evidence of
sedimentary structures, such as lamination, as well as evidence of tectonic deformation
in the form of boudinage structures, fractures and joints (Figure 3b). The middle interval
(30 m) of the formation is not well exposed and partly covered.
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Figure 3. (a) Dolomite beds interbedded with dark grey-black shales in the lower part of the Sarki
Formation. (b) Evidence of tectonic deformation in the form of fractures and joints within the
Sarki Formation. (c) Veins filled with white calcite within the dolomite beds of the Sarki Formation.
(d) Highly fractured dolomite beds of the Sehkaniyan Formation. (e) Quartz geodes within the upper
part of the Sehkaniyan Formation. (f) Dolomite beds alternate with limestones and shales in the lower
part of the Sargelu Formation. (g) A few ammonites within the Naokelekan Formation. (h) Common
stromatolitic structure including stylolite (pressure solution) within the limestone of the contact area
between the Naokelekan Formation and the overlying Barsarin Formation. (i) Minor folds in the
contact area between the Naokelekan Formation and the overlying Barsarin Formation. (j) Tectonic
deformation in the form of box folding within the Barsarin Formation. (k) The contact area between
the Barsarin Formation and the overlying Chia Gara Formation. (1) Fissile shales interbedded with
dolomitic limestones in the lower part of the Chia Gara Formation. Scales included.

Above the covered interval is the upper part of the formation (119 m), which pre-
dominantly comprises dolomites with 9 m of dolomitic limestones and 11 m of shales.
Individual dolomite beds, which are grey in color, range from 10 to 50 m in thickness. The
dolomites are very thickly bedded; some parts of the beds are cavernous with the presence
of veins filled with white calcite (Figure 3c). Bed boundaries are horizontal and often
sharp. Internally, some beds show evidence of sedimentary structures, such as hummocky
cross stratification, while diagenetic features include liesegang rings and tectonic fractures
were also noted. The uppermost bed of the Sarki Formation, i.e., the contact area with the
overlying Sehkaniyan Formation, comprises 4 m of marly limestone. It is beige to yellow in
color and highly fractured.

4.1.2. Sehkaniyan Formation

The lower part of the Sehkaniyan Formation (12.4 m thick) consists of grey dolomites
interbedded with marls and one single dolomitic limestone bed. Individual dolomite
beds are highly fractured, laminated and cross laminated, ranging in thickness from c.
0.4 to 7.9 m, whilst the marl is c¢. 0.1 m thick (Figure 3d). The middle interval (5 m) of
the formation is not well exposed and partly covered. The upper part of the formation
(455.85 m), overlying the covered interval, comprises dolomites with 0.15 m shale and
0.25 m marl. The dolomites are grey to black in color, very thickly bedded and range from
3.85 to 70 m in thickness. The individual beds are horizontally bedded, with sharp bed
boundaries. Deformation, in the form of fracturing and jointing, was noted, with some of
the fractures infilled with calcite. Small (2-5 cm) quartz geodes were also noted (Figure 3e).
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The uppermost bed of the Sehkanyian Formation (50 m thick) is dolomite, and it marks the
gradational contact between the Sehkanyian and Sargelu formations.

4.1.3. Sargelu Formation

The lower part of the formation (33 m thick) comprises thickly bedded, brown-colored
dolomites, alternating with medium bedded, black-colored limestones, shales and a 3 m
thick dolomitic limestone (Figure 3f). Individual dolomite beds are c. 1 to 5 m in thickness,
limestone beds are c. 4 m, whilst the shales are c. 0.1 to 3 m thick. The limestones are
organic and bituminous with the presence of calcite veins. The middle interval (6 m) of
the formation is not well exposed and partly covered. The upper part of the formation
(23 m) consists of dark-brown-to-black dolomitic limestones, alternating with shales and
two bands of chert. Individual dolomitic limestone beds are c. 2 to 4 m in thickness, shales
are ¢. 1 to 4 m, whilst the two bands of chert are c. 2 to 3 m thick. Internally, there is
no evidence of any sedimentary structures except the dolomitic limestones, which may
be laminated. Evidence of deformation, in the form of calcite veins, are present in the
dolomitic limestones. The contact with the overlying Naokelekan Formation is gradational.

4.1.4. Naokelekan Formation

The Naokelekan Formation (27 m thick) consists of shales alternating with very thickly
bedded limestones and dark-brown-colored dolomitic limestones, while the uppermost
bed of the formation is a dark brown dolomite. The shales are c. 2 to 6 m thick; limestone
beds are c. 2 to 3 m in thickness with c. 1.5 to 3 m thick dolomitic limestone beds. Both
the dolomitic limestones and limestones are organic rich and occasionally mottled. They
also contain rare ammonites, preserved as isolated specimens in the middle of the beds
(Figure 3g). The dolomitic limestones and limestones include secondary calcite nodules
and stylolites, with some beds showing liesegang rings. The sharp contact (6 m thick)
between the Naokelekan Formation and the overlying Barsarin Formation is marked by
the presence of very thickly bedded, stromatolitic limestones (Figure 3h). The contact area
is also marked by the presence of minor folds due to post-depositional deformation in the
area (as noted earlier; Figure 3i).

4.1.5. Barsarin Formation

The Barsarin Formation (25 m thick) consists of shales alternating with dark gray
dolomitic limestones, and a 6 m thick limestone bed. The shales range in thickness from c. 3
to 6 m, while the dolomitic limestone beds are c. 2 to 5 m thick. Due to tectonic deformation,
the studied formation is highly fractured and folded (e.g., box folding; Figure 3j). The
contact with the overlying Chia Gara Formation is sharp (Figure 3k).

4.1.6. Chia Gara Formation

The formation (10 m thick) consists of fissile shales interbedded with dolomitic lime-
stones. The studied part of the profile represents the lower part of the Chia Gara Formation
which is Late Jurassic-Early Cretaceous in age (Figure 31).

4.2. Calcareous Nannofossils

Sixty-five samples were collected from the Warte section and investigated using
optical microscopy to determine the calcareous nannofossil biostratigraphy. The entire
profile was sampled, with sample spacing being closer in the areas coinciding with the
formation boundaries (i.e., Sarki/Sehkanyian, Sehkanyian/Sargelu, Sargelu/Naokelekan,
Naokelekan/Barsarin, and Barsarin/Chia Gara).

Calcareous nannofossils are not very abundant in the samples, and those that are
present tend to be moderately to poorly preserved (Figures 2 and 4). Despite this, calcareous
nannofossils were recovered from four of the formations, with the exception of the Sarki
and Sehkanyian formations that were barren.
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Figure 4. Jurassic species of the Warte section. Abbreviation ‘pol’ denote polarized light.
(1) Lotharingius ex gr. crucicentralis (Medd, 1971), pol. Naokelekan Formation, sample S.1.
(2) Triscutum sp., pol. Naokelekan Formation, sample S.1. (3) Triscutum sp., pol. Naokelekan Forma-
tion, sample S.1. (4) Cyclagelosphaera margerelii Noél, 1965, pol.; Naokelekan Formation, sample S.1.
(5) Cyclagelosphaera margerelii Noél, 1965, pol.; Chia Gara Formation, sample S.1. (6) Cyclagelosphaera
ex gr. lacuna Varol and Girgis 1994, pol. Naokelekan Formation, sample S.10. (7) Cyclagelosphaera
sp., pol. Naokelekan Formation, sample S.1. (8) Diazomatolithus lehmanii Noél, 1965, pol. Barsarin
Formation, sample S.2. (9) Diazomatolithus ex gr. lehmanii Noél, 1965, pol. Naokelekan Formation,
sample S.8. (10) Biscutum sp., pol. Naokelekan Formation, sample S.1. (11) Discorhabdus striatus
Moshkovitz and Ehrlich, 1976, pol. Sargelu Formation, sample S.9., shale. (12) Podorhabdus ex gr.
grassei Noél, 1965, pol. Barsarin Formation, sample S. 2. (13) Watznaueria barnesiae (Black in Black
& Barnes, 1959) Perch-Nielsen, 1968, pol. Naokelekan Formation, sample S.1. (14) Watznaueria
Britannica (Stradner, 1963) Reinhardt, 1964, pol.; Naokelekan Formation, sample S.10. (15) Watznaueria
Britannica (Stradner, 1963) Reinhardt, 1964, pol.; Naokelekan Formation, sample S.2. (16) Watznaueria
fossacincta (Black, 1971) Bown in Bown and Cooper, 1989, pol. Naokelekan Formation, sample S.2.
(17) Watznaueria communis Reinhardt 1964, pol.: Naokelekan Formation, sample S.2. (18) Watznaueria
communis Reinhardt 1964, pol.: Naokelekan Formation, sample S.2. (19) Watznaueria biporta Bukry,
1969, pol.: Naokelekan Formation, sample S.2. (20) Watznaueria manivitiae Bukry, 1973, pol. Barsarin
Formation, sample S.2.
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The nannofossil assemblage identified from the Sargelu, Naokelekan, Barsarin and
Chia Gara formations is dominated by the genus Watznaueria (Figure 5). Indeed, five
species could be recognized, and these varied markedly in terms of their abundance. The
percentages of W. barnesiae and W. fossacincta range from 0.12% to 33% and together they
comprise 42% of the entire assemblage. The percentages of W. britannica and W. manivitiae
range from 0.8% up to 67% and 63%, respectively. The percentage of Cyclagelosphaera
margerelii ranges from 0.1% to 38% of the total assemblage.
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Figure 5. Percentage of the nannofossil Cyclagelosphaera magrerelii and Watznaueria species of the

Warte section.

The mudstones and shales of the Sargelu Formation show three distinct abundance
peaks for W. fossacincta and two peaks for W. britannica (Figure 5). Nannofossil assemblage
of this formation is most diverse, with biodiversity being significantly reduced in the
limestones and dolomitic limestones of the Sargelu, Naokelekan, Barsarin and Chia Gara
formations (Figures 2 and 5).

All of the identified species are characterized by very long stratigraphic ranges, ex-
tending from the mid-to-late Jurassic (at least). In addition, these species also show a wide
geographical distribution. This, together with the lack of precise zonal markers in the
Warte profile, makes it difficult to determine the presence or absence of precise nannofossil
zones. However, the nannofossils can provide valuable information with regard to ambient
oceanic paleotemperatures and the paleoenvironment of the surface waters.

4.3. Geochemistry

Sixty-five samples were collected from the Warte section covering the complete sed-
imentary succession that is represented by the Sarki, Sehkanyian, Sargelu, Naokelekan,
Barsarin and Chia Gara formations. The samples were prepared and analyzed for oxygen
stable isotopic geochemistry and trace elements.

4.3.1. Oxygen Isotope Analysis
A total of 65 samples, encompassing all of the formations, were collected for isotopic

analysis. At the base of the profile, the Early-Jurassic-age Sarki Formation shows a slightly
positive oxygen isotope (5'80) value (0.13%; indeed, this is the only positive value recorded
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from the profile), while the values from the rest of the formation vary between —0.65% and
—6.99%. The overlying Early-Jurassic-age Sehkanyian Formation values fluctuate between
—0.29% and —10.07%, but are all negative. The samples from the Middle-Jurassic-age
Sargelu Formation continue this negative trend (ranging from —2.27% to —6.57%). One

sample from the latter formation did not provide a good value (Table 2).

Table 2. Oxygen isotope (180) and carbon isotope (13C) data for the samples from the Sarki,

Sehkaniyan, Sargelu, Naokelekan, Barsarin and Chia Gara formations.

Formation Sample No. 880 s13¢C
Sarki S1 0.13 —0.76
Sarki S2 -1.03 —0.52
Sarki S6 —0.97 —0.80
Sarki S8 —2.24 —1.23
Sarki S10 —1.50 —1.43
Sarki S12 —1.86 —1.08
Sarki S18 -2.11 —1.49
Sarki 521 —1.56 —1.95
Sarki 526 —6.99 —3.47
Sarki 528 -3.22 0.99
Sarki 531 -1.70 —3.66
Sarki S36 —1.28 —3.05
Sarki 537 —0.65 —2.02

Sehkanyian S1 —10.07 —-3.27

Sehkanyian S2 —1.23 —5.03

Sehkanyian S3 —4.48 —5.46

Sehkanyian S6 —0.29 —0.70

Sehkanyian 521 -7.29 —7.38

Sehkanyian S30 —2.67 —0.95

Sehkanyian 531 —3.34 —0.89

Sargelu S1 —3.42 —3.02
Sargelu 53 —4.15 —2.68
Sargelu S4 —5.06 0.03

Sargelu S5 —4.25 —0.03
Sargelu S6 —4.00 —3.30
Sargelu S7 —4.91 —0.99
Sargelu S8 —2.27 —-1.76
Sargelu S8 —3.64 -1.21
Sargelu S9 —2.84 —0.49
Sargelu S9 —5.28 —2.84
Sargelu S10 —3.38 —5.82
Sargelu S10 —4.92 —1.94
Sargelu S11 —6.57 —3.34
Sargelu S11 —4.92 —3.34
Sargelu S11 is. ! is. !

Sargelu S12 —4.21 —4.14
Sargelu S13 —5.55 —4.00
Sargelu 513 -3.18 —3.64
Sargelu S13 -3.70 —4.44

Naokelekan S1 —2.22 —3.31

Naokelekan S2 —4.64 —5.81

Naokelekan S3 —5.03 —5.82

Naokelekan S4 —4.06 —4.26

Naokelekan S5 —6.82 —3.73

Naokelekan S6 —4.26 —3.76

Naokelekan S7 —3.46 —5.49

Naokelekan S8 -3.70 —1.61

Naokelekan 59 —4.25 —4.20

Naokelekan S10 —0.99 —6.49
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Table 2. Cont.

Formation Sample No. 8180 s13¢C
Barsarin S1 —3.54 —9.87
Barsarin S2 —4.01 —9.19
Barsarin S3 —7.77 —9.97
Barsarin S4 —4.65 —11.31
Barsarin S5 —5.24 —9.69
Barsarin S6 —3.94 —10.40
Barsarin S7 —4.24 —10.33
Barsarin S8 —4.25 —10.60
Barsarin S9 —4.12 —9.49

Chia Gara S1 —5.70 —4.70

Chia Gara S2 —5.36 —6.04

Chia Gara S3 —4.60 —8.21

Chia Gara S4 —5.39 —4.91

Chia Gara S5 —3.67 —10.65

Chia Gara S6 —4.27 —11.18

Chia Gara S7 —-2.13 —-9.14

!is.: insufficient signal.

Moving up profile, the samples from the Late-Jurassic-age Naokelekan and Barsarin
formations show consistently negative oxygen isotope (5!80) values (range from —0.99%
to —6.82% in the Naokelekan Formation, and from —3.54% to —7.77% in the Barsarin
Formation). The overlying Late Jurassic-Early Cretaceous-age Chia Gara Formation values
are also all negative, and fluctuate between —2.13% and —5.70% (Table 2). However,
before starting to study and interpret the oxygen isotope (}80) data, it is necessary to
know the extent to which the sediments of the Sarki, Sehkanyian, Sargelu, Naokelekan,
Barsarin and Chia Gara formations were influenced by diagenesis. The oxygen isotopes are
very sensitive to the diagenetic processes [33] due to the large thermal breakdown of the
oxygen isotopes; therefore, the oxygen isotope values were used to indicate ancient water
temperatures as they are strongly influenced by water temperature [34,35]. Other authors
have suggested that the relationship between the carbon and oxygen isotope values can be
used to estimate the influence of diagenesis on the sediments and the extent to which the
oxygen isotopes represent the initial imprint of the environment in which these sediments
were deposited [33,36,37]. According to these authors, the relationship between the carbon
and oxygen isotope values, which is positive and strong, indicates that the oxygen isotopes
were strongly influenced by diagenesis as a result of the leakage and transfer of solutions
bearing light oxygen and carbon from the diagenetic solutions, such as atmospheric water,
whilst weak or negative relationship indicates that the oxygen isotopes were not influenced
by diagenesis. Indeed, the relationship established in this study registered weak correlation
(R? = 0.0943) between the carbon and oxygen isotope values. This would indicate, as noted
above, that the Sarki, Sehkanyian, Sargelu, Naokelekan, Barsarin and Chia Gara sediments
were not or weakly influenced by diagenesis, and thus, the oxygen isotope values represent
their initial imprint in the sediments from the Warte section.

4.3.2. Inorganic Geochemistry

Sixty-five samples were collected from the six formations of the Warte section, and
then analyzed for their trace elements. Several elemental ratios were calculated and used
for paleoclimate and paleoecological interpretations. The latter, including Ca, Al, Rb/Sr,
Sr/Cu and Sr/Ba, are considered by many authors to be good paleoclimate proxies [38-41].
Furthermore, the trace element Sr is considered to be a useful salinity indicator [15,42—44].

The Ba values for the samples from the Early-Jurassic-age Sarki Formation fluctuate
between 3 and 133 ppm, while the Cu values range from 2.2 to 56.6 ppm. The Sr values
vary between 53 and 285 ppm, with the Rb values ranging from 1.0 to 18.4 ppm. The
samples from the Sarki Formation also showed variable ranges for Ca (4.4-30.96%) and Al
(0.08-5.93%).
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The samples from the Early-Jurassic-age Sehkanyian Formation show some fluctua-
tions for Ba (5-108 ppm), with the values for Cu (5.2-17.6 ppm) being lower than those of
the Sarki Formation, while the Sr values vary between 62 and 137 ppm, and the Rb values
range from 0.9 to 10.7 ppm. The ranges for Ca (8.85-24.46%) and Al (0.15-4.03%) were
also variable.

The Ba values for the samples from the Middle-Jurassic-age Sargelu Formation fluc-
tuate between 3 and 586 ppm (values that are considerably higher than the underlying
formation). The values for Cu (3.7-87 ppm) are also higher than those measured for the
underlying formation, with the Sr values ranging between 46 and 445 ppm being higher
than those of the Sehkanyian Formation. The Rb values from the same formation that range
from 0.4 to 51.8 ppm, are almost five times higher. The ranges of Ca (1.55-35.11%) and Al
(0.03—4.71%) were also measured.

The Late Jurassic-age Naokelekan Formation shows some fluctuations for Ba (18.4-287 ppm),
which are considerably lower than those of the underlying formation, while the amounts of Cu
(4.51-61.4 ppm), Sr (145-504 ppm) and Rb (0.542.5 ppm) were also measured. The samples from
the Naokelekan Formation also showed variable ranges for Ca (16.78-34.78%) and Al (0.04-4.18%).

The Ba values for the samples from the Late-Jurassic-age Barsarin Formation fluctuate
between 7 and 649 ppm (values that are considerably higher than those of the underlying
formation), with the values for Cu (1.2-11.2 ppm) being lower than those of the Naokelekan
Formation. In contrast, the highest values for Sr (147.3-1007 ppm) are more than twice
those measured for the underlying formation, while the maximum Rb values (0.3-7.2 ppm)
are almost five times lower. The amounts of Ca (31.34-38.66%) recorded from the Barsarin
Formation are consistently within the 30-40% range. The values for Al (0.04-0.71%),
meanwhile, are low.

The samples from the Late Jurassic-Early Cretaceous-age Chia Gara Formation show
some fluctuations for Ba (2-112 ppm) (values that are considerably lower than those of the
underlying formation), whilst the Cu values (1.1-92.1 ppm) are higher than those of the
Barsarin Formation. Sr values from the same formation vary from 274 to 1088 ppm, with
the Rb values (1-52.9 ppm) being almost five times higher. The samples from the Chia Gara
Formation also showed various ranges for Ca (15.67-36.73%) and Al (0.19-8.12%).

5. Discussion

The Lower Jurassic to Lower Cretaceous of Northern Iraq (Warte area) comprises
six lithological units, namely, the Sarki, Sehkanyian, Sargelu, Naokelekan, Barsarin and
Chia Gara formations. These formations represent the transition from the Early Jurassic
(Sarki Formation) through to the Late Jurassic-Early Cretaceous (Chia Gara Formation).
Lithologically, the Warte section succession comprises interbedded carbonates and shales
with rare cherts. The carbonates, originally limestones, have since been wholly or partially
altered to dolomites, particularly in the Sarki and Sehkanyian formations.

The following discussion investigates a few important points related to the succes-
sions, namely, their calcareous nannofossil biostratigraphy, paleoecology and paleoclimate
conditions that prevailed during the Early Jurassic-Early Cretaceous of Northern Iraq.

5.1. Calcareous Nannofossil Biostratigraphy

As mentioned above, calcareous nannofossils are moderately to poorly preserved
throughout the investigated interval, and thus, the precise determination of the ages
of the various formation boundaries was not possible. This was due to the absence of
specific age markers, for example, Cyclagelosphaera weidmanni Reale and Monechi. This
species, absent from the studied section, is a marker species of the Middle Jurassic-Upper
Jurassic boundary as it only common in the Callovian of the Tethys Realm [45]. Moreover,
Nannoconus steinmannii subsp. minor Deres and Achéritéguy, which was also not found in
the studied section, is the marker species for the Jurassic-Cretaceous boundary. Indeed, the
species is considered to be the characteristic species of the Lower Cretaceous of the Tethys
Realm [46,47].
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Despite the lack of specific age markers noted above, some markers were recovered.
For example, in the upper part of the Sargelu Formation, Cyclagelosphaera margerelii, Watz-
naueria britannica, W. fossacincta and W. manivitiae were all recorded for the first time. These
species are indicative of the Bajocian Stage [45]. Furthermore, Watznaueria barnesiae indica-
tive of the Bathonian Stage was also recovered [48,49]. In addition, the first occurrence of
Watznaueria ovata is indicative of the Callovian Stage [48,50,51]. Thus, the age range for the
Sargelu Formation is clearly Bajocian—Callovian.

5.2. Paleoclimate Proxies

As noted above, a range of geochemical proxies were measured from the various
formations from NE Iraq in order to provide information about the paleoclimate at the
time of deposition. The proxies used include Ca, Al, Sr/Ba, Rb/Sr and Sr/Cu (Table 3 and
Figure 6) [38—40].

Table 3. Trace (in ppm) element concentrations, including geochemical proxies for paleoclimate
conditions, Ca, Al, Sr/Ba, Rb/Sr and Sr/Cu, for the samples from the Sarki, Sehkaniyan, Sargelu,
Naokelekan, Barsarin and Chia Gara formations.

Formation Sample No. Ba(ppm) Cu(ppm) Sr(ppm) Rb(ppm) Ca (%) Al (%) Sr/Cu Sr/Ba Rb/Sr
Sarki S1 4 43 87 6.8 17.74 0.36 20.23 21.75 0.08
Sarki S2 7 6.2 77 10.2 17.01 0.94 12.42 11 0.13
Sarki S6 103 18.8 102 10.1 6.21 4383 5.43 0.99 0.09
Sarki S8 122 24 96 18.4 491 5.27 4.00 0.79 0.19
Sarki S10 30 9.4 105 9.3 14.35 1.49 11.17 3.50 0.09
Sarki S12 8 32 113 11.3 17.06 0.95 35.31 14.13 0.1
Sarki S18 133 22.4 100 133 4.4 593 4.46 0.75 0.13
Sarki 521 102 49.8 53 11.6 4.32 5.77 1.06 0.52 0.22
Sarki 526 6.0 5.19 203.1 1.0 30.96 0.08 39.13 33.85 0.005
Sarki 528 88 17.2 116 8.9 10.51 4.64 6.74 1.32 0.08
Sarki S31 115 56.6 285 12.8 15.32 2.02 5.04 248 0.04
Sarki 536 3 22 79 2.5 21.26 0.21 35.91 26.33 0.03
Sarki S37 249 12.28 61.1 3.3 14.49 0.22 4.98 245 0.05

Sehkanyian S1 23 5.2 111 7.7 24.32 0.66 21.35 4.83 0.07

Sehkanyian S2 7.2 4.93 108.3 0.9 17.69 0.25 21.97 15.04 0.008

Sehkanyian S3 108 7.5 62 6.2 8.85 4.03 8.27 0.57 0.1

Sehkanyian S6 74 13.2 82 9.1 8.87 3.35 6.21 1.11 0.11

Sehkanyian S21 31 10.2 92 10.7 24.46 1.52 9.02 297 0.12

Sehkanyian S30 6.2 14.92 101.5 2.0 17.60 0.15 6.80 16.37 0.02

Sehkanyian S31 5 17.6 137 4.1 21.18 0.54 7.78 27.40 0.03

Sargelu S1 3 18 112 1.7 21.86 0.29 6.22 37.33 0.02
Sargelu S3 67 8.7 416 13 35.11 0.22 47.82 6.21 0.003
Sargelu 54 5.0 10.39 164.4 0.9 31.57 0.11 15.82 32.88 0.005
Sargelu S5 9 9.4 223 2.5 33.75 0.47 23.72 24.78 0.01
Sargelu S6 65 10 367 29 31.19 0.23 36.70 5.65 0.008
Sargelu S7 44 77.8 260 20.6 27.77 1.94 3.34 591 0.08
Sargelu S8 23 50.7 194 8.9 2217 1.38 3.83 8.43 0.05
Sargelu S8 159 63.5 302 51.8 16.63 4.71 4.76 1.90 0.17
Sargelu S9 24 274 286 9.5 30.35 1.44 10.44 11.92 0.03
Sargelu 59 46 59.7 194 215 25.38 2.69 3.25 422 0.11
Sargelu S10 586 5.8 317 5.2 3297 0.55 54.66 0.54 0.02
Sargelu S10 68 87 330 18.6 21.34 1.68 3.79 4.85 0.06
Sargelu S11 7 14.3 46 8.7 1.55 0.15 3.22 6.57 0.19
Sargelu S11 12 16 86 2 3.92 0.2 5.38 7.17 0.02
Sargelu S11 38 54.6 445 16.5 19.66 1.37 8.15 11.71 0.04
Sargelu S12 8 3.7 242 1.1 3391 0.11 65.41 30.25 0.005
Sargelu S13 139 41.5 293 21.1 18.79 1.68 7.06 211 0.07
Sargelu S13 41.1 16.06 73.1 04 4.40 0.03 4.55 1.78 0.005
Sargelu S13 77.5 14.34 256.9 1.6 21.23 0.12 1791 3.31 0.006
Naokelekan S1 140 56.5 251 30.7 16.78 22 4.44 1.79 0.12
Naokelekan S2 89 16.1 399 5.9 34.05 0.42 24.78 4.48 0.01
Naokelekan S3 23 7.2 145 2.7 34.78 0.22 20.14 6.30 0.02
Naokelekan S4 124 443 504 18.1 27.75 1.29 11.38 4.06 0.04
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Formation Sample No. Ba(ppm) Cu(ppm) Sr(ppm) Rb(ppm) Ca (%) Al (%) Sr/Cu Sr/Ba Rb/Sr
Naokelekan S5 128.2 6.52 265.6 0.5 33.98 0.04 40.74 2.07 0.002
Naokelekan S6 57 8.8 416 24 345 0.19 47.27 7.30 0.006
Naokelekan S7 18.4 4.51 174.4 0.5 32.80 0.07 38.67 9.48 0.003
Naokelekan S8 268 61.4 333 425 19.51 4.18 5.42 1.24 0.13
Naokelekan 59 96.6 40.01 317.2 44 24.82 0.51 7.93 3.28 0.01
Naokelekan S10 287 11.7 372 14.1 25.13 1.28 31.79 1.30 0.04

Barsarin S1 649 12 446 1.1 38.07 0.16 371.67 0.69 0.002
Barsarin 52 22 9.6 364 72 33.39 0.71 37.92 16.55 0.02
Barsarin S3 27 5.5 1007 43 38.57 0.51 183.09 37.30 0.004
Barsarin 54 42 4.23 2414 0.5 33.16 0.05 57.07 57.48 0.002
Barsarin S5 19 5.6 377 5.1 31.34 0.59 67.32 19.84 0.01
Barsarin 56 7 42 269 2.5 38.66 0.46 64.05 38.43 0.009
Barsarin S7 3.3 4.07 163.3 04 33.91 0.04 40.12 49.48 0.002
Barsarin S8 4.0 3.02 147.3 0.3 33.50 0.04 48.77 36.83 0.002
Barsarin S9 12 11.2 391 44 36.91 0.63 3491 32.58 0.01

Chia Gara S1 102 75.9 764 52.9 10.04 8.12 10.07 7.49 0.07

Chia Gara 52 27 21.9 761 11.6 35.78 1.77 34.75 28.19 0.02

Chia Gara S3 10 7.2 314 1.4 33.22 0.28 43.61 31.40 0.004

Chia Gara 54 112 92.1 1088 51.7 15.67 6.79 11.81 9.71 0.05

Chia Gara S5 25 7.8 274 5.5 36.73 0.94 35.13 10.96 0.02

Chia Gara 56 54 58.3 549 22 25.61 3.39 9.42 10.17 0.04

Chia Gara S7 2 1.1 321 1 30.06 0.19 291.82 160.50 0.003

The inverse relationship between the Ca and Al contents has been used by a range of
authors as a proxy for both salinity and/or aridity [15,41]. In general, the values measured
from the various formations show an overall increase in Ca content (e.g., 15.32, 25.13, 38.66),
moving up through the stratigraphy (i.e., from the basal Sarki Formation through to the
Chia Gara Formation at the top) with a corresponding decrease in Al content (e.g., 2.02,
1.28, 0.46) (see Table 3). The increase in Ca and the corresponding decrease in Al would
suggest that deposition occurred under arid conditions [17,41]. Interestingly, a recent study
on the petrography and geochemistry of the Middle-Upper Jurassic Banik section from
northernmost Iraq (a region that is located close to the northwestern boundary of the Warte
section) suggested that the deposition of the Middle-Upper Jurassic formations occurred
under arid conditions [17]. This conclusion was based on the results obtained from selected
geochemical proxies for evaporitic conditions, including the inverse relationship between
the Ca and Al contents.

The high Sr/Ba ratio values were also interpreted in terms of salinity and/or arid-
ity [40]. According to Wang et al. (2017), high Sr/Ba ratio values can indicate high salinity
and/or arid climates, whilst low Sr/Ba ratio values suggest low salinity and/or humid
climates. Relatively high values of Sr/Ba ratio are recorded within the samples in this study
(e.g., 5.65, 38.43, 160.50) (see Table 3), which may indicate an arid climate and high salinity
conditions during the time of their deposition.

A number of authors, including Yandoka et al. and Song et al., have suggested that
the Sr/Cu ratio can be used as an indicator of paleoclimate conditions [52,53]. According to
these authors, the ratio values of Sr/Cu, which ranges from 1.3-5, indicate a warm humid
climate, whilst values of >5 indicate a hot and arid climate. High Sr/Cu values (i.e., >5)
were observed from the samples of the Sarki, Sehkanyian, Sargelu, Naokelekan, Barsarin
and Chia Gara formations (see Table 3). Thus, the climate was most probably hot and arid.
These results agree with the results obtained from the Sr/Ba ratio (see above).

The inverse relationship between the Sr/Cu ratio and the Rb/Sr ratio values are also
used as paleoclimatic indications [38,39]. Within the samples of the Sarki, Sehkanyian,
Sargelu, Naokelekan, Barsarin and Chia Gara formations, the Sr/Cu ratio values increase
(e.g.,20.23, 67.32, 183.09) with a consistent decrease in the Rb/Sr ratio values (e.g., 0.34, 0.08,
0.02) (see Table 3). The inverse relationship between the two ratios (i.e., Sr/Cu and Rb/Sr)
would suggest that the depositional area underwent a warm climate during the deposition
of the Sarki, Sehkanyian, Sargelu, Naokelekan, Barsarin and Chia Gara formations [38,39].
Similarly, Al-Lhaebi et al. examined the Cenomanian-Turonian boundary of the Gulneri
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Formation in the Azmir, Dokan and Degala sections in Northern Iraq using some selected
geochemical data, including Rb/Sr, Sr/Cu and Sr/Ba ratios, and suggested that warm and
arid conditions were predominant in the Cenomanian-Turonian transition [3]. Another
study used Rb/Sr, Sr/Cu and Sr/Ba ratios as paleoclimate and paleosalinity indicators
in their mineralogical and geochemical study of the Late Triassic Baluti Formation in the
Baluti (formerly Zewa) village in northern Iraq [54]. They also suggested that the climate
during the time of deposition of the Baluti sediments was hot and arid to semi-arid.
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Figure 6. Chart showing geochemical proxies for paleoclimate conditions along the measured log of
the Warte section, northeastern Iraqi Kurdistan.
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In summary, the analysis of the various elemental ratios used in this study would
suggest that the climate at the time of deposition was one that was warm and arid. Fur-
thermore, these conditions prevailed throughout much of the Jurassic and extended into
the Early Cretaceous. The aridity of the Jurassic correlates well with the dominance of
warming that characterized the Jurassic period globally [55,56]. In addition, the deposition
of the upper part of the Early-Cretaceous-age Qamchuqga Formation in northeastern Iraq
coincided with increased temperatures and salinities in the region, related to restriction of
circulation [57].

5.3. Paleoecological Proxies

Calcareous nannofossils and geochemical analyses were used to reconstruct the
paleoecological conditions of the depositional area of the Sarki, Sehkanyian, Sargelu,
Naokelekan, Barsarin and Chia Gara formations, including examination of water tempera-
tures and salinities.

According to Svobodova and Kosték [58], calcareous nannofossils can provide im-
portant information about the paleoecological conditions of the depositional settings, in
terms of water temperature and salinity [59-62]. The calcareous nannofossil Watznaueria
manivitiae is considered by a variety of authors to be indicative of warm waters [63,64],
and thus, the increase in the number of Watznaueria manivitiae (see above) may indicate
episodes of water warming.

In addition to geochemical proxies, oxygen isotope analysis was also used. Oxygen
isotopes have been used by a variety of authors to indicate ancient water temperatures [5-7].
In general, negative values are considered to be indicative of warm waters [5-7], while
positive values are indicative of cool waters. As noted above, the values from the various
formations of NE Iraq are all negative, with one exception. The lowermost sample from
the Sarki Formation is slightly positive (Table 2 and Figure 7). This persistence of negative
oxygen isotope values from the Early Jurassic-Early Cretaceous-age formations of NE Iraq
in this study resembles the results obtained for the same stratigraphic interval in the Duhok
Governate of NW Iraq. There, the results were interpreted as being indicative of warm
waters during the period [65].

As noted above, calcareous nannofossils can also provide important information re-
garding ancient water salinities. According to Tremolada et al. and Abdula, the presence
of the nannofossil Cyclagelosphaera margerelii is considered to be indicative of high salini-
ties [14,66]. In four of the formations from NE Iraq (i.e., Sargelu, Naokelekan, Barsarin and
Chia Gara), up to 38% of the recovered nannofossil species were Cyclagelosphaera margerelii,
which is suggestive of high salinities at that time.

Values of the trace element Sr have been used by a number of authors as a proxy for
salinity and/or evaporation conditions [17,42—44]. According to these authors, increased
Sr values are considered to be indicative of high salinity and/or evaporation conditions
within the depositional setting. High Sr values were noted from the samples of the Sarki,
Sehkanyian, Sargelu, Naokelekan, Barsarin and Chia Gara formations of NE Iraq (e.g., 82,
223, 504) (see Table 3 and Figure 7), which would suggest that both salinities and evapo-
ration rates within the depositional area were high. Omar et al. has also suggested that
salinity conditions and rates of evaporation (controlled by arid climate) were high within
the depositional area of the Middle-Late Jurassic-age Sargelu and Naokelekan formations
in northernmost Iraq [17]. This suggestion was based on the observed high Sr values within
the samples of these Middle-Upper Jurassic formations.

In conclusion, these paleoecological findings correspond strongly with those from the
paleoclimate proxies as detailed above; therefore, this study suggests that the deposition
of the Sarki, Sehkanyian, Sargelu, Naokelekan, Barsarin and Chia Gara formations of NE
Iraq occurred under arid conditions, with elevated salinities and high evaporation rates.
These environmentally stressful conditions may also explain the poor preservation of the
calcareous nannoplankton specimens throughout the entire investigated interval.
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Figure 7. Chart showing geochemical proxies for paleoecological conditions along the measured log
of the Warte section, northeastern Iraqi Kurdistan.

6. Conclusions

Calcareous nannofossils from the Lower Jurassic to Lower Cretaceous succession of
the Warte section from northeastern Iraqi Kurdistan region were investigated for the first
time. The calcareous nannoplankton are moderately to poorly preserved in the Warte
sediments. The recovered nannofossil assemblages were recorded from the Middle Jurassic—
Early Cretaceous-age Sargelu, Naokelekan, Barsarin and Chia Gara formations, including
W. barnesiae, W. fossacincta, W. britannica, W. manivitiae and C. margerelii, whilst the Early-
Jurassic-age Sarki and Sehkanyian formations were barren.

The first occurrence of Cyclagelosphaera margerelii, Watznaueria britannica, W. fossacincta,
W. manivitine, Watznaueria barnesiae and Watznaueria ovata within the Sargelu Formation
suggests an age of Bajocian—Callovian for the latter formation.
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More detailed geochemical analyses, including oxygen isotopes and paleoclimate and
paleoecological proxies, indicated warm and arid conditions prevailing during the Early
Jurassic—Early Cretaceous transition.
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ARTICLE INFO ABSTRACT

Keywords: The findings of this study are considered to be of great importance given their singularity in northeastern (NE)
GeOCI.lemiStrY Iraq, as the first broader study that discusses various paleoenviromental proxies (i.e., paleoclimate, paleosalinity
Amm? . . and paleoredox proxies) which were predominant during the Early Jurassic-Early Cretaceous period of NE Iraq.
PD:IZ Zsclltil;r;i conditions To this end, a comparative study of the mineralogical and geochemical features of the Sarki, Sehkanyian, Sargelu,
Jurassic Naokelekan, Barsarin and Chia Gara formations from the Early Jurassic-Early Cretaceous-age Ranya section, was
NE Iraq carried out together with a study of the same formations from the Warte section (both sections are located in NE

Iraq). Petrographic and microfacies analyses show that all six formations in both sections were deposited in tidal
flat (supratidal), restricted lagoons and shallow marine to bathyal depositional environments. The paleoclimate
proxies (Ca, Al, Sr/Ba, Rb/Sr and Sr/Cu) and paleosalinity proxies (Sr, Ca, Al and Sr/Ba) together with oxygen
isotopes, suggest that the climate was predominantly hot and arid during the period of deposition, contrasting
with periods of warm and humid climates during the deposition of the Late Jurassic-Early Cretaceous-age Chia
Gara Formation. This climatic change was revealed by a shift in clay mineralogy, from a dominance of illite to
increasing amounts (and even dominance) of kaolinite marking the change to more humid conditions within the
Late Jurassic-Early Cretaceous period. Geochemical proxies for redox conditions (U/Th, V/Cr, Ni/Co, V/Sc and
V/(V+Ni) indicate that deposition of the sediments in the examined areas occurred under anoxic (or reduced
oxygen) conditions. This difference in paleoclimate, paleosalinity and paleoredox conditions is likely to be
controlled by tectonic activity in the region of northern Iraq, with the development of small silled sub-basins
within the broader Zagros Basin/Zagros Fold Belt.

1. Introduction

The Jurassic-Lower Cretaceous successions of Iraq are considered to
be of great importance (e.g., Daoud and Karim, 2006; Al-Ameri and
Zumberge, 2012; Al-Juboury and McCann, 2013; Jasim, 2013; Abdula,
2017) given the fact that most of the petroleum, which was discovered in
Iraq, has been sourced from the Jurassic-age rocks and trapped in the
Cretaceous- and Tertiary-age reservoirs of the Mesopotamian Basin and
the Zagros Basin/Zagros Fold Belt (Pitman et al., 2004). The studied
Early Jurassic-Early Cretaceous-age Warte and Ranya sections are
located within the Zagros Basin/Zagros Fold Belt, NE Iraq. According to
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E-mail address: sénaomar@uni-bonn.de (N. Omar).
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Sadooni (1997), Al-Ameri and Zumberge (2012), Mohialdeen et al.
(2013), Hakimi et al. (2018), and Tobia et al. (2019), most of the
discovered oil in northern Iraq was sourced from the Middle Jurassic-age
Sargelu Formation, Late Jurassic-age Naokelekan Formation, and Late
Jurassic-Early Cretaceous-age Chia Gara Formation. Thus, understand-
ing the paleoenvironmental conditions, in which the Jurassic-Lower
Cretaceous successions are found, would provide important informa-
tion for future hydrocarbon exploration studies since the Jurassic system
in Iraq is highly promising harboring great potential in this respect.
Reconstructing paleoclimates, paleosalinities and paleoredox con-
ditions is a major aim of paleoenvironmental reconstructions (Jones and
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Manning, 1994; Tribovillard et al., 2006; Wang et al., 2020; Men et al.,
2022; Li et al., 2023). Knowledge about paleoenvironmental conditions
is essential for reconstructing how the oxygenation, climatic changes
and paleosalinity of the Earth’s surface environment have changed
through time (Severmann and Anbar, 2009).

The geochemical features of specific major and trace elements and/
or some of their elemental ratios have been utilized by many authors (e.
g., Cullers, 1995; Canet et al., 2004; Gao et al., 2017; Ivanic et al., 2017;
Qin et al., 2018; Hussain et al., 2021; Fathy et al., 2023) to provide
important information about the paleoenvironmental conditions during
deposition. In addition, some ratios of rare earth and trace elements
have also been used to understand the variations in paleoredox condi-
tions in both modern marine sediments and ancient rocks (Calvert and
Pedersen, 1993; Kimura and Watanabe, 2001; Algeo and Maynard,
2004; Rimmer, 2004; Fu et al., 2010; Madhavaraju et al., 2015). Other
authors have used mineralogical studies (XRD, SEM and EDX analyses)
of clay minerals as evidence to trace climatic conditions due to the ef-
fects of weather conditions and the paleoclimate on these minerals in the
source area (e.g., Chamley, 1989; Ruffell et al., 2002; Cao et al., 2012;
Madhavaraju et al., 2016; Liu et al., 2021; Hussain et al., 2021).

Certain isotopes (e.g., carbon and oxygen isotopes) can be used to
provide insights into paleoenvironmental conditions (e.g., Bartolini
et al., 2003; Weissert and Erba, 2004; Ruf et al., 2005; Fisher et al., 2005;
Li et al.,, 2016; Hennhoefer et al., 2018; Afrozi et al., 2021). More
recently, we examined the calcareous nannofossil biostratigraphy and
related this to the isotopic and inorganic geochemistry of the Warte
section in NE Iraq (Omar et al., 2022). Although such studies are rela-
tively common, there is, however, to date, a lack of broader comparative
geochemical studies of the Jurassic-Cretaceous successions of Iraq.

The studied sections are located at the towns of Warte and Ranya, NE
Iraq. Both the Warte and Ranya sections comprise six formations. The
lowermost formations (Sarki, Sehkanyian) represent the Early Jurassic,
the Middle Jurassic Formation (Sargelu), the Upper Jurassic formations
(Naokelekan, Barsarin) with the uppermost Formation (Chia Gara)
being Late Jurassic-Early Cretaceous in age. A total of one hundred and
forty-one carbonate and shale samples were collected, covering the
entire Jurassic-Lower Cretaceous Warte and Ranya successions in NE
Iraq.

The aim of this work is to reconstruct the paleoclimate, paleosalinity
and paleoredox conditions during the deposition of the Early Jurassic-
Early Cretaceous-age formations in both sections, in order to evaluate
the variations and/or similarities in the depositional conditions that
prevailed during the Early Jurassic-Early Cretaceous time of the region
of NE Iraq. Thus, this pioneering multi-proxies paleoenvironmental
study presents a comparative mineralogical and geochemical charac-
terization of major, trace and rare earth elements, as well as carbon and
oxygen isotopes, from two Early Jurassic-Early Cretaceous-age sections
(Warte and Ranya sections) in NE Iraq.

2. Geological setting

The studied sections are located in the Kurdistan region, northern
Iraq and within the Zagros Basin/Zagros Fold Belt. This latter region lies
within the NE boundary of the Arabian Plate, covering an area of about
500x103 km? and marking the collision between the continental
Arabian Plate and the continental segments of the Eurasian margin
(Beydoun et al., 1992; Talbot and Alavi, 1996; Stampfli and Borel, 2002;
Abdula, 2017; Liu et al., 2018). The Zagros Basin/Zagros Fold Belt ex-
tends in a NW-SE direction, over a distance of ca. 2300 km and with a
width of 100-300 km, from Turkey to SE Iran (Abdula, 2017; Liu et al.,
2018). According to Jassim and Goff (2006), the Zagros Basin/Zagros
Fold Belt can be subdivided into three structural zones, including, from
SW to NE, the Low Folded Zone (or Foothills), the High Folded Zone, and
the Imbricated Zone. It is within this latter zone that the Early
Jurassic-Early Cretaceous-age succession in the area of the town of
Warte is exposed, whilst the area of the Ranya town is located within the
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High Folded Zone (Fig. 1).

The Jurassic-Early Cretaceous stratigraphical succession of NE Iraq
comprises six formations, namely, the Sarki, Sehkanyian, Sargelu,
Naokelekan, Barsarin and Chia Gara formations. The lowermost Sarki
Formation is composed of dolomites, dolomitic limestones, limestones
and shales (Jassim and Goff, 2006). The formation was first described by
Dunnington (1958) in Bellen et al. (1959) from the Chia Gara Range (N
Irag) as a 300 m-thick carbonate wunit. The formation is
Hettangian-Sinemurian in age (Bellen et al., 1959; Jassim and Buday,
2006). The lower and upper contacts of the Sarki Formation are
conformable and gradational. Sediment deposition most probably
occurred within a restricted lagoonal environment (Jassim and Goff,
2006).

The overlying Sehkaniyan Formation comprises mainly dolomites
and dolomitic limestones (Bellen et al., 1959). The formation was first
described by Wetzel and Morton (1950) in Bellen et al. (1959) from the
Surdash Anticline (NE Iraq), as a 180 m-thick carbonate unit. Based on
its stratigraphic position and due to the lack of index fossils as a result of
extensive dolomitization, the age of the Sehkaniyan Formation is
believed to be Pliensbachian to Toarcian (Bellen et al., 1959). The lower
and upper contacts of the Sehkaniyan Formation are conformable and
gradational (Bellen et al., 1959). Jassim and Goff (2006) have also
suggested that deposition occurred within a restricted lagoonal
environment.

The overlying Sargelu Formation comprises bituminous limestones,
dolomitic limestones, black shales and bands of thin black chert (Bellen
et al., 1959; Jassim and Goff, 2006). The formation was first described
by Wetzel and Morton (1950) in Bellen et al. (1959) from the Surdash
Anticline in the High Folded Zone, NE Iraq. The thickness of the for-
mation is about 115 m in the type section (Bellen et al., 1959; Jassim and
Goff, 2006). It has been suggested (Al-Dujaily, 1994; Omar et al., 2022)
that the age of the Sargelu Formation is Aalenian-Callovian. The lower
contact of the Sargelu Formation with the Sehkaniyan Formation in the
type area is conformable and gradational. Similarly, the upper contact of
the Sargelu Formation with the Naokelekan Formation is conformable
and gradational. Deposition occurred within a basinal euxinic marine
environment (Bellen et al., 1959; Jassim and Goff, 2006).

The overlying Naokelekan Formation contains argillaceous bitumi-
nous limestones, dolomites and beds of black shales in the lower part
(Jassim and Buday, 2006). The formation was first described, from the
Balambo-Tanjero Zone near Rowanduz (NE Iraq), by Wetzel and Morton
(1950) in Bellen et al. (1959). The age of the Naokelekan Formation has
been suggested as Early Tithonian (Kharajiany and Mohialdeen, 2018).
The lower contact of the Naokelekan Formation with the Sargelu For-
mation is conformable, and the upper contact with the Barsarin For-
mation appears to be similar. The depositional setting of the Naokelekan
Formation was suggested as an euxinic environment in a subsiding or
starved basin (Bellen et al., 1959; Jassim and Goff, 2006).

The overlying Barsarin Formation comprises limestones and dolo-
mitic limestones (Bellen et al., 1959; Jassim and Goff, 2006). The for-
mation was first described, in the type area, by Wetzel and Morton
(1950) in Bellen et al. (1959) from the Balambo-Tanjero Zone near
Rowanduz, NE Iraq (Buday, 1980). The age of the formation has been
suggested as late Early-Middle Tithonian based on its stratigraphic po-
sition below the Chia Gara Formation and above the Naokelekan For-
mation (Kharajiany and Mohialdeen, 2018). The lower and upper
contacts with these two formations in the type area are both conform-
able. Sedimentation occurred within a lagoonal or evaporitic environ-
ment (Bellen et al., 1959; Jassim and Goff, 2006).

The overlying Chia Gara Formation is composed of thinly bedded
limestones and calcareous shales (Bellen et al., 1959; Jassim and Goff,
2006). The Chia Gara Formation was first defined by Wetzel and Morton
(1950) in Bellen et al. (1959) from the Chia Gara Anticline in the High
Folded Zone, northern Iraq (Al-Ameri and Zumberge, 2012). The age of
the Chia Gara Formation has been determined as Late Tithonian
(Al-Abbasi et al., 2018). The lower contact of the Chia Gara Formation
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Fig. 1. Geological map of Iraqi Kurdistan showing the location of the studied sections and the structural zones of the Zagros Basin/Zagros Fold Belt (after Awdal

et al., 2016).

with the Barsarin Formation is conformable. The upper contact with the
Garagu Formation is both gradational and conformable. The sediments
of the Chia Gara Formation were deposited in a mid-deep shelf setting
(Bellen et al., 1959; Jassim and Goff, 2006).

3. Materials and methods
3.1. Petrography

Petrographic determination for the main components and diagenetic
processes of the Lower Jurassic-Lower Cretaceous carbonate rocks of the
Warte and Ranya sections (both sections in NE Iraq) has been conducted
at the Institute for Geosciences-Geology of Bonn University, Germany.
Microfacies analysis is carried out based on carbonate classification
model of Dunham (1962), whereas standard depositional environment
models and distribution of facies were based primarily on Wilson (1975)
and Fliigel (2010).

3.2. X-ray diffraction

Seventy-one samples from the Sarki, Sehkaniyan, Sargelu, Naoke-
lekan, Barsarin and Chia Gara formations from the Warte section, and
seventy samples from the same formations from the Ranya section were
collected for detailed mineralogical and geochemical analyses. The
selected samples were examined mineralogically, as powder preparation
for bulk sediment using X-ray diffraction (XRD, using a D8 Advance from
the company Bruker AXS GmbH) at the Institute for Geosciences-
Geology of Bonn University, Germany. The data obtained from X-ray
diffraction analysis was then analyzed and quantitatively evaluated
using the software MacDiff 4.2.6 (Petschick, 2002) and the Rietveld
method (Dobelin and Kleeberg, 2015).

3.3. Scanning electron microscopy (SEM)

This technique with energy-dispersive X-ray microanalysis (EDX)
was conducted at the Premier Corex Group, Houston, USA, using an FEI
Quanta FEG 650 F E-SEM instrument equipped with two Bruker EDS
XFlash 5030 energy dispersive X-ray spectroscopy (EDS) detectors, and
an FEI R580 Everhart-Thornley (ETD) electron detector. Freshly broken

surfaces were prepared by breaking rock segments perpendicular to the
bedding. All samples were mounted on aluminum stubs using a
conductive high viscosity glue. They were then sputter-coated with 10
nm of iridium using a Leica EM ACE600 sputter coater prior to being
placed in the SEM. The measurements were performed at high vacuum,
with an accelerating voltage of 10 kV. Each sample was imaged in sec-
ondary electron and backscattered electron mode, at seven different
horizontal field widths (HFWs) — 5 pm, 10 pm, 25 pm, 50 pm, 100 pm,
200 pm, 500 pm, 1000 pm.

3.4. X-ray fluorescence

Geochemical analyses of the same samples were analyzed using X-
ray fluorescence (XRF analysis for major, trace and rare earth elements)
at the Bureau Veritas Laboratory, Canada. The prepared sample is
digested to complete dryness with an acid solution of (2:2:1:1) of
H0-HF-HCIO4~-HNOs3. Aqueous HCI solution (50%) is added to the
residue and heated using a mixing hot block. After cooling, the solutions
are transferred to test tubes and brought to a defined volume using dilute
aqueous HCI solution (2-N). Samples of 0.25 g are analyzed. The accu-
racy and analytical precision were determined using analyses of refer-
ence material (STD OREAS45E_IG and STD SO-18), and duplicate
samples were measured in each analytical set. Duplicate measurements
were conducted for 10% of the analyzed samples (precision 2-3%).

3.5. Stable isotopic C and O analysis

Stable carbon and oxygen isotopes were analyzed using a mass
spectrometer MAT253 (Thermo Fisher Scientific, Bremen, Germany)
equipped with a ConFlo IV and a GasBench II (both Thermo Fisher
Scientific) at the Ruhr University Bochum, Germany.

Carbonate samples ({0.17}0.02 g) were reacted for 90 min at 90 °C
in 100% phosphoric acid to produce CO,. The acid fractionation factor
for calcite was used to calculate the isotope composition. The measured
isotope ratios were calibrated to those measured for the international
calcite standards NBS18 (5'3C= —5.00, §'80= —22.96%, relative to
VPDB) and NBS19 (5'3C= 1.95, §'80= _—2.20%, relative to VPDB). The
external precision is 0.1%o for both 83C and 5'®0 values.
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4. Results
4.1. Studied sections

The studied sections represent the Lower Jurassic-Lower Cretaceous
Warte and Ranya successions that are located in NE Iraq. The Sarki,
Sehkanyian, Sargelu, Naokelekan, Barsarin and Chia Gara formations
can be recognized in both sections. These latter six formations will be
described from base to top, below.

The Early Jurassic-age Sarki Formation from the Ranya section
contains shales, dolomitic limestones, limestones and dolomites. The
dolomitic limestone and limestone beds are fractured, with the veins
infilled by calcite. Load structures were noted within the dolomitic
limestone beds with some parts of the beds also being cavernous (i.e.,
vugs) (Fig. 2A). A range of deformational features were noted, including
stylolites within individual beds as well as joints and thrust faults. In
comparison, the Sarki Formation from the Warte section comprises do-
lomites, dolomitic limestones and shales. Internally, some beds show
evidence of sedimentary structures, such as lamination, hummocky
cross stratification as well as evidence of tectonic deformation in the
form of boudinage structures (Fig. 2B), fractures and joints, while
diagenetic features including liesegang rings were also noted.

The Early Jurassic-age Sehkaniyan Formation from the Ranya sec-
tion consists of shales, dolomitic limestones and limestones with two
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nodular and lenticular chert bands. Internally, some beds show evidence
of sedimentary structures, such as lamination. The dolomitic limestone
and limestone beds are fractured with the presence of calcite veins and
nodules, some parts of the dolomitic limestone beds are cavernous.
Small calcite and quartz geodes were also observed (Fig. 2C). In com-
parison, the Sehkaniyan Formation from the Warte section contains
dolomites, marls and shales with one single dolomitic limestone bed.
Internally, some beds may show evidence of deformation, in the form of
fracturing and jointing (Fig. 2D), or the presence of fractures filled with
calcite. Small quartz geodes were also noted.

The Middle Jurassic-age Sargelu Formation from the Ranya section
comprises dolomitic limestones, limestones and shales with a few bands
of chert (Fig. 2E). The dolomitic limestone and limestone beds are
marked by the presence of calcite veins. Rare bivalves, preserved as
isolated specimens, were recorded within the limestone beds. In
contrast, the Sargelu Formation from the Warte section consists of do-
lomites, dolomitic limestones, limestones and shales with two bands of
chert (Fig. 2F). Internally, there is no evidence of any sedimentary
structures. However, the dolomitic limestones might be laminated.
Deformation, in the form of calcite veins, was noticed within the dolo-
mitic limestones.

The Late Jurassic-age Naokelekan Formation from the Ranya section
comprises mainly shales and limestones. The limestone beds contain
stylolites (Fig. 3A) and calcite veins with one single bed being rich in

Fig. 2. Field photos. A. Cavernous features with box-
work (melikaria) structures in the gray shale, blocky
marl and dolomitic limestone in the Lower Jurassic
Sarki Formation at the Ranya section. B. Boudinage
structure of a dolomite within the dolomitic lime-
stone of the Lower Jurassic Sarki Formation at the
Warte section. C. Calcite and quartz geodes in the
dolomitic limestone of the Lower Jurassic Sehkaniyan
Formation at the Ranya section. D. Fracturing and
jointing in the dolomite, Lower Jurassic Sehkaniyan
Formation at the Warte section. E. A band of chert
(black band) within the Middle Jurassic Sargelu For-
mation at the Ranya section. F. Two bands of chert
(black bands) within the Middle Jurassic Sargelu
Formation at the Warte section. Scales included.
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Fig. 3. Field photos. A. Stylolite in the dolomitic limestone, the Upper Jurassic
Naokelekan Formation at the Ranya section. B. Liesegang rings in the limestone,
the Upper Jurassic Naokelekan Formation at the Warte section. C. Wavy stro-
matolite in the Upper Jurassic limestone in the Barsarin Formation at the Ranya
section. D. Folded beds within the Upper Jurassic Barsarin Formation at the
Warte section. E. The shale and limestone beds in the lower part of the Upper
Jurassic-Lower Cretaceous Chia Gara Formation at the Ranya section. F. Fissile
shales interbedded with dolomitic limestone beds in the lower part of the Upper
Jurassic-Lower Cretaceous Chia Gara Formation at the Warte section.
Scales included.

ammonites. In comparison, the Naokelekan Formation from the Warte
section comprises shales, limestones, and dolomitic limestones, with one
single dolomite bed. Rare ammonites, preserved as isolated specimens,
were recorded within the dolomitic limestone and limestone beds. The
latter beds also contain secondary calcite nodules and stylolites, with
some beds showing liesegang rings (Fig. 3B). Post-depositional defor-
mation in the form of minor folds was also observed in the contact area
(Omar et al., 2022).

The Late Jurassic-age Barsarin Formation from the Ranya section
consists of limestones and shales with chert nodules. The limestone beds
contain planer and wavy stromatolites (Fig. 3C) as well as calcite veins.
In comparison, the Barsarin Formation from the Warte section contains
shales and dolomitic limestones, with only one single limestone bed. It is
also highly fractured and folded (Fig. 3D) due to tectonic deformation (e.
g., box folding).

The Late Jurassic-Early Cretaceous-age Chia Gara Formation from
the Ranya section contains mainly shales and limestones (Fig. 3E).
Internally, there is no evidence of any sedimentary structures. In
contrast, the Chia Gara Formation from the Warte section comprises
mainly fissile shales and dolomitic limestones (Fig. 3F). Internally, there
is no evidence of any sedimentary structures (Omar et al., 2022). It
should be noted that the studied part of the Chia Gara Formation from
both sections (i.e., Warte and Ranya sections) represents the lower part
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of the Chia Gara Formation which is Late Jurassic-Early Cretaceous in
age.

4.2. Petrography

Petrographic investigation of the carbonate units of the Lower
Jurassic Sarki and Sehkaniyan formations from both the Warte and
Ranya sections revealed that the main components are dominated by
skeletal constituents (e.g., bivalves, ostracods, gastropods and echino-
derms) and non-skeletal fragments (e.g., peloids, intraclasts and aggre-
gated grains). These components are embedded in a micritic matrix.
Subsequent post-depositional and diagenetic changes included
compaction as well as severe dolomitization, cementation, and
micritization.

In the Middle Jurassic Sargelu Formation, the main components of
the carbonate rocks show a variety of open-marine faunas, including
radiolaria, posidonia (thin-shell pelecypods), planktonic foraminifera,
calcispheres and ostracods. These skeletal components are also
embedded in micritic matrix, they suffered from various post-
depositional and diagenetic processes including compaction, dolomiti-
zation (as well as dedolomitization), silicification, cementation, and
recrystallization.

In the Upper Jurassic Naokelekan and Barsarin formations, stro-
matolitic structures, in the form of stratified and domal stromatolites,
are predominant. The main skeletal components are represented by
foraminifera, calcispheres, ostracods and bioclastic fragments, in addi-
tion to non-skeletal peloids. Various post-depositional and diagenetic
processes affected these rocks including severe dolomitization (espe-
cially in the Barsarin Formation), cementation, recrystallization and
chemical compaction (stylolite formation).

The petrographic components of the Upper Jurassic to Lower
Cretaceous Chia Gara Formation include radiolaria, sponge spicules,
calcispheres and ostracods.

4.3. Microfacies and depositional environments

A brief description of the main microfacies and their related Standard
Microfacies (SMF; Fliigel, 2010) is presented below, together with the
suggested environments of deposition (Figs. 4 and 5).

4.3.1. Lower Jurassic Sarki and Sehkaniyan formations

4.3.1.1. Mudstone microfacies. This microfacies is commonly dolomi-
tized with an aphanotopic texture of dolomite embedded in micritic
groundmass and common veins filled by sparry calcite (Fig. 4A), it
dominates in the lowermost part of the Lower Jurassic Sarki Formation,
which corresponds to SMF 23 of Fliigel (2010) which represents a
supratidal environment of deposition.

4.3.1.2. Bioclastic wackstone microfacies. Bioclasts form more than 10%
of the components of this microfacies which is mostly dolomitized. This
microfacies exists in the Lower Jurassic Sarki and Sehkaniyan forma-
tions in both the Warte and Ranya sections (Fig. 4B-D) that corresponds
to SMF 9 of Fliigel (2010) and is considered to be indicative of supratidal
and occasional shallow-marine lagoonal environments.

4.3.1.3. Peloidal packstones microfacies. Peloids dominate this microf-
acies in the lower part of the Sarki Formation at the Ranya section
(Fig. 4E) and in the Sehkaniyan Formation in both the Warte and Ranya
sections (Fig. 4F) which corresponds to SMF 16 of Fliigel (2010) and
represents subtidal to shallow restricted lagoonal depositional
environments.

4.3.1.4. Dolostone microfacies. This is the common microfacies in the
carbonate succession of the Lower Jurassic Sehkaniyan Formation
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Micritic groundmass

Fine-crystallinesdolomite

constituting fine-crystalline dolomite (Fig. 4G) and corresponding to
SMF 23, representing deposition in supratidal settings.

In general, the microfacies, as mentioned above, suggest that the
Lower Jurassic formations (i.e., the Sarki and Sehkaniyan formations)
were deposited in tidal flats (supratidal) and restricted lagoons.

4.3.2. Middle Jurassic Sargelu Formation

In the Middle Jurassic Sargelu Formation, several microfacies were
identified in both sections (i.e., the Warte and Ranya sections) as
detailed below.

4.3.2.1. Bioclastic wackstone microfacies. In this microfacies, bioclastic
material forms more than 10% of the total components (Fig. 4H), some
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Fig. 4. Main microfacies of the Warte and Ranya
sections. A. Mudstone microfacies with an aphano-
topic texture of dolomite and fractures filled by
sparry calcite (sample 1 from the Sarki Formation at
the Warte section). B. Bioclastic wackstone microfa-
cies, dolomitized (sample 16 from the Sarki Forma-
tion at the Warte section). C. Bioclastic wackstone
microfacies (sample 33 from the Sarki Formation at
the Ranya section). D. Bioclastic wackstone microfa-
cies with common dolomite (sample 12 from the
Sehkaniyan Formation at the Ranya section). E.
Peloidal packstone microfacies (sample 4 from the
Sarki Formation at the Ranya section). F. Peloidal
packstone microfacies, dolomitized with organic
matter (sample 10 from the Sehkaniyan Formation at
the Warte section). G. Dolostone microfacies (sample
1 from the Sehkaniyan Formation at the Ranya sec-
tion). H. Bioclastic wackstone microfacies, crenulated
bioclasts due to compaction (sample 13 from the
Sargelu Formation at the Ranya section). See Figs. 10
and 11 for sample locations.

Bioclasts

of which are dissolved and then filled by sparry calcite cement.

4.3.2.2. Planktonic foraminifera-Bositra wackstone microfacies. Plank-
tonic foraminifera and Bositra (formerly known as Posidonia) or thin
shelly pelagic pelecypod are common forming more than 10% of the
total components (Fig. 5A). This microfacies correlates with SMF 10
(Fliigel, 2010) and represents deposition in an outer shelf environment.

4.3.2.3. Radiolarian wackstone and Bositra-Radiolarian packstone micro-
facies. Radiolarian wackstone microfacies (Fig. 5B) and Bositra-Radio-
larian packstone microfacies (Fig. 5C) both correspond to SMF 3 and
represent deposition in middle to lower bathyal settings.
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Fenestral laminae with dark
organic matter

4.3.3. Upper Jurassic Naokelekan and Barsarin formations
In the Upper Jurassic Naokelekan Formation, a number of different
microfacies were identified as described below.

4.3.3.1. Laminated mudstone microfacies. This microfacies includes dark
organic matter filling fenestral laminae (Fig. 5D) indicating supratidal
(pond brackish water) deposition.

4.3.3.2. Stratified stromatolite microfacies. Stromatolites dominate this
microfacies (Fig. 5D) that represents deposition in an intertidal to sub-
tidal depositional environments (Logan et al., 1964).

4.3.3.3. Foraminiferal-calcisphere wackstone microfacies. Foraminifera
and calcishperes form together more than 10% of the total components
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Fig. 5. Main microfacies of the Warte and Ranya
sections. A. Planktonic foraminifera-Bositra wack-
stone microfacies (sample 7 from the Sargelu For-
mation at the Ranya section). B. Radiolarian
wackstone microfacies (sample 3 from the Sargelu
Formation at the Warte section). C. Bositra-
radiolarian packstone microfacies (sample 13 from
the Sargelu Formation at the Warte section). D.
Laminated mudstone microfacies, stratified stromat-
olite (sample 3 from the Naokelekan Formation at the
Ranya section). E. Foraminiferal-calcisphere wack-
stone microfacies (sample 2 from the Naokelekan
Formation at the Ranya section). F. Dome-shaped
stromatolitic microfacies (sample 2 from the Bar-
sarin Formation at the Ranya section). G. Mudstone
microfacies, severely dolomitized (sample 2 from the
Chia Gara Formation at the Ranya section). H. Radi-
olarian calcisphere wackstone to packstone microfa-
cies (sample 7 from the Chia Gara Formation at the
Ranya section). See Figs. 10 and 11 for sample
locations.

of the facies (Fig. S5E). They correlate with SMF 3 representing deposi-
tion in an open marine shelf setting.

4.3.3.4. Dome-shaped stromatolitic microfacies. This microfacies is the
dominant one in the Barsarin Formation (Fig. 5F) and corresponds to
SMF 20 representing deposition in an intertidal to subtidal setting.

4.3.4. Upper Jurassic-Lower Cretaceous Chia Gara Formation
The recorded microfacies in the Upper Jurassic to Lower Cretaceous
Chia Gara Formation are described below.

4.3.4.1. Mudstone microfacies. This microfacies is composed domi-

nantly of mudstone which is severely dolomitized (Fig. 5G) representing
an intertidal to subtidal setting.
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4.3.4.2. Radiolarian-calcisphere wackstone to packstone microfacies. Ra-
diolaria and calcispheres form more than 10% of the total component of
this facies (Fig. 5H) and may represent deposition in bathyal settings.

4.4. Mineralogy

X-ray diffraction analysis indicates that calcite and quartz are the
dominant constituents present within the samples. Dolomite has also
been noted, as well as traces of feldspar and some clay minerals. These
latter minerals include illite and kaolinite (Figs. 6 and 7). Detailed ex-
amination of fifteen shale samples using SEM confirms the presence of
these various clays, providing evidence for the presence of illite and
kaolinite (Figs. 8 and 9).

Illite is commonly found in the form of fibers and laths or as platelets
(Figs. 8A, E and 9A, C, F). Kaolinite occurs in hexagonal or booklet-like
grains, some of which are degraded (Fig. 8C and D).

Various polymorphs of calcite have been identified. These include,
euhedral (hexagonal) crystals, star-shaped calcite microcrystals and
clusters of hexagonal and columnar calcite crystals (Fig. 8). These
crystals occur individually, or as infill of chambers in coccoliths (Fig. 9E
and F). Pyrite is found as framboidal clusters (Fig. 9B) and within
sedimentary pore spaces. Pores have also been noted (Figs. 8C and 9D).
Dolomites are present in euhedral shapes (Fig. 8B), while quartz is
commonly found in euhedral quartz crystals with overgrowth (Fig. 8A).

4.5. Geochemistry

XRF analysis of the major, trace and rare earth elements of the six
formations from the Warte and Ranya sections, NE Iraq, was carried out.
A variety of elemental ratios, including Sr/Ba (0.5-160.5 Warte section;
0.2-185 Ranya section), Rb/Sr (0-0.22 Warte section; 0-4.08 Ranya
section), Sr/Cu (1.1-371.7 Warte section; 0.4-126 Ranya section), U/Th
(0.5-55 Warte section; 0.4-54 Ranya section), V/Cr (1-27 Warte sec-
tion; 1-15 Ranya section), Ni/Co (0.5-199 Warte section; 0.3-211.1
Ranya section), V/Sc (9-927.5 Warte section; 5.5-385.5 Ranya section)
and V/(V+Ni) (0.3-1 Warte section; 0.33-1 Ranya section) were
calculated (see Tables 1-4). These data were used to interpret the
paleoclimate, paleosalinity and paleoredox conditions prevailing during
the deposition of the studied formations (Figs. 10 and 11).

4.6. Carbon and oxygen isotope analysis

The relationship between the ratios of carbon (3*3C) and oxygen
(5'%0) isotopes has been utilized by many authors (Fisher et al., 2005; Li
et al., 2016; Hennhoefer et al., 2018) to evaluate the impact of
diagenesis, and the extent to which the oxygen isotopes represent the
initial imprint of the depositional environment. Fisher et al. (2005), Li
et al. (2016), and Hennhoefer et al. (2018) suggested that a positive
relationship between the carbon and oxygen isotope values would
indicate a strong influence of diagenesis on the oxygen isotopes, while a
weak or negative relationship between the carbon and oxygen isotope
values would indicate that the oxygen isotopes were not influenced by
diagenesis.

The carbon and oxygen isotope values, which were calculated as part
of this study, displayed a weak correlation for both the Warte (R%=
—0.07) and Ranya (R?= —0.021) sections. This weak relationship be-
tween the carbon and oxygen isotope values would suggest that the
oxygen isotopes reflect their initial imprint in these sediments. Thus, the
oxygen isotope data provided can be used to evaluate the paleoclimate
conditions present during the deposition of the Early Jurassic-Early
Cretaceous-age Warte and Ranya sediments (Tables 5 and 6), (Figs. 10
and 11).

5. Discussion

Comparative mineralogical and geochemical analyses were carried

114

Marine and Petroleum Geology 156 (2023) 106430

b Goologie -

800
700

600
Qz

300 F [
l ' o 1
Ca
200 | | Ca| | @ Qz
l Do
1
1A Do »‘\‘

' ! | ' [
f \ STt o ) | i
Yl M AT R

I
5 10 15 20 25 30 s 40 45 50 55 60 65 70

100 ]
L ] \
SO Tl
P ORI WYY ALY LTI LA
“26Cuka

Il

eounts Geologie -

1000
800
600 Qz
400

200 | ‘
| \ Iy @

\Qz [ [ | @ i Q
/ | /A "N ¥ { SN |y W
/ Wl | Wil 4f Mk . \
PR PRI P VY . AL YOI 0 P R A

5 10 15 20 25 30 35 40 45 50 55 60 65 70
“2€Cuka
o Goologie -
C Ca
3000
2000
Ca
1000 & =
Ca
Q
Ca
Ca
Ca Ca i« ca Co
a |C
1 1% ca ! } ¥
Y SRRSOV TN, S SOPPY L N~ L W PATIA 1., WL SN WUPIE I & PLIRPIY -0 WL LA VY LU
5 10 15 20 25 30 35 40 45 50 55 60 65 70
“26Cuka

Fig. 6. X-ray diffractograms showing the clay and non-clay minerals in selected
samples from the Lower and Middle Jurassic succession in the Warte and Ranya
sections. A. Sample 10 from the Sarki Formation at the Ranya section. B.
Sample 11 from the Sehkaniyan Formation at the Ranya section. C. Sample 8
from the Sargelu Formation at the Warte section. I = illite; Qz= quartz; F=
feldspar; Ca= calcite; Do= dolomite.

out on the Early Jurassic-Early Cretaceous-age Warte and Ranya sections
from NE Iraq. The six formations representing these periods are the
Lower Jurassic formations (Sarki, Sehkanyian) through the Middle
Jurassic Formation (Sargelu) and the Upper Jurassic formations (Nao-
kelekan, Barsarin) to the Upper Jurassic-Lower Cretaceous Formation
(Chia Gara).



N. Omar et al.

b Geologie -
Ca
4000
3000
2000
Qz
ca .
1000 ca  ca*?
ca | il
Qz Ca
Ca i ca ©@
; ey o | ca ca
1Y SR SUURPRINTURRIRIDN. 1, PN SPRP LY & OV SRR 2L T SPRETTL SOOI P pR ) LW AL WL TR o |
5 10 15 20 25 30 35 40 45 S0 S5 6 65 70
“26Cuka
- Goologie -
B ca
6000
5000
4000
3000
2000-|
CGd ca Caca
1000 ca |
e ca
ca Do e 9
o Qz Ca Ca a
'Y & SESNEES CURSIGN ASEOWES G FPUES W A V"W, W | P L O A L S I, | U | L\ | e
5 0 15 20 25 30 35 4 45 50 55 60 65 70
“26Cuka
oo Goologie -
ca
3000
2000
Q
1000 Qz
(e
@ L oo
ca
K Ca
K Qca I az G ¢ q
K ca K Q Qz H
P30 EEEORY | SR LW WL WA S WP L OV LTI LNV AL LN e, WL | PRI W LV WA WY
5 0 15 20 25 30 35 4 45 S0 55 6 65 70
“26Cuka

Fig. 7. X-ray diffractograms showing the clay and non-clay minerals in selected
samples from the Upper Jurassic and Upper Jurassic-Lower Cretaceous suc-
cession in the Warte and Ranya sections. A. Sample 8 from the Naokelekan
Formation at the Warte section. B. Sample 2 from the Barsarin Formation at the
Warte section. C. Sample 6 from the Chia Gara Formation at the Ranya section.
I = illite; Qz= quartz; Ca= calcite; Do= dolomite; K= kaolinite.

The following discussion will consider a number of important proxies
(i.e., paleoclimate proxies, paleosalinity proxies and paleoredox proxies)
associated with the depositional conditions during which the Lower
Jurassic-Lower Cretaceous successions of NE Iraq were deposited.
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5.1. Paleoclimate proxies

As noted above, a variety of paleoclimate proxies were measured
from the six formations of the Ranya and Warte sections. Geochemical
proxies used includ Ca, Al, Sr/Ba, Rb/Sr and Sr/Cu data (Xu et al., 2010;
Song et al., 2016; Wang et al., 2017; Omar et al., 2020). Additionally,
oxygen isotope values (Bartolini et al., 2003; Weissert and Erba, 2004;
Ruf et al., 2005), and some indicative clay and non-clay minerals
including illite, kaolinite, calcite and quartz (Singer, 1984; Chamley,
1989; Liu et al., 2020) were considered.

Despite of predominance of strontium in carbonate rocks, and the
impact of depositional/diagenetic conditions on redistribution of Sr and
Ca, this element is commonly used as paleoclimate and paleosalinity
proxy along with other trace elements such as Ba, Cu, Rb and Ga
(Marshall and Fairbridge, 1999). Sr is more soluble in aqueous solution
than other elements, and the solubility product of strontium sulfate
(SrSOy4) is larger than, for example, that of BaSO4. Therefore, with
increasing salinity in a waterbody, the initial precipitation of BaSO4
results in higher Sr than Ba concentration. This is one of the properties
that led to an increase in the ratios of both elements from fresh to marine
sediments, and it can be affected by dry and humid paleoclimatic con-
ditions (Zuo et al., 2020). Additionally, some redox-sensitive elements
such as (Cu, Ni, Zn) tend to be more soluble under oxidizing conditions
and less soluble under reducing conditions, and they are delivered to the
sediment mainly in association with organic matter, whilst other pale-
oproductivity proxies such as Ba are solubilized under reducing condi-
tions and may be lost from oxygen-deprived sediments (Tribovillard
et al., 2006).

The Sr/Cu ratio has been used by many authors as an indicator of
paleoclimate conditions. Yandoka et al. (2015) and Song et al. (2016)
suggested that Sr/Cu ratio values of more than 5 denote a hot and arid
climate, while those between 1.3 and 5 indicate a warm, humid climate.
Generally, the Sr/Cu ratio values observed in the samples of all six of the
formations from the Ranya section, NE Iraq, are higher than 5 (see
Table 2), indicating hot and arid climate conditions during deposition.
This conclusion is also supported by the low Rb/Sr ratio values of the
same samples from the Ranya section, where a continuous decrease in
the Rb/Sr ratio values was observed, with a concurrent increase in the
Sr/Cu ratio values (see Table 2), (Fig. 11). It has been suggested (Sinha
et al., 2006; Xu et al., 2010) that an inverse relationship between the
Sr/Cu ratio values and the Rb/Sr ratio values indicates a warm climate
during deposition. The present results are consistent with the results
obtained from the samples of the same studied formations from the
Warte section, which also showed an inverse relationship between the
Sr/Cu ratio values and the Rb/Sr ratio values (see Table 1), (Fig. 10)
(Omar et al., 2022).

The Sr/Ba ratio can be considered as an indicator of salinity and/or
aridity (Wang et al., 2017). High values of the Sr/Ba ratio suggest high
salinity and/or arid climates, while low values would suggest low
salinity and/or humid climates (Wang et al., 2017). Relatively high
Sr/Ba ratio values were recorded from the samples of all six formations
from the Ranya section (Table 2), (Fig. 11). This result suggests that the
climate was characterized by arid conditions, and that salinity values
were high during the deposition of the Jurassic-Lower Cretaceous sed-
iments in the Ranya area. Additionally, the Sr/Ba ratio values attained
from the samples of the same six formations from the Warte section,
display a similar trend (see Table 1 and Fig. 10) which is also indicative
of high salinity and an arid climate (Omar et al., 2022).

The inverse relationship between the Ca and Al values was also
interpreted in terms of salinity and/or aridity (Orhan et al., 2019; Omar
et al., 2020). According to the literature (Orhan et al., 2019; Omar et al.,
2020), a decrease in Al and a corresponding increase in Ca content
suggests that sedimentation occurred during arid conditions. Generally,
the recorded results from the samples of the six formations from the
Ranya section show an inverse relationship between the Ca values and
the Al values (see Table 2, Fig. 11). Therefore, these elemental variations
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would indicate high salinities with arid conditions being predominant
during sedimentation. Similarly, the recorded results from the six for-
mations of the Warte section, also revealed an inverse relationship be-
tween the Ca and the Al contents (see Table 1, Fig. 10) indicating similar
conditions (Omar et al., 2022).

Oxygen isotope values have been used by a number of authors to
provide some indications regarding ancient water temperatures (Bar-
tolini et al., 2003; Weissert and Erba, 2004; Ruf et al., 2005). According
to these authors, negative values of the oxygen isotopes are suggestive of
warm waters, while positive values are suggestive of cool waters. The
samples measured from the six formations of the Ranya section, show
overall negative values for the oxygen isotopes (see Table 6, Fig. 11).
Analysis of the oxygen isotopes from the samples of the same six for-
mations from the Warte section also shows broadly negative values (see
Table 5), (Fig. 10) (Omar et al., 2022). These results might thus be
interpreted as being indicative of warm waters (Bartolini et al., 2003;
Weissert and Erba, 2004; Ruf et al., 2005; Omar et al., 2022) during the
deposition of the Early Jurassic-Early Cretaceous-age sediments in the
Warte and Ranya areas.

Clay minerals can be useful indicators of paleoclimatic conditions,
particularly in sediments that were deposited in marine environments
(Singer, 1984; Chamley, 1989; Li et al., 2016). The clay mineral
assemblage of the studied samples of the six formations from both the
Warte and Ranya sections, as revealed by XRD and SEM studies, is
dominated by illite and kaolinite (especially within a few samples of the
Chia Gara Formation), whilst non-clay minerals are mainly represented
by calcite and quartz. Arid, dry climatic conditions deduced from
elemental geochemical proxies are also suggested by the presence of
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Fig. 8. Scanning electron microscopic (SEM) images
showing: A. Illite platelets (I), calcite in the form of
columnar (hexagonal) (C) and star-shaped forms (Cs),
quartz (Qz) and pores (P), (sample 1 from the Nao-
kelekan Formation at the Ranya section). B. Common
presence of calcite as hexagonal, columnar (C) and
filling fossil (cocolith) chambers (Cs) and dolomite
rhombs (D), (sample 1 from the Naokelekan Forma-
tion at the Ranya section). C. Finely crystalline calcite
grains in the middle part of the photo (Cf), degraded
kaolinite (K) and columnar calcite (C), (sample 8
from the Naokelekan Formation at the Warte section).
D. Star-shaped calcite (Cs), columnar and hexagonal
calcite (C), in addition to hexagonal kaolinite plate
(K) with common pores (P), (sample 2 from the Bar-
sarin Formation at the Warte section). E. Illite plates
and laths (1), calcite grains (C), (sample 6 from the
Chia Gara Formation at the Ranya section). F. Com-
mon calcite in hexagonal and columnar forms (C) and
infills of cocolith champers (Cs), illite plates (1),
(sample 1 from the Chia Gara Formation at the Warte
section).

common illite in the studied rocks (Chamley, 1989). Sediments rich in
illite, chlorite and quartz are interpreted as corresponding to relatively
dry periods (Singer, 1984). Additionally, kaolinite is a good indicator of
humid climates (Chamley, 1989).

The presence of illite in the studied samples from both sections re-
flects the dominance of hot and dry, arid conditions during deposition.
This is also suggested by the common presence of calcite and quartz
which may suggest saline conditions in addition to hot climates (Singer,
1984; Liu et al., 2020).

As noted above, kaolinite is the dominant clay mineral in some Chia
Gara Formation samples (3 samples from the Warte section and the
uppermost sample from the Ranya section). Its presence is suggestive of
periods of warm and humid climatic conditions during the deposition of
this formation (Late Jurassic to Early Cretaceous in age). This climatic
change from hot and arid to warm and humid conditions of the Chia
Gara Formation was similar, in some ways, to the Jurassic-Cretaceous
transition of the Férarp-1 core (southern Sweden), where the climatic
conditions in the area shifted from more seasonally dry to more humid
over the Tithonian-lowermost Berriasian interval (Lindstrom and
Erlstrom, 2011).

5.2. Paleosalinity proxies

As outlined above, some geochemical proxies including Ca, Al and
Sr/Ba can be used as proxies for both salinity and/or aridity (Wang et al.,
2017; Orhan et al., 2019; Remirez and Algeo, 2020; Omar et al., 2020;
Sun et al., 2022) and the values are indicative of a strong relationship
between climates and salinity.
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In addition, the trace element Sr has been used by a variety of authors
as a proxy for salinity and/or evaporation conditions (Read et al., 1995;
Price, 1999; Vincent et al., 2006; Omar et al., 2020; Dashtgard et al.,
2022). It has been suggested that high values of the trace element Sr can
indicate high salinity and/or evaporation conditions within the depo-
sitional area. Indeed, the samples of the six formations from the Ranya
section registered high Sr values (see Table 2, Fig. 11) which support the
suggestion of high salinities and evaporation rates (as a result of the arid
climates) during deposition of the sediments. Similarly, high Sr values
(see Table 1, Fig. 10) were measured in the samples of the same six
formations from the Warte section, which support the idea of high sa-
linities and evaporation rates within the depositional setting of the
Warte section (Omar et al., 2022).

Omar et al. (2020) used a variety of geochemical proxies (i.e., Sr, Ca
and Al) to indicate evaporitic conditions in their study on the petrog-
raphy and geochemistry of the Middle-Upper Jurassic Banik section
from northernmost Iraq. The results obtained from the latter geochem-
ical proxies indicated high salinities and high rates of evaporation
(controlled by aridity) within the depositional environments of the
Middle-Late Jurassic-age Sargelu and Naokelekan formations from the
Banik section in northernmost Iraq.

In summary, the findings from the paleosalinity and paleoclimate
proxies suggest that the depositional areas of the Sarki, Sehkanyian,
Sargelu, Naokelekan and Barsarin formations from both the Warte and
Ranya sections of NE Iraq underwent hot and arid climates with a shift to
warm and humid conditions encompassing the Upper Jurassic to the
Lower Cretaceous strata (Chia Gara Formation).

In addition, deposition of the Middle-Late Jurassic-age successions

11

Marine and Petroleum Geology 156 (2023) 106430

Fig. 9. Scanning electron microscopic (SEM) images
showing: A. Illite laths and fibers (I), (sample 10 from
the Sarki Formation at the Ranya section). B. Fram-
boidal pyrite (Py) and platy illite (I), (sample 8 from
the Sarki Formation at the Warte section). C. Illite,
platy and fibrous (I), (sample 11 from the Sehkaniyan
Formation at the Ranya section). D. Illite (platy, I),
and pores (P), (sample 6 from the Sehkaniyan For-
mation at the Warte section). E. Calcite either in the
form of disseminated grains (C) or infills of cocoliths
(Cs), (sample 12 from the Sargelu Formation at the
Ranya section). F. Illite flakes (I) and common calcite
in hexagonal and columnar forms (C), mostly filling
fossil (cocolith) chamber (Cs), (sample 8 from the
Sargelu Formation at the Warte section).

from the Banik section in northernmost Iraq was also interpreted to have
occurred under warm and arid conditions (Omar et al., 2020, 2021).
This interpretation was based on the geochemical proxies used for
evaporitic conditions, as noted above, in addition to the observed
negative oxygen isotope values within the samples of the Middle-Upper
Jurassic formations of northernmost Iraq. Furthermore, dominance of
warming and aridity during the Jurassic, across the region of northern
Iraq, coincided with a global warming that governed the Jurassic period
(Hallam, 1982; Chao et al., 2021).

5.3. Paleoredox proxies

As noted earlier, a selection of paleoredox proxies were measured
from the studied formations of the Warte and Ranya sections. The
measured proxies, including U/Th, V/Cr, Ni/Co, V/Sc and V/(V+Ni)
ratios (e.g., Hatch and Leventhal, 1992; Jones and Manning, 1994;
Kimura and Watanabe, 2001; Deepulal et al., 2012; Armstrong-Altrin
et al., 2019; Bennett and Canfield, 2020) can provide important infor-
mation about the redox conditions, however, factors other than redox
can also impact the ratios, such as organic matter and enrichment in
some trace elements (S and Fe), (Algeo and Liu, 2020).

Some trace elements such as V, Mo, U and Ni are insoluble in
reducing environments, and they are suggested by many authors (e.g.,
Algeo and Maynard, 2004; Tribovillard et al., 2006) to be sensitive to
redox environments and to allow differentiation of anoxic conditions,
due to their enrichment under these oxic conditions resulting in their
deficiency.

The U/Th ratio has been used by Jones and Manning (1994) as a
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Table 1
Selected major and trace element compositions, including paleoclimate and paleosalinity proxies of the samples from the Sarki, Sehkaniyan, Sargelu, Naokelekan,
Barsarin and Chia Gara formations from the Warte section.

Formation Lithology Cu (ppm) Sr (ppm) Ca (%) Ba (ppm) Al (%) Rb (ppm) Sr/Ba Rb/Sr Sr/Cu
Sal dolomite 4.3 87 17.74 4 0.36 6.8 21.8 0.08 20.2
Sa2 shale 6.2 77 17.01 7 0.94 10.2 11 0.13 12.4
Sa 4 dolomite 1.7 84 19.59 2 0.07 1.9 42 0.02 49.4
Sa 6 shale 18.8 102 6.21 103 4.83 10.1 1 0.1 5.4
Sa7 dolomite 4.3 136 19.14 4 0.21 5.2 34 0.04 31.6
Sa8 shale 24 96 4.91 122 5.27 18.4 0.8 0.19 4
Sa9 dolomite 4 94 19.05 6 0.29 7 15.7 0.07 23.5
Sa 10 shale 9.4 105 14.35 30 1.49 9.3 3.5 0.09 11.2
Sa 1l dolomite 2 126 18.49 100 0.28 7.2 1.3 0.06 63
Sal2 shale 3.2 113 17.06 8 0.95 11.3 14.1 0.1 35.3
Sa 14 dolomite 1.6 84 17.67 3 0.31 6.9 28 0.08 52.5
Sa 15 shale 15.4 103 14.82 48 1.7 11.7 2.1 0.11 6.7
Sa 17 dolomite 4.6 100 18.44 70 0.67 13.8 1.4 0.14 21.7
Sa 18 shale 22.4 100 4.4 133 5.93 13.3 0.8 0.13 4.5
Sa 20 dolomite 3.7 120 19.18 8 0.24 6.6 15 0.06 32.4
Sa 21 shale 49.8 53 4.32 102 5.77 11.6 0.5 0.22 1.1
Sa 24 dolomite 3 89 19.72 4 0.3 4.7 223 0.05 29.7
Sa 28 shale 17.2 116 10.51 88 4.64 8.9 1.3 0.08 6.7
Sa 30 dolomite 2.3 100 20.12 9 0.01 0.6 11.1 0.01 43.5
Sa 31 shale 56.6 285 15.32 115 2.02 12.8 2.5 0.05 5

Sa 34 dolomite 4.9 101 18.53 4 0.52 11.1 25.3 0.11 20.6
Sa 36 dolomite 2.2 79 21.26 3 0.21 2 26.3 0.03 35.9
Sel d.m. 5.2 111 24.32 23 0.66 7.7 4.8 0.07 21.3
Se3 shale 7.5 62 8.85 108 4.03 6.2 0.6 0.1 8.3
Se 4 dolomite 6.4 205 19.83 97 0.28 6.4 2.1 0.03 32
Se 6 shale 13.2 82 8.87 74 3.35 9.1 1.1 0.11 6.2
Se 10 dolomite 1.7 106 19.67 2 0.02 0.8 53 0.01 62.4
Se 13 dolomite 1 47 18.01 2 0.01 0.2 23.5 0.00 47
Se 16 dolomite 0.9 81 20.14 1 0.01 0.4 81 0.00 90
Se 19 dolomite 1.1 36 19.38 1 0.01 0.1 36 0.00 32.7
Se 21 shale 10.2 92 24.46 31 1.52 10.7 3 0.12 9

Se 24 dolomite 1.2 57 19.71 1 0.01 0.4 57 0.01 47.5
Se 27 dolomite 1.9 106 21.11 1 0.09 1.8 106 0.02 55.8
Se 31 shale 17.6 137 21.18 5 0.54 7.7 27.4 0.06 7.8
Sg1 dolomite 18 112 21.86 3 0.29 4.6 37.3 0.04 6.2
Sg3 limestone 8.7 416 35.11 67 0.22 3.1 6.2 0.01 47.8
Sg5 limestone 9.4 223 33.75 9 0.47 4.8 24.8 0.02 23.7
Sg6 shale 10 367 31.19 65 0.23 2.9 5.6 0.01 36.7
Sg7 limestone 5.8 232 33.12 24 0.36 4.1 9.7 0.02 40
Sg7 shale 77.8 260 27.77 44 1.94 20.6 5.9 0.08 3.3
Sg 8 d.m. 50.7 194 22.17 23 1.38 15.7 8.4 0.08 3.8
Sg 8 shale 63.5 302 16.63 159 4.71 51.8 1.9 0.17 4.8
Sg9 d.m. 27.4 286 30.35 24 1.44 14 11.9 0.05 10.4
Sg9 shale 59.7 194 25.38 46 2.69 21.5 4.2 0.11 3.2
Sg 10 d.m. 5.8 317 32.97 586 0.55 6 0.5 0.02 54.7
Sg 10 shale 87 330 21.34 68 1.68 18.6 4.9 0.06 3.8
Sg 11 limestone 14.3 46 1.55 7 0.15 1.5 6.6 0.03 3.2
Sg 11 chert 16 86 3.92 12 0.2 2 7.2 0.02 5.4
Sg 11 shale 54.6 445 19.66 38 1.37 16.5 11.7 0.04 8.2
Sg 12 d.m. 3.7 242 33.91 8 0.11 1.1 30.3 0.00 65.4
Sg 13 shale 41.5 293 18.79 139 1.68 21.1 2.1 0.07 7.1
Na1l shale 56.5 251 16.78 140 2.2 30.7 1.8 0.12 4.4
Na 2 limestone 16.1 399 34.05 89 0.42 59 4.5 0.01 24.8
Na 3 d.m. 7.2 145 34.78 23 0.22 2.7 6.3 0.02 20.1
Na 4 shale 44.3 504 27.75 124 1.29 18.1 4.1 0.04 11.4
Na 6 limestone 8.8 416 34.5 57 0.19 2.4 7.3 0.01 47.3
Na 8 shale 61.4 333 19.51 268 4.18 42.5 1.2 0.13 5.4
Na 10 dolomite 11.7 372 25.13 287 1.28 14.1 1.3 0.04 31.8
Bal limestone 1.2 446 38.07 649 0.16 1.1 0.7 0.00 371.7
Ba 2 shale 9.6 364 33.39 22 0.71 7.2 16.5 0.020 37.9
Ba 3 d.m. 5.5 1007 38.57 27 0.51 4.3 37.3 0.00 183.1
Ba5 shale 5.6 377 31.34 19 0.59 5.1 19.8 0.014 67.3
Ba 6 limestone 4.2 269 38.66 7 0.46 2.5 38.4 0.01 64.0
Ba9 d.m. 11.2 391 36.91 12 0.63 4.4 32.6 0.01 34.9
Ch1 shale 75.9 764 10.04 102 8.12 52.9 7.5 0.069 10.1
Ch 2 d.m. 21.9 761 35.78 27 1.77 11.6 28.2 0.02 34.7
Ch3 shale 7.2 314 33.22 10 0.28 1.4 31.4 0.004 43.6
Ch 4 shale 92.1 1088 15.67 112 6.79 51.7 9.7 0.048 11.8
Ch5 d.m. 7.8 274 36.73 25 0.94 5.5 11 0.02 35.1
Ch6 shale 58.3 549 25.61 54 3.39 22 10.2 0.040 9.4
Ch7 d.m. 1.1 321 30.06 2 0.19 1 160.5 0.00 291.8
Average 19.6 242 22.10 66 1.43 10.4 18.1 0.055 36.7

Formation: Sa= Sarki, Se= Sehkanyian, Sg= Sargelu, Na= Naokelekan, Ba= Barsarin, Ch= Chia Gara.
Lithology: d.m.= dolomitic limestone.
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Table 2
Selected major and trace element compositions, including paleoclimate and paleosalinity proxies of the samples from the Sarki, Sehkaniyan, Sargelu, Naokelekan,
Barsarin and Chia Gara formations from the Ranya section.

Formation Lithology Cu (ppm) Sr (ppm) Ca (%) Ba (ppm) Al (%) Rb (ppm) Sr/Ba Rb/Sr Sr/Cu
Sa0 shale 16.9 82 10.79 68 2.86 11.2 1.2 0.14 4.9
Sal dolomite 4.6 88 19.82 22 0.64 9.8 4 0.11 19.1
Sa 2 shale 22.4 77 11.28 66 2.63 12.9 1.2 0.17 3.4
Sa 4 dolomite 2.7 74 21.37 3 0.19 2.9 24.7 0.04 27.4
Sa5 shale 16.3 75 10.03 66 291 10.2 1.1 0.14 4.6
Sa7 dolomite 1.9 84 20.96 15 0.16 2.2 5.6 0.03 44.2
Sa 8 shale 19 82 6.42 121 4.19 8.1 0.7 0.1 4.3
Sa9 dolomite 2.3 77 20.89 8 0.3 3.4 9.6 0.04 335
Sa 10 shale 33.8 59 0.69 159 7.43 36.1 0.4 0.61 1.7
Sall dolomite 8.6 123 19.65 87 1.08 18.9 1.4 0.15 14.3
Sall shale 6.4 106 16.68 98 0.81 11.9 1.1 0.11 16.6
Sa 12 dolomite 2.7 74 20.23 23 0.2 2.6 3.2 0.04 27.4
Sa1l3 shale 21.1 66 13.19 66 1.84 8.4 1 0.13 31
Sa 14 limestone 1.4 78 33.61 4 0.06 0.7 19.5 0.01 55.7
Sa 15 shale 2.4 70 14.24 18 2.06 22.4 3.9 0.32 29.2
Sa 16 dolomite 1.5 59 20.99 1 0.28 3.3 59 0.06 39.3
Sa 17 shale 28.2 49 3.6 80 5.86 14.1 0.6 0.29 1.7
Sa 19 d.m. 1.3 72 20.99 1 0.03 0.4 72 0.01 55.4
Sa 20 shale 15 90 13.3 52 3.07 37.8 1.7 0.42 6.0
Sa 22 d.m. 1.6 101 22.44 2 0.05 0.9 50.5 0.01 63.1
Sa 24 dolomite 1.5 80 22.85 1 0.07 0.6 80 0.01 53.3
Sa 25 shale 112.3 49 2.58 134 11.88 46.7 0.4 0.95 0.4
Sa 27 dolomite 1.7 72 21.39 1 0.31 3.3 72 0.05 42.4
Sa 28 shale 23.2 57 7.1 93 5.05 23.2 0.6 0.41 2.5
Sa 30 dolomite 1.7 82 21.88 1 0.08 1.4 82 0.02 48.2
Sel dolomite 4.3 94 19.06 15 1.23 17 6.3 0.18 21.9
Se 2 shale 28.9 57 7.95 92 5.51 29.6 0.6 0.52 2

Se 3 dolomite 35 83 20.83 2 0.16 2.4 41.5 0.03 23.7
Se 4 shale 37.1 42 4.93 177 7.14 19 0.2 0.45 1.1
Se 7 dolomite 1 126 21.99 3 0.1 1.5 42 0.01 126
Se 10 dolomite 1.5 76 20.87 2 0.72 1.6 38 0.02 50.7
Se 11 shale 19.1 18 0.66 88 6.33 73.5 0.2 4.08 0.9
Se 12 dolomite 1.5 84 19.4 2 0.07 1.3 42 0.02 56
Se 13 shale 22.6 54 8.54 83 3 18.2 0.7 0.34 2.4
Se 14 shale 64.5 24 0.38 69 6.27 53.4 0.3 2.23 0.4
Se 15 dolomite 1.1 90 20.38 1 0.16 3.7 90 0.04 81.8
Se 17 shale 19.4 50 1.14 161 10.89 190.6 0.3 3.81 2.6
Se 18 dolomite 0.8 87 20.4 1 0.1 1 87 0.01 108.8
Se 19 limestone 3.1 295 31.16 10 0.23 1.8 29.5 0.01 95.2
Se 21 dolomite 0.9 81 21.99 1 0.08 0.6 81 0.01 90
Se 24 dolomite 0.9 35 20.02 1 0.01 0.2 35 0.01 38.9
Se 27 dolomite 1.4 79 24.1 1 0.07 0.6 79 0.01 56.4
Se 31 dolomite 1.9 60 21.57 1 0.07 1 60 0.02 31.6
Sg1 dolomite 29 60 21.85 1 0.2 3 60 0.05 20.7
Sg 4 dolomite 2.6 103 22.79 1 0.23 3.7 103 0.04 39.6
Sg7 limestone 3.3 188 36.12 9 0.55 5.5 20.9 0.03 57
Sg9 dolomite 15.9 111 19.72 3 0.36 5 37 0.05 7

Sg 10 shale 151.9 155 17.61 42 2.4 22.2 3.7 0.14 1

Sg 11 dolomite 46.3 191 18.19 30 1.5 5.6 6.4 0.03 4.1
Sg 11 shale 89.6 181 18.76 52 3.4 30.6 3.5 0.17 2

Sg 12 dolomite 7.4 164 22.18 2 0.1 1.7 82 0.01 22.2
Sg 12 shale 179.3 258 23.15 59 3.22 32.6 4.4 0.13 1.4
Sg 13 chert 14.4 89 4.69 93 0.24 2.3 1 0.03 6.2
Sg 13 limestone 36.5 448 28.41 38 0.93 13.9 11.8 0.03 12.3
Sg 13 shale 31.7 260 20.25 43 0.89 11.3 6 0.04 8.2
Sg 14 chert 11.5 126 6.1 22 0.22 1.8 5.7 0.01 11
Sg 14 limestone 6 352 33.97 12 0.11 1.2 29.3 0.00 58.7
Sg 14 shale 50.9 265 17.58 52 1.1 14.2 5.1 0.05 5.2
Na1l limestone 29.2 380 33.29 91 0.67 13.3 4.2 0.04 13
Na1l shale 37.3 384 24.47 139 0.88 13.6 2.8 0.04 10.3
Na 3 limestone 2 203 35.16 22 0.16 1.3 9.2 0.01 101.5
Bal limestone 2.3 222 35.49 31 0.17 1.9 7.2 0.01 96.5
Ba 4 dolomite 4.1 370 21.46 2 0.28 2.7 185 0.01 90.2
Ba 6 d.m. 5.4 358 35.91 9 0.32 2.7 39.8 0.01 66.3
Ch1 shale 15.8 1089 18.89 36 3.03 13 30.3 0.01 68.9
Ch 2 d.m. 7.5 607 32.37 20 1.5 8.2 30.4 0.01 80.9
Ch 4 shale 12.7 488 27.2 26 1.76 11.2 18.8 0.02 38.4
Ch5 shale 18.5 1644 27.12 30 1.04 5.8 54.8 0.01 88.9
Ch6 shale 28 603 14.11 73 6.2 16.1 8.3 0.03 21.5
Ch7 limestone 11.4 842 27.1 33 2.81 10.2 25.5 0.01 73.9
Average 19.8 193 18.95 41 1.86 13.8 27.5 0.25 34.3

Formation: Sa= Sarki, Se= Sehkanyian, Sg= Sargelu, Na= Naokelekan, Ba= Barsarin, Ch= Chia Gara.
Lithology: d.m.= dolomitic limestone.
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Table 3
Selected trace and rare earth element compositions, including paleoredox proxies of the samples from the Sarki, Sehkaniyan, Sargelu, Naokelekan, Barsarin and Chia
Gara formations from the Warte section.

Formation Lithology Ni Co 18] Th v Cr Sc U/Th V/Cr Ni/Co V/Sc V/(V + Ni)
Sal dolomite 2.8 2.2 0.9 0.5 9 4 0.3 1.8 2.3 1.3 30 0.8
Sa2 shale 8.6 3.8 1.8 0.4 16 7 0.7 4.5 2 2.3 23 0.65
Sa 4 dolomite 1.2 0.5 1.2 0.3 6 2 0.1 4 3 2.4 60 0.8
Sa 6 shale 30.5 15.1 1.7 3.5 80 35 6.4 0.5 2 2 13 0.72
Sa7 dolomite 3.7 1.2 0.9 0.3 8 3 0.1 3 2.7 31 80 0.7
Sa8 shale 28.7 14.2 2.3 2.2 96 45 5.7 1 2 2 17 0.77
Sa9 dolomite 4.5 3.2 2.2 0.2 8 3 0.2 11 2.7 1.4 40 0.6
Sa 10 shale 10.7 5.1 2.1 1.7 31 13 2.5 1.2 2 21 12 0.74
Sall dolomite 2.4 1.2 1.1 0.2 8 3 0.2 5.5 2.7 2 40 0.8
Sa12 shale 3 1.9 1.4 0.2 14 6 0.8 7 2 1.6 18 0.82
Sa 14 dolomite 1.2 1.1 1 0.2 10 4 0.2 5 2.5 1.1 50 0.9
Sa 15 shale 11.4 7 1.9 3.1 27 13 31 0.6 2 1.6 9 0.70
Sa17 dolomite 7.3 3.1 2.2 0.3 14 6 0.5 7.3 2.3 2.4 28 0.7
Sa18 shale 27.7 12.1 3 4.1 92 47 7.2 0.7 2 2.3 13 0.77
Sa 20 dolomite 3.2 2.6 3.1 0.1 16 3 0.2 31 5.3 1.2 80 0.8
Sa 21 shale 84 39.6 19 2.7 181 68 6.8 7 3 21 27 0.68
Sa 24 dolomite 1 0.9 1.1 0.1 7 3 0.1 11 2.3 1.1 70 0.9
Sa 28 shale 46.9 13 20.2 4.4 132 54 4.7 4.6 2 3.6 28 0.74
Sa 30 dolomite 0.1 0.2 1.4 0.1 7 2 0.1 14 3.5 0.5 70 1.0
Sa 31 shale 19.7 7.4 12.6 2.5 139 22 2.6 5 6 2.7 53 0.88
Sa 34 dolomite 9 2.1 5.2 0.1 57 5 0.2 52 11.4 4.3 285 0.9
Sa 36 dolomite 1.5 0.7 1.6 0.2 6 2 0.1 8 3 21 60 0.8
Sel d.m. 3.1 0.9 2.4 1 20 5 1 2.4 4 3.4 20 0.9
Se3 shale 20.2 7.1 3.3 3.3 101 32 4.7 1 3 2.8 21 0.83
Se 4 dolomite 3 1.3 1.6 0.1 14 4 0.2 16 3.5 2.3 70 0.8
Se 6 shale 28.9 13.8 2.1 3.4 60 33 4.7 0.6 2 21 13 0.68
Se 10 dolomite 1.3 0.2 1.1 0.1 4 1 0.1 11 4 6.5 40 0.8
Se13 dolomite 3.3 0.2 1.1 0.1 9 2 0.1 11 4.5 16.5 920 0.7
Se 16 dolomite 0.3 0.2 0.8 0.1 3 1 0.1 8 3 1.5 30 0.9
Se 19 dolomite 0.5 0.2 0.4 0.1 1 1 0.1 4 1 2.5 10 0.7
Se 21 shale 56.3 4.8 1.6 1.6 45 28 2 1 2 11.7 23 0.44
Se 24 dolomite 1.3 0.2 0.9 0.1 2 1 0.1 9 2 6.5 20 0.6
Se 27 dolomite 2.7 0.4 0.9 0.1 5 2 0.2 9 2.5 6.8 25 0.6
Se 31 shale 13.6 1.4 6.7 0.3 24 6 0.6 223 4 9.7 40 0.6
Sg1 dolomite 9.5 1.4 3.8 0.1 28 4 0.3 38 7 6.8 93.3 0.7
Sg3 limestone 25.5 0.2 8.4 0.3 371 31 0.4 28 12 127.5 927.5 0.9
Sg5 limestone 8.7 0.9 2 0.5 14 7 1.5 4 2 9.7 9.3 0.6
Sg6 shale 41 0.9 11 0.2 311 33 0.5 55 9 45.6 622 0.88
Sg7 limestone 18.6 0.3 4.2 0.5 59 19 0.9 8.4 3.1 62 65.6 0.8
Sg7 shale 91.6 10.3 7.5 2 65 29 4.2 3.8 2 8.9 15 0.42
Sg8 d.m. 29.6 4 4.4 1.6 40 14 31 2.8 2.9 7.4 12.9 0.6
Sg8 shale 340.3 30.9 31.4 5.7 650 66 9.1 5.5 10 11 71 0.66
Sg9 d.m. 37.1 7.5 4.9 1.6 54 16 2.5 3.1 3.4 4.9 21.6 0.6
Sg9 shale 78.2 10.7 5.9 2 101 36 3.7 3 3 7.3 27 0.56
Sg 10 d.m. 22.2 2 4.4 0.7 109 11 1.5 6.3 9.9 11.1 72.7 0.8
Sg 10 shale 324.8 9.1 21.1 1.6 484 65 3.3 13.2 7 35.7 147 0.6
Sg 11 limestone 117.4 1.5 1.7 0.1 43 9 0.1 17 4.8 78.3 430 0.3
Sg 11 chert 37.8 1.6 2.2 0.2 64 10 0.4 11 6.4 23.6 160 0.6
Sg 11 shale 369.3 6.1 25 1.3 367 49 3.2 19.2 7 60.5 115 0.5
Sg 12 d.m. 19.5 0.5 3.5 0.2 28 5 0.4 17.5 5.6 39 70 0.6
Sg 13 shale 270 5.7 39.1 1.8 293 50 4.2 21.7 6 47.4 70 0.52
Nal shale 387.8 11.5 32 2.2 323 46 5.6 14.5 7 33.7 58 0.45
Na 2 limestone 69.2 1.6 18.4 0.6 185 24 1.4 30.7 7.7 43.3 132.1 0.7
Na 3 d.m. 39.8 0.2 6.5 0.3 101 10 0.7 21.7 10.1 199 144.3 0.7
Na 4 shale 397.4 3 40.7 1.7 1124 121 2.9 23.9 9 132.5 388 0.74
Na 6 limestone 38.3 0.5 9.2 0.3 293 27 0.5 30.7 10.9 76.6 586 0.9
Na 8 shale 369.4 32.6 28.3 4.7 603 64 7.8 6 9 11.3 77 0.62
Na 10 dolomite 39.1 6.3 6.2 1.7 194 25 2.7 3.6 7.8 6.2 71.9 0.8
Bal limestone 4.3 0.6 1.1 0.2 19 4 0.3 5.5 4.8 7.2 63.3 0.8
Ba 2 shale 39.9 2.6 10.3 0.8 63 14 1.5 12.9 5 15.3 42 0.61
Ba3 d.m. 40.2 2.4 24.3 0.6 60 7 1 40.5 8.6 16.8 60 0.6
Ba5 shale 24.9 1.7 5.8 0.4 46 11 1 14.5 4 14.6 46 0.65
Ba 6 limestone 15.9 1 4.8 0.6 40 7 0.8 8 5.7 15.9 50 0.7
Ba9 d.m. 17.8 7.5 13.3 0.7 175 10 1.5 19 17.5 2.4 116.7 0.9
Ch1 shale 228.3 36.6 349 9.9 640 76 11.6 3.5 8 6.2 55 0.74
Ch2 d.m. 59.4 13.6 6.6 2.2 238 28 3 3 8.5 4.4 79.3 0.8
Ch3 shale 37.6 5.1 5.7 0.3 188 7 0.7 19 27 7.4 269 0.83
Ch 4 shale 295.7 59.4 40.1 8.5 929 76 9.6 4.7 12 5 97 0.76
Ch5 d.m. 13.5 3.8 4.2 0.7 74 10 1.2 6 7.4 3.6 61.7 0.8
Ch6 shale 107.6 21.6 13.1 3.7 210 46 5 3.5 5 5 42 0.66
Ch7 d.m. 1.8 0.9 2.7 0.1 25 3 0.2 27 8.3 2 125 0.9
Average 63.6 6.7 8.4 1.4 139 22 2.2 11.8 5.5 18.5 98.6 0.7

Formation: Sa= Sarki, Se= Sehkanyian, Sg= Sargelu, Na= Naokelekan, Ba= Barsarin, Ch= Chia Gara.
Lithology: d.m.= dolomitic limestone.
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Table 4
Selected trace and rare earth element compositions, including paleoredox proxies of the samples from the Sarki, Sehkaniyan, Sargelu, Naokelekan, Barsarin and Chia
Gara formations from the Ranya section.

Formation Lithology Ni Co U Th v Cr Sc U/Th V/Cr Ni/Co V/Sc V/(V + Ni)
Sa0 shale 20.2 10.3 2.2 2.9 49 24 4.1 0.8 2 2 12 0.71
Sal dolomite 4.4 2.4 1.7 0.3 12 5 0.5 5.7 2.4 1.8 24 0.7
Sa 2 shale 27.6 11.8 4 31 54 23 3.7 1.3 2 2.3 15 0.66
Sa 4 dolomite 2.2 0.7 0.7 0.1 8 2 0.1 7 4 3.1 80 0.8
Sa5 shale 21.1 13.1 1.8 2.8 51 25 4.2 0.6 2 1.6 12 0.71
Sa7 dolomite 1.4 0.6 1.6 0.1 9 2 0.1 16 4.5 2.3 20 0.9
Sa8 shale 30.7 15.9 2.2 2.9 86 36 5.2 0.8 2 1.9 17 0.74
Sa9 dolomite 3.7 1.5 0.7 0.1 9 3 0.1 7 3 2.5 20 0.7
Sa 10 shale 47.3 21 3.8 2.9 126 79 7.3 1.3 2 2.3 17 0.73
Sall dolomite 11.7 6.3 35 0.8 19 8 1.4 4.4 2.4 1.9 13.6 0.6
Sall shale 8 2.6 3.2 0.2 21 8 0.7 16 3 3.1 30 0.72
Sa12 dolomite 2.1 0.7 1.2 0.1 12 2 0.1 12 6 3 120 0.9
Sa13 shale 12.4 5.4 4.7 2.2 38 27 2.7 2.1 1 2.3 14 0.75
Sa 14 limestone 0.6 0.2 1.7 0.1 7 2 0.1 17 35 3 70 0.9
Sa15 shale 8.8 3.6 3 3.7 35 14 2.9 0.8 3 2.4 12 0.80
Sa 16 dolomite 1.7 0.4 1.5 0.1 7 4 0.1 15 1.8 4.3 70 0.8
Sa 17 shale 42 7.4 19.2 1.8 130 63 2.6 10.7 2 5.7 50 0.76
Sa19 d.m. 0.1 0.3 4.8 0.1 8 1 0.1 48 8 0.3 80 1.0
Sa 20 shale 21.3 7.4 8.9 2.4 61 24 4 3.7 3 2.9 15 0.74
Sa 22 d.m. 0.9 0.5 3 0.1 14 2 0.1 30 7 1.8 140 0.9
Sa 24 dolomite 2 0.4 3.1 0.1 11 1 0.1 31 11 5 110 0.8
Sa 25 shale 143.4 13.9 41.8 10 724 138 8 4.2 5 10.3 91 0.84
Sa 27 dolomite 1.8 0.7 2 0.1 9 2 0.1 20 4.5 2.6 20 0.8
Sa 28 shale 44.4 12.9 6.1 4.6 98 40 6 1.3 2 3.4 16 0.69
Sa 30 dolomite 1.7 0.3 5.4 0.1 14 2 0.1 54 7 5.7 140 0.9
Sel dolomite 13 3.6 1.4 0.9 25 6 1.7 1.6 4.2 3.6 14.7 0.7
Se 2 shale 44.2 15.7 5.4 6.2 98 39 7.7 0.9 3 2.8 13 0.69
Se3 dolomite 1.7 0.4 1.3 0.1 7 1 0.1 13 7 4.3 70 0.8
Se 4 shale 59.4 24.5 6.2 3.8 159 75 6.4 1.6 2 2.4 25 0.73
Se7 dolomite 1.9 0.5 2.8 0.1 10 2 0.1 28 5 3.8 100 0.8
Se 10 dolomite 35 0.9 11 0.1 7 3 0.1 11 2.3 3.9 70 0.7
Se 11 shale 30 12.2 1.5 4 133 77 10.6 0.4 2 2.5 13 0.82
Se 12 dolomite 2.7 0.6 0.7 0.1 3 1 0.1 7 3 4.5 30 0.5
Se 13 shale 31 12.1 4.8 2.5 68 28 3.5 1.9 2 2.6 19 0.69
Se 14 shale 52.8 24.4 5 29 145 79 8.6 1.7 2 2.2 17 0.73
Se 15 dolomite 1.3 0.6 0.9 0.1 5 3 0.1 9 1.7 2.2 50 0.8
Se 17 shale 47.6 12.1 5.4 15 138 86 18.1 0.4 2 3.9 8 0.74
Se 18 dolomite 0.8 0.2 1.2 0.1 4 1 0.1 12 4 4 40 0.8
Se 19 limestone 4.8 1 1.8 0.3 12 3 0.4 6 4 4.8 30 0.7
Se 21 dolomite 2.8 0.4 1 0.1 4 1 0.1 10 4 7 40 0.6
Se 24 dolomite 0.1 0.3 0.2 0.1 1 1 0.1 2 1 0.3 10 0.9
Se 27 dolomite 1.2 0.3 0.9 0.1 3 1 0.1 9 3 4 30 0.7
Se 31 dolomite 2.3 0.3 2 0.1 5 2 0.1 20 2.5 7.7 50 0.7
Sg1 dolomite 3.4 0.6 1.7 0.1 8 4 0.1 17 2 5.7 80 0.7
Sg 4 dolomite 2.3 1 1.7 0.1 10 4 0.1 17 2.5 2.3 100 0.8
Sg7 limestone 1.6 0.8 0.6 0.6 6 6 1.1 1 1 2 5.5 0.8
Sg9 dolomite 33.7 1.5 3.6 2 29 6 0.6 1.8 4.8 22.5 48.3 0.5
Sg 10 shale 199.9 19.3 14.7 2.8 139 37 4.1 5.3 4 10.4 34 0.41
Sg 11 dolomite 76.4 7.2 6.5 2.1 84 31 29 3.1 2.7 10.6 29 0.5
Sg 11 shale 167.3 13.3 13.9 3.3 121 36 4.1 4.2 3 12.6 30 0.42
Sg 12 dolomite 8.8 1.6 3.7 0.1 28 3 0.1 37 9.3 5.5 280 0.8
Sg 12 shale 324.8 32.1 23.6 3 163 64 5.4 7.9 3 10.1 30 0.33
Sg 13 chert 58.1 2.2 2 0.2 74 15 0.3 10 4.9 26.4 246.7 0.6
Sg 13 limestone 295.2 3 14.7 1.2 358 43 2.8 12.3 8.3 98.4 127.9 0.5
Sg 13 shale 232 4.7 13 0.9 320 29 2 14.4 11 49.4 160 0.58
Sg 14 chert 53.9 3.3 3.6 0.2 41 13 0.5 18 3.2 16.3 82 0.4
Sg 14 limestone 23.4 1.1 4.7 0.1 60 7 0.4 47 8.6 21.3 150 0.7
Sg 14 shale 268.3 8.7 22.6 1.3 179 31 2.6 17.4 6 30.8 69 0.4
Na1l limestone 156.7 0.9 24.1 1.2 424 54 1.1 20.1 7.9 174.1 385.5 0.7
Na1l shale 295.6 1.4 29.7 1.2 578 56 2.5 24.8 10 211.1 231 0.66
Na 3 limestone 3.3 0.2 3 0.2 16 6 0.4 15 2.7 16.5 40 0.8
Bal limestone 6.8 0.2 6.3 0.3 22 4 0.2 21 5.5 34 110 0.8
Ba 4 dolomite 9.4 3.5 2 0.1 26 3 0.1 20 8.7 2.7 260 0.7
Ba 6 d.m. 10 2.2 4.4 0.5 71 6 0.8 8.8 11.8 4.5 88.8 0.9
Ch1 shale 59.7 4.4 8.8 4.7 277 32 4.4 1.9 9 13.6 63 0.82
Ch 2 d.m. 26.7 2.8 2.4 2.8 100 21 2.2 0.9 4.8 9.5 45.5 0.8
Ch 4 shale 37.8 5 8.1 2 143 23 2.5 4.1 6 7.6 57 0.79
Ch5 shale 49.9 2.4 12.8 1.4 307 21 2.5 9.1 15 20.8 123 0.86
Ch6 shale 98.4 10.3 6.6 8.9 291 53 6.3 0.7 5 9.6 46 0.75
Ch7 limestone 34.6 4.3 3.1 3.9 108 45 4.4 0.8 2.4 8 24.5 0.8
Average 47.2 5.5 6.0 1.8 92 23 2.4 11.2 4.5 14.0 71.4 0.7

Formation: Sa= Sarki, Se= Sehkanyian, Sg= Sargelu, Na= Naokelekan, Ba= Barsarin, Ch= Chia Gara.
Lithology: d.m.= dolomitic limestone.
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Fig. 10. Distribution of the values of paleoclimate, paleosalinity and paleoredox proxies along the sedimentary log of the Warte section, NE Iraq (see also sam-

ple locations).
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Table 5

Carbon isotope (*3C) and oxygen isotope (*®0) records of the samples from the
Sarki, Sehkaniyan, Sargelu, Naokelekan, Barsarin and Chia Gara formations
from the Warte section.

Formation lithology 13C [%o] 180 [%o]
Sal dolomite —0.76 0.13
Sa2 shale —0.52 —-1.03
Sa 4 dolomite 0.82 0.71
Sa6 shale —-0.80 -0.97
Sa7 dolomite —-0.90 -0.29
Sa8 shale -1.23 —2.24
Sa9 dolomite -1.33 -0.32
Sa 10 shale -1.43 —-1.50
Sall dolomite 2.45 -1.11
Sa12 shale —-1.08 —-1.86
Sa 14 dolomite 0.13 0.37
Sa 15 shale —-0.69 —-0.79
Sa17 dolomite -1.24 —-0.30
Sa18 shale —1.49 -2.11
Sa 20 dolomite —1.40 —0.44
Sa 21 shale -1.95 —-1.56
Sa 24 dolomite -1.21 —-0.10
Sa 28 shale 0.99 -3.22
Sa 30 dolomite 1.30 —0.94
Sa 31 shale —3.66 -1.70
Sa 34 dolomite —-0.87 —-0.07
Sa 36 dolomite -3.05 -1.28
Se 1 d.m. -3.27 —10.07
Se 3 shale —5.46 —4.48
Se 4 dolomite —4.44 -0.97
Se 6 shale —0.70 -0.29
Se 10 dolomite —1.48 —0.04
Se 13 dolomite 0.53 -1.18
Se 16 dolomite -2.10 —5.00
Se 19 dolomite 1.47 —6.58
Se 21 shale -7.38 -7.29
Se 24 dolomite 0.14 —-3.09
Se 27 dolomite -1.79 -3.79
Se 31 shale —0.89 -3.34
Sg1 dolomite -3.02 —3.42
Sg3 limestone —2.68 -4.15
Sg5 limestone —0.03 —4.25
Sg 6 shale —3.30 —4.00
Sg7 limestone —5.21 —3.30
Sg7 shale —0.99 —4.91
Sg 8 d.m. -1.76 —2.27
Sg 8 shale -1.21 —3.64
Sg9 d.m. -0.49 —2.84
Sg9 shale -2.84 —-5.28
Sg 10 d.m. —5.82 -3.38
Sg 10 shale -1.94 -4.92
Sg 11 limestone -3.34 -6.57
Sg 11 chert -3.34 —4.92
Sg 11 shale is. is.

Sg 12 d.m. —4.14 —4.21
Sg 13 shale —4.44 -3.70
Nal shale -3.31 -2.22
Na 2 limestone —5.81 —4.64
Na 3 d.m. —5.82 -5.03
Na 4 shale —4.26 —4.06
Na 6 limestone -3.76 —4.26
Na 8 shale -1.61 -3.70
Na 10 dolomite —6.49 -0.99
Bal limestone -9.91 -3.57
Ba 2 shale -9.19 —4.01
Ba 3 d.m. -9.97 -7.77
Ba5 shale —9.69 -5.24
Ba 6 limestone —10.40 -3.94
Ba 9 d.m. -9.49 —4.12
Ch1 shale —4.70 -5.70
Ch2 d.m. —6.04 -5.36
Ch3 shale -8.21 —4.60
Ch 4 shale —4.91 -5.39
Ch5 d.m. —10.65 -3.67
Ch6 shale —-11.18 —4.27
Ch7 d.m. -9.14 —-2.13

17

Marine and Petroleum Geology 156 (2023) 106430

Formation: Sa= Sarki, Se= Sehkanyian, Sg= Sargelu, Na= Naokelekan, Ba=
Barsarin.
Ch= Chia Gara. Lithology: d.m.= dolomitic limestone. i.s.= insufficient signal.

proxy for paleoredox conditions. According to these authors, U/Th ratio
values of greater than 1.25 are considered to be indicative of deposition
under anoxic conditions. Generally, the values recorded from the sam-
ples of the six formations from the Ranya and Warte sections are higher
than 1.25 (Tables 3 and 4, Figs. 10 and 11) suggesting that the sediments
were deposited under anoxic conditions.

Krejci-Graf (1966), Ernst (1970), Dill (1986), Jones and Manning
(1994), and Deepulal et al. (2012) suggested that the ratio of Ni/Co
could be used to provide information with regard to the paleoredox
conditions. According to Krejci-Graf (1966) and Ernst (1970), values of
less than 1 for the Ni/Co ratio may indicate deposition under oxic
conditions, while values more than 1 would indicate anoxic conditions.
Indeed, the values obtained from all six formations are higher than 1
(see Tables 3 and 4, Figs. 10 and 11) strongly suggesting that deposition
occurred under anoxic conditions.

The V/Cr ratio has been considered by Jones and Manning (1994) to
provide some indication to oxygenation conditions in the environment
of deposition. They suggested that in case of ratios of greater than 4.5,
anoxic conditions were predominant, while values of less than 2 suggest
that oxic conditions prevailed (Jones and Manning, 1994). The V/Cr
ratio values of the samples from the Sarki and Sehkanyian formations
from the Warte section, are less than 4.5 (see Table 3, Fig. 10) suggesting
that anoxia was less prevalent within the period during which they were
deposited. Upon moving up one section, the V/Cr ratio values of the
samples from the Sargelu, Naokelekan, Barsarin and Chia Gara forma-
tions are moderately increased to above 4.5. This would suggest, as
noted before, that anoxic conditions became dominant during the time
of their deposition.

In comparison, the samples of the Sarki, Sehkanyian and Sargelu
formations from the Ranya section of NE Iraq, show values of less than
4.5 for the V/Cr ratio (see Table 4, Fig. 11). This would suggest that
sediments of the Sarki, Sehkanyian and Sargelu formations of the Ranya
section were deposited within a time during which anoxia was less
prevalent, except for the uppermost sediments from the Sargelu For-
mation which have high V/Cr values (see Table 4, Fig. 11). This increase
might support the suggestion of a marked increase in anoxia at this time.

The overlying Naokelekan, Barsarin and Chia Gara formations from
the same section (i.e., Ranya) also have V/Cr values of greater than 4.5
(see Table 4, Fig. 11). Again, this would indicate that anoxic conditions
were common during the period of their deposition.

According to Kimura and Watanabe (2001), the V/Sc ratio is indic-
ative of oxygenation conditions. Ratio values of less than 9 suggest
oxidizing conditions, while values greater than 9 suggest that conditions
were suboxic (Kimura and Watanabe, 2001). The V/Sc ratio values of
the samples from the six formations from both sections (i.e., the Warte
and Ranya sections) are all greater than 9, which would suggest depo-
sition within a zone of suboxic conditions (see Tables 3 and 4, Figs. 10
and 11).

Hatch and Leventhal (1992) have suggested that values for the V/(V
+ Ni) ratio that are between 0.54 and 0.84 would suggest anoxic con-
ditions, whilst values greater than 0.84 would indicate euxinic condi-
tions. Commonly, values of the V/(V+Ni) ratio from the samples of the
six formations from both sections range from 0.54 to 0.84 (see Tables 3
and 4, Figs. 10 and 11) again suggesting that anoxic conditions were
predominant during the time of deposition of the sediments of the Warte
and Ranya sections.

In summary, the results obtained from the paleoredox proxies, as
detailed above, indicate that the deposition of the Early Jurassic-Early
Cretaceous-age sediments of NE Iraq probably occurred under anoxic
conditions, with interspersed (and shorter) periods of reduced oxygen
levels. According to Haq (2018), sedimentation through the Hettangian
and Early Sinemurian coincided with low sea-levels, whilst the Late
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Table 6

Carbon isotope (*3C) and oxygen isotope (*®0) records of the samples from the
Sarki, Sehkaniyan, Sargelu, Naokelekan, Barsarin and Chia Gara formations

from the Ranya section.

Formation Lithology 13C [%o] 180) [%o]
Sa 0 shale -1.01 —0.97
Sal dolomite —0.92 —-0.10
Sa2 shale —0.73 —1.46
Sa 4 dolomite —-0.30 -0.28
Sa5 shale -1.25 -0.71
Sa7 dolomite 0.27 -0.13
Sa8 shale —-0.53 -1.21
Sa9 dolomite -0.13 -0.26
Sa 10 shale is. is.
Sall dolomite -1.41 —0.65
Sall shale -1.43 —-1.69
Sal2 dolomite -0.97 —0.38
Sa13 shale -0.71 —-0.83
Sa 14 limestone —2.82 —6.86
Sa 15 shale 0.79 -0.98
Sa 16 dolomite 1.43 0.49
Sa17 shale is. is.

Sa 19 d.m. -3.30 —6.02
Sa 20 shale 113 -1.70
Sa 22 d.m. -0.91 -3.19
Sa 24 dolomite —0.88 -1.31
Sa 25 shale is. is.

Sa 27 dolomite -2.96 -1.10
Sa 28 shale -3.71 -1.90
Sa 30 dolomite -1.25 —2.02
Sel dolomite -0.76 0.02
Se 2 shale -1.07 —3.57
Se 3 dolomite —0.50 —1.08
Se 4 shale —1.47 -1.14
Se7 dolomite —0.89 —-0.19
Se 10 dolomite -1.55 -1.28
Se 11 shale —11.06 —6.93
Se 12 dolomite —0.47 —0.99
Se 13 shale —0.39 -2.07
Se 14 shale is. is.

Se 15 dolomite -1.78 —-0.63
Se 17 shale is. is.

Se 18 dolomite —2.47 -1.36
Se 19 limestone -3.93 —6.45
Se 21 dolomite —2.69 —2.90
Se 24 dolomite 1.40 —6.04
Se 27 dolomite 1.13 —0.98
Se 31 dolomite —0.75 —2.64
Sg1 dolomite —0.64 —2.51
Sg 4 dolomite -0.92 -3.26
Sg7 limestone 0.55 -4.10
Sg9 dolomite -2.49 -3.84
Sg 10 shale —4.17 -5.43
Sg 11 dolomite -1.76 -2.26
Sg 11 shale —1.47 -3.63
Sg12 dolomite -2.99 —4.85
Sg 12 shale —-2.51 —5.08
Sg 13 chert -3.31 —4.43
Sg 13 limestone —3.48 —4.67
Sg 13 shale -3.69 —4.30
Sg 14 chert —4.25 —4.21
Sg 14 limestone is. is.

Sg 14 shale -3.74 —4.33
Nal limestone -8.97 -4.18
Na1l shale —4.39 —4.63
Na 3 limestone —-5.70 -3.82
Bal limestone —8.45 —-5.53
Ba 4 dolomite —-10.07 0.39
Ba 6 d.m. -11.15 -3.77
Ch1 shale -3.22 -5.90
Ch 2 d.m. -2.13 —4.18
Ch 4 shale —4.86 —4.89
Chs5 shale -3.16 —5.83
Ch6 shale -0.75 —4.93
Ch7 limestone —0.52 —4.56

Formation: Sa= Sarki, Se= Sehkanyian, Sg= Sargelu, Na= Naokelekan, Ba=

Barsarin.

Ch= Chia Gara. Lithology: d.m.= dolomitic limestone. i.s.= insufficient signal.
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Sinemurian-Pliensbachian (i.e., the boundary between the Sarki and
Sehkanyian formations) coincided with an eustatic rise. In the Toarcian
(i.e., late Sehkanyian Formation times), there was another eustatic rise
(Hag, 2018). As noted above, the depositional history of both formations
is one which is predominantly supratidal (according to the carbonate
microfacies), with little variation, apart from a deepening to a
coast-adjacent lagoonal setting in the middle of the Sehkanyian For-
mation. However, the sea-level at this time would have been lower than
at both the beginning and end of the depositional period, which does not
quite equate with a deepening. A possible explanation would be that the
water level recorded by the two sections is one which reflects the local
conditions (i.e., relative sea-level) where tectonics also played a major
role (e.g., Murris, 1980; Sharland et al., 2001). As noted by Tavani et al.
(2018), the tectonic architecture of the Zagros region is strongly
controlled by both sedimentary and structural inheritance (e.g., Hessami
et al., 2001; Alavi, 2004; Mouthereau et al., 2012; Tavakoli-Shirazi
et al., 2013). The Mesozoic succession suggests that there was a major
Early Jurassic-age phase of extension with a coeval change from
shallow-to deep-marine environments (Tavani et al., 2018). Clearly, the
pattern observed in Iraq does not correlate suggesting a disconnect be-
tween the two areas. The Sarki and Sehkanyian formations record
mainly a coastal environment with short periods of deepening (but only
to coast-adjacent lagoons). This would suggest that the major phase of
Early Jurassic extension in the Zagros Belt did not extend to N Iraq.
Instead, it would appear that the tectonic evolution of the N Iraq region
was, to a degree, independent - certainly based on the stability of the
observed sediment microfacies. One important aspect, however, which
must be discussed is the possibility that the dolomitization which is
predominant in both the Sarki and Sehkanyian formations has obscured,
or even destroyed, any primary evidence of the original depositional
setting (here, presuming that the setting was one that was different from
the one which is reconstructed on the basis of the existing record) (e.g.,
Purser et al., 1994a, b, Al-Langawi, 2006). The dolomites of the region at
this time mostly show an equiplanar texture which is planar (idiotopic)
(Csat6 et al., 2014; Delizy and Shingaly, 2022).

An eustatic fall of sea-level occurred in the Early Aalenian, with a
subsequent rise from the Late Aalenian onwards (Haq, 2018). There
were two short falls in sea-level in the Bajocian and the latest Callovian
(Haq, 2018). The depositional record of the Sargelu Formation covers
the period from the Aalenian through to the Callovian, and could be
expected to reflect the sea-level rise, which is the case, to an extent. The
environment of deposition is interpreted as being supratidal/subtidal for
much of the formation, with shelf or even bathyal settings recorded from
the uppermost parts of the formation. Such settings would agree broadly
with the eustatic record (cf. Haq, 2018) of a gradual deepening of the
basin. As with the underlying formations, however, the supra-
tidal/subtidal signal may be one that is secondary, given the degree of
dolomitization which the rocks underwent (cf. Zenger, 1972; Al-Ju-
boury and Durovic, 1996; Sena et al., 2014; Al-Haj et al., 2019). The lack
of fabrics within the dolomites (i.e., possibly fabric destructive rather
than fabric retentive) would suggest that the degree of diagenesis was
significant. The dolomitization most probably occurred as a result of
seaward hydrodynamic reflux of Mg-enriched brines, with the conti-
nental supratidal sabkhas providing ideal conditions for brine evolution.

The Oxfordian and Kimmeridgian are absent from the succession,
with the disconformable Naokelekan Formation representing the Early
Tithonian, whilst the conformable overlying Barsarin Formation repre-
sents late Early Tithonian to Middle Tithonian. As noted by Haq (2018),
there was a sea-level rise at the Kimmeridgian-Tithonian boundary.
Deposition within the Naokelekan Formation has been interpreted as
being bathyal in the Ranya section, but supratidal in the Warte area.
These two sections (i.e., Warte and Ranya sections) are ca. 70 km apart
but located in different structural zones of the Zagros Belt, namely, the
High Folded Zone, and the Imbricated Zone. These two zones are
separated from one another by folding and faulting (Murris, 1980;
Sharland et al., 2001; Abdulnaby, 2019). This distance, as well as the
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fact that the sections are located in different tectonic units, may explain
the observed differences in terms of depositional setting.

In contrast, the overlying Barsarin Formation in both the Warte and
Ranya sections has been interpreted as having been deposited in an
intertidal to subtidal setting, and this despite the different tectonic zones
(see above). As noted above, the Naokelekan Formation sedimentation
in the Ranya section, which has been suggested to have occurred in deep
waters, contrasts with the depositional case of the Naokelekan Forma-
tion elsewhere in NE Iraq (i.e., the Warte section) which has been
interpreted as having occurred in shallower waters. This disparity in
terms of sea-level rising versus the suggested shallower depositional
environments (i.e., intertidal to subtidal) in the area of the Warte and
Ranya sections, has also been observed in the Barsarin Formation. A
reasonable interpretation is that ongoing tectonic activity related to the
period of Cimmerian uplift (Buday, 1980) resulted in the formation of
small silled sub-basins (see also Omar et al., 2020, 2021) within the
broader Zagros Basin/Zagros Fold Belt and the depositional settings of
the Upper Jurassic (Naokelekan and Barsarin) formations. This tectonic
fragmentation within the marine depositional settings (i.e., areas of
higher and lower relief) can also be observed in the lowermost part of
the Chia Gara Formation in the Ranya section, which has been inter-
preted as having been deposited in an intertidal to subtidal setting. On
the other hand, sedimentation of the overlying parts of the Chia Gara
Formation in the same section and in the Warte section, was interpreted
to have occurred within bathyal settings. This latter interpretation cor-
relates well with the sea-level signal through the Late Tithonian, which
remained high (Haq, 2018).

The observed differences in depositional settings within the strati-
graphic units may also explain the differences in oxygen levels
measured, where anoxic facies were predominant within the sub-basins
active in the region.

6. Conclusions

Various elemental ratios of major and trace elements (Sr, Ca, Al, Sr/
Ba, Rb/Sr and Sr/Cu) integrated with oxygen isotopic geochemistry of
the Early Jurassic-Early Cretaceous-age Warte and Ranya sections, were
utilized to reconstruct the climate conditions prevailing during the Early
Jurassic-Early Cretaceous period of NE Iraq. The obtained results sug-
gest that a hot and arid climate dominated most of the Jurassic time.

During the deposition of the Late Jurassic-Early Cretaceous-age Chia
Gara Formation in both the Warte and Ranya sections, the climate
changed from predominantly arid to more humid conditions. A change
in clay mineralogy was observed, from the dominance of illite to
increasing amounts of kaolinite within the Chia Gara Formation, where
the presence of the latter mineral clearly reflects more humid conditions
during this period (Late Jurassic-Early Cretaceous) in NE Iraq.

Petrographic and microfacies analyses of the carbonate units of Early
Jurassic-Early Cretaceous-age Warte and Ranya sections in NE Iraq
indicated that the Warte and Ranya sediments had mainly formed within
tidal flats (supratidal) and in restricted lagoons, as well as in shallow
marine and bathyal settings during the Early Jurassic-Early Cretaceous
period.

Geochemical proxies for the redox state (U/Th, V/Cr, Ni/Co, V/Sc
and V/(V-+Ni) revealed that conditions during deposition of the Warte
and Ranya sediments were likely anoxic with periods of low oxygen.
This difference between paleoredox and depositional conditions is likely
related to variations in tectonic settings within the Zagr,s Belt, which
extends across the region of northern Iraq.
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Abstract: Lithological, petrographic, and geochemical analysis of the Middle to Upper Jurassic suc-
cession (i.e. Sargelu and Naokelekan formations) from northernmost Iraq were undertaken with the
aim of providing an updated discussion for their sedimentary and diagenetic histories, as well as
examining the evaporation proxies and palacoredox conditions under which these two formations
were deposited. Lithologically, the Sargelu Formation comprises massive dolomites, interbedded
with shales, rare cherts and one single limestone bed, whilst the Naokelekan Formation consists of
shales overlain by limestones and one single dolomite bed. Petrographic analysis of both formations
revealed the presence of rare ostracods, bioclastic fragments as well as calcispheres. Five main micro-
facies were recognized, including bioclastic wackestone, mudstone, dolorudite, dolarenite and dolo-
micrite microfacies. The shales comprise clay minerals assemblages (illite/muscovite and kaolinite)
with some quartz, alkali feldspar and rare pyrite. The Sargelu Formation was probably deposited in a
shallow-marine environment. In contrast, the Naokelekan Formation is hypothesized to be deposited
in a restricted shallow-lagoon environment. Palacoredox indicators suggest that both formations were
accumulated under anoxic conditions, most probably in silled basins where water circulation was
restricted. Tectonic activity thus resulted in basin compartmentalization across the region, which also

explains the marked differences which are often observed.

Key words: Palacoenvironment, geochemistry, deposition, carbonate.

1. Introduction

Northern Iraq is situated within the Zagros Basin/Za-
gros Fold Belt, an area which is rich in hydrocarbons,
and which forms part of the broader, oil-rich Arabian
Plate (Fig. 1) (Jassim & Gorr 2006; ABpurLa 2010;
SorkHABI 2010; LE Garzic etal. 2019). Estimates of
the oil reserves suggest that the area contains approx.
45 billion barrels of Iraq’s total of 115 billion barrels
of oil reserves (AL-ZUBAIDI & AL-ZEBARI 1998; Jas-
SIM & AL-GAILANI 2006; HiLL & SHANE 2009; AL-
AMERI & ZUMBERGE 2012; MOHIALDEEN etal. 2013;
ArL-AMERI etal. 2013). The Middle and Upper Jurassic
sedimentary successions of Northern Iraq contain very
significant carbonate source units interbedded with

© 2020 E. Schweizerbart’sche Verlagsbuchhandlung, Stuttgart, Germany
DOI: 10.1127/njgpa/2020/0916

highly porous and permeable siliciclastic reservoir
units (OMAR etal. in preparation). That these carbonate
units are excellent source rocks is due to the high total
organic carbon (TOC) contents in the Sargelu and Na-
okelekan formations (OMAR etal. in preparation).

The present study focuses on the Middle to Upper
Jurassic succession of the Banik section from north-
ernmost Iraq. The two formations representing these
periods are the Sargelu and Naokelekan formations,
respectively. Although much work has been carried
out on these formations, particularly on the petrology
and organic geochemistry (e.g., AL-AHMED 2006; AB-
DULA 2010; AL-AMERI & ZUMBERGE 2012; AL-AMERI
etal. 2013; ABpurLa 2017), the sedimentology (e.g.,
Sarag 2001; SHAREZWRI 2015; ABDULA etal. 2015)
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and the shale geochemistry (e.g., ToBia etal. 2019), to
date, there has not been a comprehensive examination
of the petrography and microfacies of the carbonates
integrated with the geochemistry of the clastic rocks.

This study initially describes the lithological, pe-
trographic and microfacies of the carbonates of both
Jurassic formations from the Banik area, in order to
provide an updated interpretation for their depositional
environment. Subsequent geochemical analysis of the
intercalated shales will provide additional information
on palaeoredox, evaporitic and diagenetic conditions,
which can be integrated into a new depositional envi-
ronment for the region.

2. Geological setting

The study area, situated within the Kurdistan region of
Iraq, forms part of the northeastern margin of the Ara-
bian Plate (ABDULA 2017; KONERT etal. 2001), which
can be subdivided into three broad geological areas:

130

the Arabian Shield to the west, the Arabian Platform
in the centre and the Arabian Gulf in the east (Fig. 2)
(Jaru etal. 2016). Located at the junction of the Arabi-
an Plate (i.e. Arabian Platform area) and the Eurasian
Plate, the region of northernmost Iraqi Kurdistan, is
situated within the Zagros Basin/Zagros Fold Belt on
the northeastern boundary of the Arabian Plate (ABDU-
LA 2017; Liu etal. 2018). This foreland basin, covering
an area of about 500x103 km* has a NW—SE length
of c. 2300 km, extending from Turkey to SE Iran, and
a NE-SW width of 100-300km (Liu etal. 2018). It
formed as a result of the collision between the con-
tinental Arabian Plate and the continental segments
of the Eurasian margin (BEYyDOUN etal. 1992; TaL-
BOT & ALAVI 1996; STaMPFLI & BOREL 2002). In Iraq,
the foreland basin is bounded by the Khleisia Uplift
(a Mesozoic-age stable shelf region) to the west, and
by the Mesopotamian Basin to the south (see Fig. 3).
As noted above, the Zagros Basin/Zagros Fold Belt
contains sedimentary rocks ranging in age from Ju-
rassic to Tertiary, i.e. dominated by a thick Mesozoic
succession.
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The exposed Jurassic formations in the Kurdistan
region of Iraq crop out as isolated patches within the
eroded cores and limbs of anticlines in the structur-
al zones of the broader Zagros Basin (Numan 2000).
These structural zones include, from SW to NE, the
Low Folded Zone (or Foothills), the High Folded Zone
and the Thrust Zone (Jassim & GOFF 2006). In a recent
review, ZAINY etal. (2017) noted that the Thrust Zone
could be considered to be a subzone (i.e. the North-
ern (Ora) Thrust Subzone) within the Imbricated zone,
with this latter zone being subdivided into two sub-
zones, namely, the Balambo-Tanjero Subzone and the
Northern (Ora) Thrust Subzone. The Banik section,
which was examined as part of this study, is located
near the boundary between the High Folded Zone and
the Thrust Zone (Fig. 3).

The Sargelu Formation was first recognized and
described by WETZEL (1948) and subsequently cor-
related with successions in Iran (JAMES & WyND
1965), Turkey and Syria (ALTINLI 1966; DUBERTRET
1966). AL-OMARI & SADIQ (1977) suggested that the
Sargelu Formation was Middle Jurassic in age, and
an Aalenian—-Bajocian age was later confirmed by

AL-Dujairy (1994). However, more recently a paly-
nomorph study by AL-AMERI etal. (2012) suggested
a Bajocian—Bathonian, and possibly Early Callovian
age. Thus, while a Middle Jurassic age was confirmed,
there are still problems in terms of the stratigraphic
precision. Further age analysis of the formation would
be useful. The lower contact in the type area, as well
as to the N and NE, is usually gradational and con-
formable. In the subsurface, the boundary is defined
by the last occurrence of anhydrite (JAssiM & Bubpay
2006b). SALAE (2001) described the upper contact of
the Sargelu Formation with the overlying Naokelekan
Formation, noting that it is concordant. Recognition
of the upper contact in northernmost Iraq, however, is
difficult but it is generally assumed to be gradational
(Bupay 1980). The lack of chert and abundant Bos-
itra bivalves and ammonites distinguish the Sargelu
Formation from the overlying Naokelekan Formation
(WETZEL 1948; SALAE 2001; BALaky 2004). In ad-
dition, the Naokelekan Formation contains bitumen
(WETZEL 1948), although bitumen was also noted
within the underlying Sargelu Formation (OMAR etal.
in preparation).
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Fig. 3. Geological map of Iraq showing the study area and the structural zones of the Zagros Basin/Zagros Fold Belt (after

AL-AMERI etal. 2012).

Lithologically, the Sargelu Formation, in its type
section, comprises 115m of thinly-bedded, bitumi-
nous limestones, dolomitic limestones and black
shales. Towards the top of the formation, thin chert
beds occur (WETZEL 1948; Jassim & Bupay 2006b).
In the subsurface, higher proportions of shale as well
as rare fine-grained sandstones have also been not-
ed (Jassim & Bupay 2006b). In addition, formation
thicknesses in Iraq can vary from 74—447m (JAsSIM &
Bupay 2006b). Fossils are abundant and typically
pelagic, including pelecypods, gastropods, echino-
derms (including sponge spicules), radiolarians, algae
(Globochaeta), calcispheres, ostracods, and foramini-
fera (van BELLEN etal. 1959; Jassim & Bupay 2006b).

132

In addition, the upper part of the Sargelu Formation
comprises a microfacies with thin-shelled pelecypods
as well as ammonites (JassiM & Bupay 2006b).

The type section of the overlying Naokelekan For-
mation comprises 20m of sediment. It can be sub-
divided into three units (WETZEL & MORTON 1950)
although the original order of the succession was
subsequently altered by newer work from AL-SAyyaB
etal. (1982) and Jassim & Bupay (2006b). In addition,
a better-exposed supplementary type section was de-
scribed by van BELLEN etal. (1959). From base to top,
the three units include, a) thinly-bedded, bituminous
limestones with intercalated bituminous black shales
and limestones, b) thinly-bedded, fossiliferous dolo-
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mitic limestones, and, ¢) thinly-bedded, highly bitumi-
nous dolomites and limestones interbedded with black
shales in the lower part (this upper unit is mostly ob-
scured in the type section). The age of the Naokelekan
Formation has been determined on the basis of fos-
sil content, including belemnites, stromotoporoids,
foraminifera and algae, and is considered to be Early
Callovian—Kimmeridgian (JAssiM & Bupay 2006b).

3. Palaeogeography

During the Late Mesozoic and Early Cenozoic, sedi-
mentation in the Zagros Basin/Zagros Fold Belt was
controlled by local tectonics, eustatic sea-level chang-
es, and climate variations (EDILBI & SHERWANI 2019)
and was intimately associated with the evolution of
the Neo-Tethys Ocean (e.g., Korpr 2019). The open-
ing of this ocean took place in two stages, the initial
stage (Permian through to the Middle Triassic) co-
incided with rifting along the Zagros Suture and the
separation of the Iranian Plate, which moved from the
Arabian Plate towards the Eurasian Plate (BEYDOUN
1991; SADOONI & ALSHARHAN 2004; MUTTONI etal.
2009; Liu etal. 2018). The second stage occurred
in Late Triassic-Middle Jurassic times, the period
during which Neo-Tethys attained its maximum width
(4000 km) (SapooNI & ALSHARHAN 2004). From Ju-
rassic through to Late Cretaceous times, sea-level fluc-
tuations, in conjunction with slow subsidence, led to
the development of large, but shallow, intrashelf ba-
sins on the passive margins of the Neo-Tethys Ocean
and the Arabian Plate (MURRIs 1980).

The Phanerozoic history of the region can be sub-
divided, on the basis of tectonic and geological anal-
ysis, into five evolutionary phases, which can be
further subdivided into 11 tectonostratigrapic mega-
sequences (SHARLAND etal. 2001). These are termed
AP1-API11 (SHARLAND etal. 2001). Of particular in-
terest to this study is AP7 (Mid-Late Jurassic Megase-
quence) which was deposited during a period of isola-
tion of the Mesopotamian Basin from the Neo-Tethys
Ocean, probably as a result of renewed rifting along
the NE margin of the Arabian Plate (JassiM & Bupay
2006b). The base of the AP7 megasequence coincides
with the deposition of the deeper-water argillaceous-
calcareous Sargelu Formation (corresponding to the
shallow-water, sandy-calcareous Muhaiwir Formation
on the shelf) in Iraq (AL-SAYYAB etal. 1982; Jassim &
Bupay 2006a).

The Late Jurassic formations of the AP7 mega-
sequence include the Naokelekan Formation which
represents a period of extremely low productivity,
probably due to basin restriction (SHARLAND etal.
2001). This corresponds to shallow-water shelf en-
vironments located along the western basin margin
(clastic-carbonate: Najmah and Saggar formations,
and carbonate-evaporite: Najmah and Gotnia forma-
tions) (Jassim & Bupay 2006b). These differences are
also reflected in the recorded sediment thicknesses,
for example, the Najmah-29 well on the western basin
margin (Najmah Formation) contains almost 700 m of
carbonates, whereas the sediments in the basin centre
(Iraqi Zagros Basin/Zagros Fold belt) are only 130m
thick (van BELLEN etal. 1959).

In general, the AP7 sediments can be characterized
as organic rich (i.e. hydrocarbon source units). These
units were intercalated with highly porous and perme-
able shallow-marine carbonates and siliciclastic sedi-
ments (i.e. reservoir units) and subsequently overlain
by evaporites or non-permeable sediments (i.e. seal
units). The Jurassic- and overlying Cretaceous-age
sedimentary succession of Northern Iraq thus forms a
closed petroleum system (i.e. petroleum play) (MUR-
RIS 1980; BEYDOUN 1991; SHARLAND etal. 2001).

4. Materials and methods

A total of 34 carbonate and shale samples from the Sargelu
and Naokelekan formations in northernmost Iraq were col-
lected for detailed analysis (i.e. mineralogy, geochemistry,
microfacies). The samples were collected along a 32 m thick
profile — the Banik section. This lithological profile com-
prises the Middle to Upper Jurassic succession (i.e. Sargelu
and Naokelekan formations; see Fig. 4 for a detailed sedi-
mentary log).

Twenty-two carbonate samples (dolomites, limestones)
were examined petrographically. Thin sections were pre-
pared in the Institut fiir Geowissenschaften-Geologie, Bonn
University and were stained with Alizarin Red solution
(ARS) following the procedure of FRIEDMAN (1959). Micro-
facies analysis, based on the DuNHAM (1962) classification,
was used to interpret the depositional environment. The ma-
jor and trace elements of 12 shale samples were analysed
(XRF) while mineralogical constituents were determined
using the XRD in order to provide additional information
concerning the depositional environments. Eight carbonate
and shale samples from both the Sargelu and Naokelekan
formations were examined using scanning electron micros-
copy (SEM) with energy- dispersive X-ray microanalysis
(EDX). These latter were measured at the Nees Institute lab-
oratory, Bonn University.
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5. Lithological analysis

The present study was carried out at one important
outcrop (Banik section) where a high-resolution lith-
ological profile was measured illustrating the transi-
tion from the Middle Jurassic-age Sargelu Formation
through to the Late Jurassic-age Naokelekan Forma-
tion (Fig. 4). This profile was measured in a region
where, due to recent political upheavals, access is now
forbidden. Thus, this work — presenting as it does a
length of nearly 32 m — will remain unique for the fore-
seeable future. The profile will be described from base
to top, below.

5.1. Sargelu Formation

The base of the profile commences with the lower part
of the Sargelu Formation (8 m). This generally con-
sists of grey dolomites, with individual beds ranging
in thickness from c. 1.0 to 4.0m. Individual dolomite
beds are generally massive, although some may show
evidence of vuggy porosity, or the presence of veins
filled with white calcite (Fig. 5A). Bed boundaries are
horizontal and often sharp, and are laterally continu-
ous across the outcrop (up to 21 m). Internally, there is
no evidence of any sedimentary structures.

Moving up section, the dolomites pass into alternat-
ing beds of dolomite which are interbedded with grey-
dark grey, friable bituminous shales as well as rare
cherts and one single limestone bed (Fig. 5B). This in-
terval is 13 m thick. Dolomite beds range in thickness
from 0.3 to 2.0m, while the shales range from 0.1 to
1.5m (Fig. 5C).

The single limestone bed, which is 2.0 m thick, can
be classified petrographically as a bioclastic wacke-
stone (cf. DuNHAM 1962). This microfacies com-
prises a wackestone (i.e. 40% grains in a micritic
matrix) where the individual grains consist of some
bioclasts and rare ostracods (Loricoecia loricate)
(Fig. 6A). These latter skeletal grains range in size
from 300-500 um, while the individual clasts are fine
grained (i.e. 100 to 250 um in size), and moderately
sorted. The surrounding matrix is, as noted above, mi-
critic with rare, patchily distributed, organic matter.
SEM and EDX analysis revealed that the grains are
mainly CaCO; (main elements: Ca, C, O) (Figs. 7A
and 8A area 2), while the organic matter comprises
mainly C and S (Figs. 7A and 8A area 1).

Several chert beds occurring near the top of the
Sargelu Formation range in thickness from 0.2-0.5m.
The cherts are grey to black in colour, with calcite
veins present (Fig. 5D). The chert beds are parallel
to bedding with sharp upper and lower contacts. The
uppermost part of the Sargelu Formation, i.e the tran-
sition to the Naokelekan Formation, is marked by a
final bed of dolomite, which represents the boundary
between the Middle and Upper Jurassic.

5.2. Naokelekan Formation

The lower part of the Naokelekan Formation (5 m thick)
consists of grey-black, friable shales. Bed thickness
ranges from 0.5 to 2.0m (Fig. 5E). The shales are bi-
tuminous and appear to be rich in organic material.
Above this shale-rich interval is the upper part of the
formation (5m) which comprises limestones. Individ-
ual limestone beds, which are grey to yellow in co-
lour, range from 0.5 to 3m in thickness (Fig. 5F). The
beds of limestones are horizontally bedded, with sharp
beds boundaries. Internally there is no evidence of any
sedimentary structures, with the beds being essentially
massive. Petrographic analysis has revealed that the
limestones are mainly mudstones (cf. DuNHAM 1962),
with rare floating skeletal grains such as calcispheres
(less than 10% of the facies composition). Fe-oxides
were also noted, as well as rare, patchily-distributed
organic matter (Fig. 6B). SEM and EDX analysis re-
vealed the presence of Fe and O in the oxides (Figs. 7B
and 8B area 2), with C and S being noted from the
organic material (Figs. 7B and 8B area 3). The upper-
most bed of the Naokelekan Formation, i.e the contact
area with the overlying Barsarin Formation, is 1.0m
of dolomite. It is grey to yellow in color, horizontally
bedded, and with sharp upper and lower boundaries.

5.3. Dolomite in the Sargelu and Naokelekan
formations

As noted above, dolomite is a common mineral within
the two formations of the Banik section. Three types
of dolomite have been noted and are described below.
Medium-crystalline dolomites (dolorudites): Compris-
ing a variety of grains in a micritic matrix (20 %), this
microfacies is widespread throughout the upper part
of the Sargelu Formation, with a particular concentra-
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Fig. 5. (A) Massive dolomites of the lower part of the Sargelu Formation. (B) The upper part of the Sargelu Formation.
(C) Thin shale beds alternates with dolomites (black arrows) in the upper part of the Sargelu Formation. (D) Chert beds
(black arrows) within the upper part of the Sargelu Formation. (E) Shales of the lower part of the Naokelekan Formation.
(F) The limestones of the upper part of the Naokelekan Formation. Scales included.
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Fig. 6. Microfacies and diagenetic features of the Sargelu and Naokelekan formations. (A) An ostracod shell with some bio-
clasts within the bioclastic wackestone microfacies. (B) Iron oxides, fracture porosity, and rare floating skeletal grains within
the mudstone microfacies. (C) Peaked low amplitude stylolites within the dolorudite microfacies. (D) Scattered crystals
of pyrite within the dolarenite microfacies. (E) Dolomicrite microfacies. (F) Peaked high amplitude stylolites and channel
porosity filled with bladed calcite cement. (G) Vuggy porosity. (H) Drusy calcite cement. (I) Saddle dolomite cement. (J) Ag-
grading neomorphism. (K) Micrite envelopes coating some of the carbonate grains. (L) Anhydrite cement. Scales included.

tion in the contact area with the overlying Naokelekan
Formation. The dolomite crystals are mainly medium
sized (c. 100-250 um) and the microfacies also in-
cludes rare limestone lithoclasts (c. 400—-600 pm). The

dolomites are characterized as planar e and s (euhe-
dral to subhedral) crystals in a hypidiotopic mosaic
(cf. SBLEY & GREGG 1987). Patchily-distributed and
rare organic matter was also noted (Fig. 6C).
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Fine-crystalline dolomites (dolarenites): This mi-
crofacies is restricted in terms of its occurrence to the
lower part of the Sargelu Formation. The microfacies
is dominated by fine dolomite crystals (30 to 60 um
in size), with the micritic matrix comprising <10%
of the rock. These dolomites are composed of planar
e and s (euhedral to subhedral) crystals in a hypidio-
topic mosaic (cf. SIBLEY & GREGG 1987). Rare lime-
stone lithoclasts (c. 350-500 um) and pyrite crystals
(c. 3050 pm) were also noted (Fig. 6D).

Very Fine-crystalline dolomites (dolomicrites): This
microfacies is found in only one bed, in the uppermost
part of the Naokelekan Formation, i.e the contact area
with the overlying Barsarin Formation. The micro-
facies consists of mostly, very-fine dolomite crystals
(4 to 14 um in size) with <7% micritic matrix. The
dolomite crystals are densely packed and can be char-
acterized as non-planar a crystals (anhedral) in a xeno-
topic mosaic (Fig. 6E) (cf. SIBLEY & GREGG 1987).

6. Diagenetic features of the Sargelu and
Naokelekan formations

As noted above, the lithologies within the Sargelu and
Naokelekan formations comprise mainly limestones
and dolomites. Evidence of diagenesis is present with-
in both formations, but is particularly common within
the Sargelu Formation. Estimated porosity is >10 % for
this formation, and <4 % for the overlying Naokelekan
Formation.

Both primary and secondary porosity were recorded
in the carbonates of the Banik section. The primary po-
rosity comprises only interparticle porosity, which was
reduced as a result of subsequent mechanical compac-
tion and cementation (Fig. 7C). Secondary porosity
was generated by dissolution which resulted in the for-
mation of molds, vugs, channels and fractures (cf. FLU-
GEL 2004). The molds are generally formed as a re-
sult of the dissolution of fossils. Both fractures (up to
25 um wide, noted in both formations) (Figs. 6B, 7D)
and channels (up to 1.5mm wide, only present with-

in the Sargelu Formation) porosities (Fig. 6F) were
also generated. Vugs of various sizes (0.5-1.5mm)
were noted (Fig. 6G), although these were restricted
to the Sargelu Formation. Organic matter often filled
the molds as well as the channels and fractures of the
Sargelu Formation, while in the Naokelekan Forma-
tion they tended to be empty.

The oldest evidence of diagenesis noted within the
profile is the physical compactional features within
the Sargelu Formation. These are mainly grain-grain
point, long and concave-convex contacts (Fig. 6C;
FLUGEL 2004). Stylolites were noted only from the
Sargelu Formation (FLUGEL 2004). They are often
found in the lower and upper parts of the formation,
except in the contact area with the overlaying Na-
okelekan Formation. Peaked low amplitude stylolites
were more common in the lower part of the Sargelu
Formation (Fig. 6C), whilst peaked high amplitude
stylolites were restricted to the upper part of the for-
mation (Fig. 6F). The various stylolites could be easily
recognized due to the presence of insoluble organic
matter (stylocumulate).

Cementation was an important process in the car-
bonates of the two formations. Three types of cements
were recognized including, drusy calcite cement, blad-
ed calcite cement, and dolomite cement. Drusy cement
occurs in the form of anhedral to subhedral non-ferroan
calcite crystals and forms in near-surface meteoric, as
well as burial, environments (FLUGEL 2004). In this
study, drusy cement was found in the lower part of
the Sargelu Formation, filling the veins and interpar-
ticle pores. The crystal size is usually 60—100 um, in-
creasing towards the center of the void (Fig. 6H). In
contrast, bladed calcite cement was present only in
the single limestone bed from the upper part of the
Sargelu Formation (Fig. 6F), and was characterized
by non-equidimensional and non-fibrous crystals.
These latter are elongate crystals somewhat wider
than fibrous crystals (cf. FLUGEL 2004). Crystal sizes
of up to 10 um in width and lengths ranged from <20
to >100 um. This particular cement type is typically
marine-phreatic (and abundant in shallow-marine set-
tings) and marine-vadose. It is usually a High-Mg cal-
cite or may also be aragonite (cf. FLUGEL 2004).

Fig. 7. SEM microimages of the Sargelu and Naokelekan formations. (A) Organic matter with some calcareous bioclasts.
(B) Iron oxides with rare organic matter. (C) Tightly locked crystals of dolomite, indicative of physical compaction. (D) Frac-
ture porosity. (E) Recrystallization of dolomite from fine crystals (area 1) to coarse crystals (area 2). (F) Broad view of a
shale sample showing the convergent nature of the clay minerals. (G) Selected areas within a shale with quartz, montmoril-
lonite and kaolinite. (H) Calcite and illite with an anhydrite cement. Scales included.
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Dolomite cement, as noted above, was observed
in both formations (i.e. Sargelu and Naokelekan), al-
though the volume of cement is small when compared
to the total volume of dolomite present (Fig. 61). The
dolomite cement present is a saddle dolomite (=ba-
roque dolomite) (cf. MEHMOOD etal. 2018). Saddle
dolomite is irregular, both in terms of its shape and
size, where the individual crystals are coarse, gener-
ally a millimeter or larger and commonly found with-
in fractures and pores. This would suggest that these
crystals have a late origin (cf. RaHivi etal. 2016). Sad-
dle dolomites are also indicative of high-temperature
conditions (i.e. 60—1500 °C) (SPOTL & PrtMAN 1998;
MErINO etal. 2006; RaMeIL 2008) and are generally
derived from high-salinity brines (MERINO etal. 2006;
RAMEIL 2008).

Dolomitization has resulted in the precursor lime-
stones of the Sargelu Formation being wholly or partly
converted to dolomite rock. In the present study, do-
lomitization is mainly pervasive. Pervasive dolomite
is represented by the presence of extensive and per-
vasive dolomite with a range of different crystal sizes
(e.g., 30-250 um) being present.

Neomorphism was also noted within the dolo-
mites of the Sargelu Formation, and was confined to
the growth of dolomite crystals (i.e. aggrading neo-
morphism) (Figs. 6], 7E). Evidence of neomorphism
includes the presence of irregular patches of recrys-
tallized dolomite crystals. Individual recrystallized
dolomite crystals range in size from fine to medium
(c. 50-200 pm) or medium to coarse (c. 200400 um)
(cf. BATHURST 1975).

Micritization of dolomite has also been noted in the
upper part of the Sargelu Formation, while rare calcite
crystals have been micritized in the upper part of the
Naokelekan Formation. The micritization is recognised
by the presence of micrite envelopes. In this study, the
darker golden brown color of the micrite envelopes is
considered to be a characteristic feature coating some
of the carbonate grains (Fig. 6K). Micritization is a pri-
mary process which occurs in marine diagenesis at the
sediment-water interface (SAMANKASSOU etal. 2005)
and under lowllenergy conditions (FLUGEL 2004).

7. Mineralogy

X-ray diffraction of twelve shale samples from the
Sargelu and Naokelekan formations was carried out
in order to investigate their mineralogical content.
The predominant clay and non-clay minerals in the
analysed shale samples are listed in Table 1. Illite
(14.96-64.77%), and kaolinite (12.61%), constitute
the only clay minerals present within the shales of the
Middle to Late Jurassic-age succession of the Banik
profile. The common, non-clay minerals include quartz
(2.15-57.10%), dolomite/ankerite (0.70-90.60 %),
calcite (1.31-87.94 %), alkali feldspar (2.60-51.30 %),
gypsum (0.78-1.31%), goethite (2.21-4.14%), and
pyrite (1.16%).

In the shales of the Sargelu Formation, illite is the
predominant clay mineral, followed by kaolinite —
although they are only dominant in one sample (S16),
whilst illite is the sole constituent clay mineral in the
shales of the Naokelekan Formation (N4; see Table 1 &
Fig. 9). Additional electron scanning microscopy
(SEM) and EDX analysis confirmed the XRD analysis
(Fig. 7F) (Figs. 7B area 1; 7G area 3; 7H area 2 and 4)
(Figs. 8B area 1; 8G area 3; 8H area 2 and 4), as well
as the presence of rare montmorillonite in the Sargelu
Formation (Fig. 7G area 2) (Fig. 8G area 2).

In addition to the shale samples, a single sample
from a chert bed within the upper part of the Sargelu
Formation was also analysed using XRD. As expected,
high values of SiO, were noted, as well as evidence of
dolomite and calcite. Chert formation could possibly
be related to silicification, post-dating the dolomitiza-
tion.

8. Geochemistry

Twelve shale samples (8 Sargelu Formation, 4 Na-
kelekan Formation) were analysed using XRF in order
to investigate their major and trace element compo-
sitions. The Sargelu Formation samples have moder-
ately varied major element contents, including, SiO,
(c. 9-30%), CaO (c. 5-20%), ALO; (c. 2-15%),
Fe,O; (c. 2-8%), MgO (c. 1.5-8%), SO, (c. 1-6%)

Fig. 8. EDX spectral analyses of selected areas of the Sargelu and Naokelekan formations. A area 1. organic matter. A area 2.
calcium carbonate. B area 1. illite. B area 2. iron oxides. B area 3. organic matter. G area 1. quartz. G area 2. montmorillonite.
G area 3. kaolinite. H area 1. calcite. H areas 2 & 4. illite. H area 3. anhydrite cement. Corresponding data is included in all

analyses.
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Fig. 9. X-ray diffractograms of selected samples from the Sargelu and Naokelekan formations illustrating the clay and
non-clay minerals in the studied rocks. (A) Sample 16 Sargelu Fm. (B) Sample 22 Sargelu Fm. (C) Sample 27 Sargelu Fm.
(D) sample 4 Naokelekan Fm, see Figure 4 for sample location.

and K, O (c. 1-5%). Two shale samples from the upper
part of the Sargelu Formation have unusually high val-
ues of CaO (i.e. 42.26, 44.75 %). The shales show low
values of TiO, (c. 0.10-1%), P,O; (c. 0.10-0.80 %),
Na,O (c. 0.04-0.09 %) and MnO (c. <0.02 %) (see Ta-
ble 2).

Trace element distributions from the Sargelu For-
mation showed that the samples have high amounts of
Ba, V, Mo, Cu, Zr, W, Pb, La, Ce, Zn, Sr, Cr and Rb.
Some of the observed values differed markedly from
the general values within the formation. For example,
the Ba value from the lowest sampled shale in the for-
mation is 1000 ppm, which is higher than the general
range of values (c. 22—-141 ppm). Higher values were
also observed in V (a single shale sample from the mid-
dle part of the formation is 827 ppm vs general values
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of ¢. 200450 ppm), Mo (two shale samples from the
middle part of the formation with values of 662 ppm
and 526 ppm vs general values of ¢. 100-300 ppm),
Cu (two shale samples from the lower part of the for-
mation are 287 ppm and 217 ppm vs general values of
c. 20-120 ppm), Zr (two shale samples from the low-
er part of the formation with values of 277 ppm and
144 ppm vs general values of c. 10-60 ppm), W (a sin-
gle shale sample from the upper part of the forma-
tion is 144 ppm vs general values of c. 2040 ppm),
Pb (a single shale sample at the lowest part of the for-
mation is 119 ppm vs general values of ¢. 15-24 ppm),
La (a single shale sample at the lowest part of the for-
mation is 91 ppm, vs general values of c. 10-30 ppm),
Ce (a single shale sample at the lowest part of the for-
mation is 84 ppm vs general values of c¢. 15-24 ppm).
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Lower values were also observed, for example, in
Zn (a single shale sample from the uppermost part of
the formation is 74 ppm vs general range of values of
c. 200-500 ppm), Sr (a single shale sample from the
middle part in the formation is 52 ppm vs the general
range of c¢. 80—150 ppm). Similar observations were
made from two shale samples from the upper part of
the formation in Cr (28 ppm and 18 ppm vs general
values of ¢. 60—180 ppm) and a single sample from the
upper part of the formation in Rb (6 ppm vs general
values of c. 20—80 ppm).

The shales from the Sargelu Formation also
showed varied ranges for Ni (c. 200-500 ppm), Mn
(c. 30-85 ppm), As (c. 20-65 ppm), U (c. 20-50 ppm),
Y (c. 15-40ppm), Nd (c. 10-35ppm) and Co
(c. 10-30ppm). The Th, Hf, Sm, Cs, Nb, Sc, and Ga
from the same shale samples have considerably lower
ranges of (c. 1-9 ppm), except for the Ga value from
a single shale sample from the lowest part of the for-
mation, which has a value of c. 43 ppm (see Table 3).

In contrast, the samples from the Naokelekan For-
mation have major element contents which are con-
siderably lower than those recorded from the under-
lying Sargelu Formation. SiO, values (c. 3-8%) are
c. 22% lower, CaO values (c. 3-30%) are c. 10%
lower, Al,O, values (c. 0.90-2.50%) are c. 13 % low-
er, Fe,O; values (c. 1-4%) are c. 4% lower, MgO
values (c. 0.10-2 %) are c. 6% lower, and K,O values
(c. 0.50-1.80%) are c. 3% lower. In contrast, the SO,
values (c. 4-10%) are c. 6 % higher than those recorded
from the Sargelu Formation. The shales show low val-
ues of TiO, (c. 0.14-0.36%), P,O; (c. 0.14-0.41 %),
Na,O (c. 0.04-0.09 %) and MnO (c. <0.01 %), which
are very similar to those recorded from the underlying
Sargelu Formation (see Table 2).

Trace element distributions from the Naokelekan
Formation show wvalues of Ba (c. 150-300ppm),
V (c. 800-2000ppm), Zn (c. 200-1000 ppm), Cr
(c. 70-300 ppm), As (c. 25-77 ppm), U (c. 33—68 ppm)
and Y (c. 26-85ppm), which are higher than those
from the underlying Sargelu Formation, whilst
Mn (c. 20-58ppm), Nd (c. 10-27ppm) and Co
(c. 311 ppm) values are slightly lower than those re-
corded from the underlying Sargelu Formation.

The general range of the trace element distributions
in the two formations (i.e. Sargelu and Naokelekan) is
similar for Mo (c. 100-300 ppm), Cu (c. 20-87 ppm),
Zr (c. 10-55ppm), W (c. 10-29ppm), Pb
(c. 1422 ppm), La (c. 10-35 ppm), Ce (c. 5-20 ppm),
Sr (c. 94-200ppm), Rb (c. 15-37ppm), and, Ni
(c. 200-500 ppm). The range of values for Th, Hf, Sm,

Cs, Nb, Sc, and Ga from the same shale samples are
low (i.e. <I-9ppm), and thus very similar to those
from the underlying Sargelu Formation (see Table 3).

9. Discussion

Carbonates interbedded with shales and rare cherts
occurs within the Middle to Upper Jurassic Sargelu
and Naokelekan formations from the Banik section,
northernmost Iraq. These two formations have been
described according to a number of different criteria
mainly based on their lithological, petrographical and
geochemical compositions. Determining the precise
conditions present within the depositional environ-
ment and, in particular, the importance of evaporitic
processes, can be difficult (e.g., MOORE etal. 1992).
However, a multidisciplinary approach can provide
more information. The following discussion will in-
vestigate a number of important points related to the
two formations, namely, their depositional settings,
diagenetic histories, evaporation proxies and palaeo-
redox conditions.

9.1. Depositional setting

Limestones can be deposited in a variety of settings,
ranging from terrestrial (e.g., BucHHEIM etal. 2000)
through to deep marine (e.g., ZADEH etal. 2019). Based
on the lithological and microfacies descriptions of the
limestones of the Sargelu and Naokelekan formations,
it can be concluded that they were deposited in a ma-
rine setting. This can be confirmed by the presence of
fossils (including microfossils) in both formations.
The Sargelu Formation, comprising carbonates, shales
and rare cherts, includes evidence of bioclastic frag-
ments (ghost features) — and these fragments would
appear to be pelecypods, although because of sub-
sequent diagenesis it is not possible to identify them
more accurately. In addition, the ostracod Loricoecia
loricata is also present. This species is commonly
found in shallow to intermediate depths (ANTEZANA
etal. 1997). In other areas of Northern Iraq, a range of
fossils have also been noted from the Sargelu Forma-
tion, including pelecypods (e.g., Bositra), gastropods,
radiolaria, ostracods, calcispheres and algal filaments
(e.g., ABDULA etal. 2015). Bositra is a marine benthic
bivalve (e.g., JacH 2007), sometimes associated with
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oxygen-depleted settings (CASWELL & CoE 2013; ET-
TER 1996). Gastropods are pervasive in intertidal and
shallow-marine settings (McQuaID 1996). Radiolaria
are useful indicators of open-ocean conditions, but
may also be associated with coastal and brackish es-
tuarine palaeoenvironments (Borrovskoy etal. 2003).
Ostracods are common lacustrine calcitic microfossils
(McCorMack etal. 2019). Calcispheres and filaments
have been recorded in mid and outer ramp settings
(REHMAN etal. 2016). In summary, these fossils are
generally typical of marine environments, at depths
ranging from shallow to deeper areas.

The amount of fossils present in the Sargelu Forma-
tion of northernmost Iraq is relatively low, and their
condition is generally poor. Both of these aspects are
most probably related to the degree of diagenesis (see
below) which has been noted in the Sargelu Formation.
However, our results would support the suggestion of
Jassim & Bupay (2006b) that the Sargelu Formation
was deposited across a range of marine environments
(shallow to deep).

As noted above, the interbedded limestones are bio-
clastic wackestones. Such wackestones are comparable
to the standard microfacies types of FLUGEL (2004),
particularly SMF-8 (wackestones and floatstones with
whole fossils and well-preserved infauna and epifau-
na) and SMF-9 (strongly burrowed bioclastic wacke-
stone). Both of these wackestones were deposited in
low-energy environments below fair-weather wave
base (cf. FLUGEL 2004). They are found in environ-
ments ranging from shelf lagoons, outer- and mid-
ramp settings as well as deeper shelf areas (FLUGEL
2004). Based on the detailed study of the microfacies,
their classification and the fossil content in the area of
deposition, and related/adjacent areas, we would sug-
gest that the Sargelu Formation of northernmost Iraq
was deposited in a shallow-marine setting.

The Naokelekan Formation, comprising carbonates
and shales, includes evidence of rare floating calci-
spheres. In other areas of Northern Iraq fossils have
been noted from the Naokelekan Formation. The fossil
suite includes planktonic foraminifers (Globigerina),
small planktonic gastropods and pelagic ostracods,
with ammonites and pelecypods (e.g., SHAREZWRI
2015). The planktonic foraminifers (Globigerina) are
typical of nutrient-rich surface marine areas (KEMLE-
VON MUCKE & OBERHANSLI 1999), while also extend-
ing to the subsurface (ReEBoTiM etal. 2017). Small
planktonic gastropod faunas are found in areas of ox-
ygen depletion (MAPES & NUETZEL 2009). Pelagic os-
tracods are predominant in shelf topographic lows to
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marginal/off-shelf environments (PERRIER etal. 2008).
Ammonites have a transitional range from 20-550m
at submarine depth along continental shelf and slope
environments (JJARUN & X1A0Q1ao 1996). Unfortu-
nately, there is no published information on the precise
ammonite species present within the formation.

The limestones of the Naokelekan Formation are
mainly mudstones (cf. FLUGEL 2004), and were inter-
preted to be deposited in a low-energy setting water
based on the absence skeletal material. Much of the
lime mud was derived from the abrasion and micritiza-
tion of the skeletal particles present, particularly in ar-
eas which were restricted (i.e. cut off from open ocean
current activity). Mudstone microfacies are compara-
ble to the microfacies type SMF-23 of FLUGEL (2004),
which consists of non-laminated homogeneous micrite
and microsparite without fossils. These mudstones
were deposited in saline or evaporitic environments,
e.g. in tidal ponds (FLUGEL 2004).

As noted above, and based on the fossil content in
the area of deposition and related/adjacent areas, it
would appear that the Naokelekan Formation of north-
ernmost Iraq was deposited in a restricted shallow la-
goon environment.

9.2. Diagenetic history

As noted above, parts of the carbonate succession
have been altered to dolomite. The alteration of lime-
stone to dolomite can be explained by a number of
models including the evaporite brine-residue model,
the groundwater mixing model, evaporation pumping
model and the formation water model (e.g., WARREN
2000; MeEaMooD etal. 2018). Determining the appro-
priate model for a region, however, is not always easy.
MEenMooD etal. (2018) noted that the formation of
dolomite within a carbonate succession results in the
formation of a number of fabric-damaging to fabric-
retaining features, and the development of new fabrics
(selective to persistent). They also noted that the im-
portant factors to be observed include grain mineralo-
gy, crystal extent, the timing of the dolomitization and
the nature of the dolomitizing fluids (MEHMOOD etal.
2018). As noted earlier, the lower part of the Sargelu
Formation comprises massive dolomites, while the up-
per part comprises dolomites interbedded with shales
and rare cherts (with the exception of one limestone).
In contrast, the Naokelekan Formation comprises
shales in the lower part overlain by limestones (one
bed is dolomite). Thus, a model to explain the dolo-
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mitization would have to explain these differences be-
tween the two formations.

S1BLEY & GREGG (1987) noted the range of crystal
boundary shapes in dolomites. Based on crystal size
and crystal geometry two textural types of dolomite
were distinguished within the Sargelu Formation.
These are: fine crystalline planar e (=euhedral) and
planar s (=subhedral) dolomite, medium crystalline
planar e and planar s dolomite, whilst one common
dolomite texture is present within the Naokelekan For-
mation represented by very fine crystalline non-planar
a (=anhedral) dolomite (SIBLEY & GREGG 1987). The
planar textures, which characterize the replacement
dolomite in the Sargelu Formation, are consistent with
an early diagenetic origin (cf. GREGG & SIBLEY 1984;
SBLEY & GREGG 1987). Fine-crystalline dolomites,
comprising the lower part of the Sargelu Formation,
are more commonly found in proximal shelf areas
although they also occur closer to shore (NAGY etal.
2004). These dolomites are represented by extensive
and pervasive dolomites comprising fine individ-
ual dolomite crystals (30 to 60 um in size) and pla-
nar (euhedral to subhedral) morphologies. This type
of dolomite is equivalent to the hypidiotopic mosaic
texture of SIBLEY & GREGG (1987). Fine-crystalline
dolomites have been described from peritidal sequenc-
es in the coastal sabkhas of Abu Dhabi (PATTERSON &
KinsMAN 1982) and in hypersaline environments from
Bonaire in the Netherlands Antilles (DEFFEYES etal.
1965). McKEeNzIE etal. (1980) have suggested that
fine-crystalline dolomites occur in areas where capil-
lary evaporation and evaporative pumping were prev-
alent. Thus, it is possible that the evaporation pumping
model would explain the presence of these dolomites
in the Sargelu Formation. The presence of anhydrite
(Fig. 6L) (Figs. 7H and 8H area 3), often in the form
of a cement, within the lower part of the formation also
supports the idea of evaporation being a defining pro-
cess within the diagenetic environment.

Medium-crystalline dolomites, comprising a sig-
nificant proportion of the upper part of the Sargelu
Formation, are both extensive and pervasive. The in-
dividual dolomite crystals are medium sized (100 to
250 pm) and show planar (euhedral to subhedral) mor-
phologies. This type of dolomite is also equivalent to
the hypidiotopic mosaic texture of SIBLEY & GREGG
(1987). Medium-crystalline dolomites are believed to
be developed after considerable burial, and involve
the replacement of subtidal to supratidal mudstones by
wackestones (AMTHOR & FRrRIEDMAN 1991). However,
other authors have suggested that medium-crystalline

dolomites can occur during shallow burial from com-
pactional fluids (e.g., QING & MounTIOY 1994), or
that they may simply be a result of the recrystalliza-
tion of an early-formed dolomite (e.g., NOKHBATOL-
FOGHAHAEI etal. 2019). Medium-crystalline dolomites
commonly form at elevated temperatures during burial
and/or result from the recrystallization of precursor
finer dolomites in burial environments or near-surface
meteoric to mixed meteoric-marine environments
(GREGG & S1BLEY 1984; GREGG & SHELTON 1990; Ku-
PECZ & LaND 1991). Medium-crystalline dolomites
have also been described as having been precipitated
from mixed evaporative-meteoric waters (e.g., AZMY
etal. 2009; AzomaNI etal. 2013; OLANIPEKUN etal.
2014). Thus, a model of dolomitization by evapora-
tive brine reflux could possibly be invoked to interpret
these dolomites in the Sargelu Formation. The pres-
ence of an anhydrite cement within these dolomites
also supports the idea of evaporation being a related
process in the diagenetic environment.

In comparison to the Sargelu Formation dolomites
which, as noted above, are planar (euhedral to subhe-
dral), the dolomites of the Naokelekan Formation are
non-planar (anhedral). These dolomites are represent-
ed by densely packed dolomite aggregates formed of
very fine individual dolomite crystals (4 to 14 um in
size). The Naokelekan Formation dolomite is equiv-
alent to the xenotopic mosaic texture of SIBLEY &
GREGG (1987).

According to MACHEL (2004), dolomites can theo-
retically form in three different ways, namely: the re-
placement of CaCO, by CaMg (COs,),; cementation;
and precipitation from aqueous solutions to form pri-
mary dolomite. Primary dolomite appears to be rare
and restricted to some evaporitic lagoonal and/or la-
custrine settings (FoLk & LAND 1975; BoGas 2009).
The dolomites of the Naokelekan Formation overlie
the organic-rich shales and limestones, and are very
fine. Such finely crystalline dolomites can form as a
result of slow crystallization, under evaporative condi-
tions, within highly concentrated Mg-enriched brines
(FoLk & LAND 1975). A recent study by PRrETO etal.
(2015) revealed that mosaic dolomites consisting of
aggregates of nanometer-scale ‘growth units’ could
be considered as indicative of a primary origin. The
dolomites described from the Naokelekan Formation
clearly formed in a near-surface setting (see above).
In addition, the lack of any evidence of direct replace-
ment of precursor grains or minerals would suggest
that the dolomites of the Naokelekan Formation may
have been directly precipitated (cf. EI-SAyeDp 2001).
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9.3. Geochemical proxies for evaporitic
conditions

As noted earlier, the lower part of the Sargelu Forma-
tion comprises dolomite, while the upper part consists
of dolomite beds alternating with shales, as well as rare
cherts and one single limestone bed. When the shale
has a high carbonate content, this is indicative of slow
sedimentation, with the carbonate depositing contin-
uously with the shale (cf. ORHAN etal. 2019). In con-
trast, the base of the Naokelekan Formation comprises
just shale (basal 5m), moving upward into limestone,
with a single bed of dolomite at the top. As with the
Sargelu Formation, the high carbonate content within
the shale beds is indicative of slow sedimentation.

As noted above, twelve mudstone samples were
analysed. Values of Sr, Ca and Al were interpreted
in terms of salinity and/or aridity. There is an over-
all increase in Ca content (e.g., 12.51, 21.55, 31.98 %)
within the shale samples from the Sargelu and Na-
okelekan formations with a corresponding decrease in
Al content (e.g., 0.44, 1.30, 2.17 %), except for one
shale sample at the base of the upper part of the Sarge-
lu Formation which has a considerably lower value of
Ca (3.92 %) and a higher value of Al (9.99 %) (see Ta-
ble 4; Fig. 10).

This inverse relationship between the Ca and Al
contents is indicative of low detrital input with carbon-
ate sedimentation being predominant (cf. ORHAN etal.
2019). In addition, these elemental variations would
indicate that deposition occurred under arid conditions
(cf. OrHAN etal. 2019) with the exception of the basal
sediments of the upper part of the Sargelu Formation.

The trace element Sr can be used to provide some
indication of the degree of salinity within the depo-
sitional setting. In the shales of both the Sargelu and
Naokelekan formations, Sr shows particularly high
values (81, 124, and 298 ppm) (Table 4). A number
of authors (e.g., READ etal. 1995; PricE 1999; VIN-
CENT etal. 2006) suggested that such high values can
be interpreted as being indicative of saline conditions
within the area of deposition. Together, these various
proxies would suggest that deposition occurred in an
area of slow sedimentation, with little detrital input
and under arid conditions. The ambient waters had el-
evated salinity values. The fact that fossils have been
recorded in the sediments of the Sargelu Formation
but not in the overlying Naokelekan Formation (see
above) might suggest that salinity values increased
from base to top in the profile, resulting in an envi-
ronment in Naokelekan Formation times which was
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particularly inhospitable. However, there are fossils
present within the Naokelekan Formation elsewhere in
Northern Iraq, which may suggest that conditions were
variable across the depositional setting — possibly as a
result of the subdivision of the basinal setting due to
ongoing tectonic activity.

In summary, the geochemical proxy results would
support the idea of higher salinities and evaporation
rates (as a result of the aridity) within the depositional
area of the Sargelu and Naokelekan formations. How-
ever, it would also appear that these interpretations
cannot be extended across the broader extent of these
formations — due largely, as noted above, to the rel-
atively rich faunal content which have been reported
from Northern Iraq (e.g., JassiM & Bupay 2006b). The
fact that the area was tectonically active may, there-
fore, have resulted in the formation of smaller sub-
basins within the broader Jurassic-age setting where
elevated salinities may have resulted in the higher Sr
values recorded.

9.4. Geochemical proxies for palaeoredox
conditions

Oxygen levels in marine environments show different
proportions depending on the depositional setting and
the water depth (e.g., WANG etal. 2018). Determining
the concentration of dissolved oxygen in seawater
is of great importance when interpreting the deposi-
tional setting. The level of dissolved oxygen (i.e. the
environmental redox conditions) allows settings to be
classified as oxic, suboxic and anoxic with measur-
able quantities of H,S representing euxinic conditions
(SAavrRDA & BOTTIER 1991; WIGNALL 1994). A range
of geochemical proxies were measured from the shales
of the Sargelu and Naokelekan formations to provide
information about the redox state of the depositional
environments of both formations in the area of the
Banik section from northernmost Iraq (e.g., JONES &
MANNING 1994; RiMMER 2004; DEEPULAL ectal. 2012;
RAMOS-VAZQUEZ etal. 2017). These include authigen-
ic U, U/Th, V/Cr, Ni/Co, and V/Sc redox sensitive ele-
ments (e.g., U, Th, V, Cr, Ni, and Cu) which are mod-
erately enriched in anoxic sediments (YARINCIK etal.
2000; YANG etal. 2004; Guo etal. 2007) (see Table 3;
Fig. 11).

Within the shales of the study area, high U contents
(>4 ppm) have been recorded, suggesting that sea water
conditions during the time of deposition in the Sarge-
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measured log of the Banik section, northernmost Iraq, showing geochemical proxies for evaporitic conditions.
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Fig. 11. Shale beds from the upper part of the Sargelu Formation and the lower part of the Naokelekan Formation, from the
measured log of the Banik section, northernmost Iraq, showing geochemical proxies for palacoredox conditions.

lu and Naokelekan formations were euxinic (cf. VER-
MA & Kumar 2018). Indeed, the measured U values
were particularly high, ranging from 13.5-54.6 ppm in
the Sargelu Formation and increasing from 33.8 ppm
up to 68.3 ppm in the overlying Naokelekan Formation

(Table 3).
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Cris associated with the clay fraction of the sediment
and is unaffected by redox conditions. In contrast V, as
V4+ is bound to organic matter and, therefore, tends
to be concentrated in sediment deposited under anox-
ic conditions (JONES & MANNING 1994). Therefore,
the V/Cr ratio of the sediment could be regarded as
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providing evidence of anoxic conditions. Ratio values
of >4.5 suggest anoxic conditons, while values which
are <2 suggest that oxic conditions prevailed (JONES &
MANNING 1994). The V/Cr values at the base of the
upper part of the Sargelu Formation (i.e. 1.92, 2.01)
would both possibly suggest that the sediments were
deposited under oxic conditions. However, moving up
section, the values increase markedly into the zone of
anoxic conditions (i.e. values >4.5). Moving from the
Sargelu Formation into the overlying Naokelekan For-
mation, the V/Cr values increase markedly once again.
Indeed, the basal value for the Naokelekan Formation
is 9.13, increasing rapidly to 11.98 and even to 14.99.
Such values are more than double some of the Sargelu
Formation values. This would suggest that anoxia be-
came more prevalent within the period during which
the Naokelekan Formation sediments were deposited.

A number of authors, including KREJCI-GRAF
(1966), ErRNsT (1970), DiLL (1986), JoNEs and MAN-
NING (1994), and DeepULAL etal. (2012) have suggest-
ed that the Ni/Co ratio can be used as an indicator of
palacoredox conditions. According to KREICI-GRAF
(1966) and ERNsT (1970), the ratio values of Ni/Co
which are <1 indicate that the sediments were de-
posited within the oxic zone, whilst values >1 indi-
cate that they were deposited within the anoxic zone.
Commonly, Ni is enriched in sediments containing
large amounts of organic matter while Co is typically
associated with the clay fraction. High Ni/Co values
are, therefore, typical of reducing conditions in which
organic matter accumulates in the sediment (e.g.,
RAISWELL & PLANT 1980; PATTERSON etal. 1986). This
was observed from the high Ni/Co values of the shales
of the Naokelekan Formation as compared to those of
the Sargelu Formation. The Ni/Co values of the Na-
okelekan Formation (c. 24-45) are noticeably higher
than those recorded from the underlying Sargelu For-
mation (c. 5-33) (see Table 3).

HALLBERG (1976) has suggested that Cu/Zn ratios
would increase in a strongly reducing environment,
where under euxinic conditions more Cu is precipitat-
ed than Zn due to the solubility of their sulphides. The
(Cut+Mo)/Zn ratio has been calculated for the shale
samples in this study. Table 3 illustrates these high
values for some samples from the Sargelu Formation
(e.g., 1.84, 3.23, and 4.39). In contrast, the samples
from the Naokelekan Formation show considerably
lower values than those recorded from the underlying
Sargelu Formation (e.g., 0.29-1.09).

Mo is considered to be indicative of sediment depo-
sition under sulphate-reducing conditions (RIMMER

2004). Relatively high values of Mo are recorded with-
in the shale samples in this study, which may indicate
the reducing conditions during the time of their depo-
sition. The Mo values at the base of the upper part of
the Sargelu Formation are 94 and 170 ppm, increasing
rapidly to 307 ppm and even to 662 ppm. However, the
Mo values into the overlying Naokelekan Formation
are considerably high (c. 116-356 ppm) (see Table 3).

KiMUrRA & WATANABE (2001) suggested that the
V/Sc ratio can be used as a proxy indicator for redox
conditions, where ratios of <9 indicate oxidizing con-
ditions and values of >9 suggest that conditions were
suboxic (KiMmura & WATANABE 2001). The calculated
values of V/Sc of the shale samples from both forma-
tions are > 9 which indicate the suboxic field. However,
there is a rapid increase of V/Sc values from the bas-
al sediments (i.e. 25-37.86) into the upper sediments
(i.e. up to 383) within the upper part of the Sargelu
Formation and moving into the overlying Naokelekan
Formation, these values increase markedly to 675 and
even to 1082 (see Table 3).

These geochemical proxies would suggest that
while both formations were deposited under broadly
anoxic (or low oxygen) conditions, there were clear
differences moving up section. The basal sediments of
the upper part of the Sargelu Formation suggest that
redox conditions were less prevalent while these sedi-
ments were deposited, but on moving into the middle
and upper sediments of the upper part of the same for-
mation there is evidence of a rapid increase in anoxia.
In the Naokelekan Formation, conditions were clearly
anoxic. This could be interpreted as resulting from the
palaeogeographic situation in the Late Mesozoic and
Early Cenozoic, where tectonic activity, eustatic sea-
level changes, and climate variations were controlling
sedimentation. Deposition of the Middle to Upper
Jurassic successions coincided with a broad eustat-
ic transgression (Bupay 1980; HaqQ 2018), resulting
in higher global sea levels over time (HALLAM 1982;
ALSHARHAN & NAIRN 2003). Despite the eustatic rise,
the depositional setting for the Middle to Late Jurassic-
age Sargelu and Naokelekan formations, is interpreted
to have been broadly shallow marine (shelf), in con-
trast to the deeper-water setting suggested by JassiM &
Bupay (2006a). This disparity in terms of the rising
sea level and the shallow-marine deposition would
suggest that tectonic activity (i.e. Cimmerian-related
uplift, see also Bubpay 1980) would have negated, or
modified, the sea-level rise. This contrasts also with,
for example, Sargelu Formation sediments elsewhere
in Kurdistan which have been interpreted as having
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been deposited in deeper waters (e.g., ABDULA etal.
2015). The aridity of the depositional setting correlates
well with the suggested Jurassic climate being dom-
inated by tropical-subtropical conditions (HALLAM
1982). As noted above, the inferred higher salinity val-
ues may have been related to tectonic control on the
broader basin, with the formation of subbasins. If this
was, indeed, the case, it would also explain the varia-
tions in oxygen levels — with periods of lower oxygen
being possibly related to sill formation and the resul-
tant basin restriction (e.g., SLATT etal. 2015). Indeed,
the presence of the nannofossil Cyclagellosphaera
margerelii sp. in the Naokelekan Formation is indica-
tive of higher salinities (e.g., TREMOLADA etal. 2006),
as noted by ABbULA (2016).

10. Summary and conclusions

The Middle to Upper Jurassic succession of the Banik
section from northernmost Iraq were deposited in the
Iraqi Zagros Basin/Zagros Fold belt. Sedimentation
took place within the northeastern boundary of the
Arabian Plate. A range of analyses — sedimentological,
petrographical and microfacies — have been carried
out on the carbonate sediments, whilst the clastic sed-
iments were analysed in terms of their geochemistry.
The succession is dominated by dolomites, limestones,
mudstones and rare cherts. Deposition of the Sarge-
Iu and Naokelekan formations is interpreted to have
occurred, possibly in a shallow-marine and restricted
shallow lagoon environment, respectively. This inter-
pretation is supported by the detailed study of the mi-
crofacies and the fossil content in the area of deposi-
tion, and related/adjacent areas.

The results of the palaeoredox indicators in this
study would suggest that the sedimentary succes-
sions, which are characterized by the deposition of the
Middle—Late Jurassic-age Sargelu and Naokelekan for-
mations, were accumulated under anoxic conditions.
In the palacogeographic context, as noted earlier, the
region of northernmost Iraqi Kurdistan was subject-
ed to tectonic activity. The ongoing tectonic activity
might have resulted in the formation of barred subba-
sins in which the water circulation is topographically
restricted and, therefore, generally is oxygen-depleted.
Together, the evaporation processes (controlled by
arid climate) would suggest that the permanently an-
oxic conditions were developed within those semi-
enclosed subbasins.
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Table 1. Distribution of clay and non-clay minerals (in wt%) in the shales of the Middle—Late Jurassic-age Sargelu and
Naokelekan formations.

Sample No. Quartz K-feldspar Calcite Dolomite/Ankerite Illite/Muscovite Kaolinite Gypsum Pyrite Goethite
(ORI (%) (%) (%) (%) (%) %) (%)
S16 - 8.32 - 11.10 64.77 12.61 - - 3.20
S 19 - 11.28 - 60.95 25.56 - - - 2.21
S21 2.15 594 1.31 90.60 - - - - -
S22 57.10 21.25 1.85 0.70 14.96 - - - 4.14
S23 17.63 15.03 4.20 63.14 - - - - -
S 25 834 5.09 7291 13.66 - - - - -
S 26 4526 2.60 48.65 3.49 - - - - -
S27 13.19 17.38 38.11 31.32 - - - - -
N1 2.68 15.35 4537  36.60 - - - - -
N2 2.70  6.05 87.94  2.00 - - 1.31 - -
N3 3.61 6.88 85.73 1.84 - - 0.78 1.16 -
N4 21.40 51.30 - - 27.30 — — — —

Table 2. Major (in wt%) element concentrations for the shales of the Middle— Late Jurassic-age Sargelu and Naokelekan

formations.
Component  Sargelu Naokelekan
(%)

16 19 21 22 23 25 26 27 1 2 3 4
Sio, 38.81 2321 8.82 3697 2305 794 2276 16.59 8.91 3.15 3.99 8.67
TiO, 1.22 0.69 0.32 0.57 0.43 0.21 0.06 0.47 0.36 0.14 0.19 0.31
ALO, 18.89 9.63 2.99 5.90 4.11 1.41 0.91 3.58 2.63 0.83 1.10 2.45
Fe, 0,4 9.96 6.24 3.69 6.36 5.06 221 1.18 5.23 4.74 1.46 1.42 3.03
MnO 0.01 0.02 0.01 <DL 0.01 0.01 <DL <DL <DL <DL <DL <DL
MgO 242 5.50 8.88 0.74 5.50 1.08 0.86 2.10 2.59 0.22 0.19 0.33
CaO 5.48 17.50 29.63 225 19.75 4226 4475 2553 30.15 35.19 3528 3.39
Na,O 0.07 0.03 0.01 0.09 0.06 0.04 0.04 0.10 0.09 0.06 0.07 0.04
K,0 587 425 1.36 3.33 2.08 0.67 0.37 1.57 1.16 0.41 0.56 1.81
P,04 0.95 0.40 0.24 0.35 0.37 0.06 0.07 0.24 0.38 0.19 0.14 0.41
SO, 0.57 1.00 1.92 7.14 2.55 2.16 1.59 4.03 4.93 6.28 6.46 10.26
Sum 8426 6848 57.89 6370 63.00 58.04 72.59 5945 5594 4794 4941 30.71
LO.L 14.77 30.85 41.65 3547 3625 41.53 27.13 40.12 43.52 5140 49.60 68.09
Total 99.03 9933 99.54 99.17 99.25 99.57 99.72 99.57 99.46 99.34 99.01 98.80
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Table 3. Trace (in ppm) element concentrations with palaeoredox proxies: Mo, U, V/Cr, Ni/Co, (Cu+Mo)/Zn, V/Sc for the
shales of the Middle—Late Jurassic-age Sargelu and Naokelekan formations.

Element Sargelu Naokelekan
(ppm)

16 19 21 22 23 25 26 27 1 2 3 4
Sc 15 7 <DL 11 3 <DL <DL <DL <DL <DL <DL 7
v 375 265 316 827 519 322 130 383 564 675 1082 2823
Cr 195 132 59 117 83 28 18 55 62 56 72 303
Mn 95 97 61 52 70 45 21 60 58 23 26 20
Co 34 28 13 19 36 7 22 15 11 3 5 4
Ni 349 305 218 617 448 222 125 313 273 332 590 597
Cu 287 217 90 115 134 29 15 60 55 35 35 87
Zn 524 311 198 418 181 380 152 74 157 518 1165 524
Ga 43 17 4 9 4 2 <DL 3 2 4 3 6
As 662 70 47 62 68.1 25.1 13.8 413 363 257 272 77
Rb 93 58 21 53 35 16 6 38 27 11 16 37
Sr 117 72 81 52 98 121 150 124 140 289 298 94
Y 47 18 16 33 29 28 11 36 42 26 29 85
Zr 277 144 37 72 54 17 8 44 27 15 19 55
Nb 23 11 4 7 5 2 <DL 4 4 2 3 6
Cs 8 8 5 <DL 7 2 5 7 9 5 8 4
Ba 1000 121 104 141 113 32 22 82 124 230 158 366
La 91 38 9 32 16 14 6 20 33 10 16 43
Ce 84 27 23 16 26 15 13 19 12 18 1 20
Nd 42 17 10 16 16 10 5 12 14 10 12 27
Sm 6 6 <DL 5 2 2 4 7 2 3 <DL 7
Hf 3 2 <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL
w 27 23 25 32 43 17 144 25 29 9 10 15
Pb 119 24 16 20 18 15 14 19 15 14 14 22
Th 10 4 <DL <DL <DL <DL <DL 2 <DL <DL <DL <DL
Mo 94 170 275 526 662 307 111 177 116 356 299 311
0] 546 368 264 414 338 293 13.5 309 436 338 516 683
V/Cr 1.92 201 539 7.07 623 11.60 743  7.02 9.13 11.98 1499 9.33
Ni/Co 1022 11.02 16.52 3297 1237 33.09 5.71 21.15 2419 100.61 120.33 145.71
(Cut+Mo)/Zn 0.73 1.24 1.84 1.53 439 088 0.83 3.23 1.09 075 029 076
V/Sc 25 37.86 316 75.18 173 322 130 383 564 675 1082 403.29

Table 4. Evaporation proxies: Al, Ca (in wt%), Sr (in ppm)
for the shales of the Middle—Late Jurassic-age Sargelu and
Naokelekan formations.

Sample No. Al Ca Sr
S16 9.99 3.92 117
S 19 5.09 12.51 72
S21 2.17 14.12 98
S22 1.58 21.18 81
S23 0.75 30.20 121
S 25 3.12 1.61 52
S 26 0.48 31.98 150
S 27 1.89 18.25 124
N1 1.39 21.55 140
N2 0.44 25.15 289
N3 0.58 25.21 298
N4 1.30 242 94
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Abstract

Petrographic, organic, and inorganic geochemical analysis of the solid bitumen and host shales from the Middle and Late
Jurassic-age Sargelu and Naokelekan Formations of the Banik section, northernmost Iraq, was undertaken. The aim was to
understand their derivation and preservation, as well as examine the carbon and oxygen isotopes, and paleoredox proxies under
which the solid bitumen and host sediments were deposited. Petrographic analysis of both formations revealed the presence of
solid bitumen high reflectance (first phase) and solid bitumen low reflectance (second phase). The equivalent vitrinite reflectance
indicates that the solid bitumen of the two formations probably accumulated within the shale reservoirs following oil migration
from source rocks located within the same formations. Mineralogical study (XRD and SEM - EDX) revealed that the shales
hosting the solid bitumen also contain clay minerals (illite, rectorite, chlorite, montmorillonite, and kaolinite) as well as carbonate
minerals, quartz, alkali feldspar, and pyrite. Carbon and oxygen isotope data along with paleoredox indicators suggest that both
the solid bitumen sources and host shales in both formations formed within a shallow-marine setting, most probably under anoxic
conditions where water circulation was restricted.

Keywords Solid bitumen - Stable isotopes - Paleoredox - Migration - Shale - Jurassic - Iraq

Introduction

Iraq is the sixth largest oil reserve in the world (Al-Zubaidi
and Al-Zebari 1998; Jassim and Al-Gailani 2006), with cur-
rent proven reserves of 115 billion barrels of oil (BBO) and
110 trillion cubic feet (TCF) of gas. This hydrocarbon reserve
presents in three petroleum systems, namely Palaeozoic,
Jurassic, and Cretaceous-Tertiary (Fig. 1) (Ahlbrandt et al.
2000; Verma et al. 2004). Most of the petroleum that has been
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discovered in Iraq is reported to have been sourced from the
Jurassic-age rocks and trapped in the Cretaceous- and
Tertiary-age reservoirs of the Mesopotamian Basin and the
Zagros Basin/Zagros Fold Belt (Pitman et al. 2004) (Fig. 1).

The study area is situated within the Kurdistan Region of
Iraq which is estimated to contain about 39% of Iraq’s total
barrels of oil reserves. Recent studies have indicated that most
of the discovered oil in the Kurdistan Region of Iraq was
sourced from the Sargelu (Middle Jurassic), Naokelekan
(Upper Jurassic), and Chia Gara (Late Jurassic-Early
Cretaceous) Formations (Al-Ameri and Zumberge 2012;
Mohialdeen et al. 2013; Tobia et al. 2019).

Because of the geological and economic importance of the
Jurassic successions in Iraq, they have been described in nu-
merous studies, the majority of which have focused on the
lithology and depositional environments of the successions
and their economic significance (e.g., Daoud and Karim
2010; Al-Ameri and Zumberge 2012; Al-Juboury and
McCann 2013; Jasim 2013; Abdula 2017).

The Middle Jurassic-age Sargelu Formation was first de-
scribed by Wetzel (1948) from the Surdash Anticline in the
High Folded Zone, NE of Iraq (Bellen et al. 1959; Jassim and

@ Springer
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«Fig. 1 Map showing major oil and gas fields in the regions of
Mesopotamian Basin and Zagros Basin/Zagros Fold Belt (after Aqrawi
1998). Inset map depicts three total petroleum systems (TPS) that have
contributed to the petroleum accumulations in Iraq (Ahlbrandt et al. 2000)

Goff 2006). Subsequently, the formation was correlated with
successions in Iran (James and Wynd 1965), Turkey, and
Syria (Altinli 1966; Dubertret 1966). On the contrary, the
Late Jurassic-age Naokelekan Formation was first described
by Wetzel and Morton (1950) from the Balambo-Tanjero
Zone near Rowanduz.

The redox-sensitive trace metals have been used widely as
geochemical proxies to determine the redox status of marine
sediments at the time of their deposition as well as their prov-
enance (Ramos-Vazquez and Armstrong-Altrin 2019; Bennett
and Canfield 2020), and thus provide direct information on the
depositional environment. Similarly, the carbon isotope geo-
chemistry is used as a good indicator of the depositional set-
ting waters (Bowman and Bralower 2005; Jarvis et al. 20006).
On the other hand, the oxygen isotope geochemistry is con-
sidered to be an important indicator of the dominated climate
conditions during the period of deposition (Bartolini et al.
2003; Ruf et al. 2005; Weissert and Erba 2004).

Future work on the organic geochemistry of the Sargelu and
Naokelekan Formations has been published (Al-Ahmed 2006;
Agrawi and Badics 2015; El Diasty et al. 2018; Abdula et al.
2020). However, detailed studies of the solid bitumen from
these two Jurassic-age formations were not, to date, attempted.
Bellen et al. (1959) studied the presence of solid bitumens in
the Naokelekan Formation, but misinterpreted them as coal
horizons. To fulfill this gap, in this study, we examined the
detailed petrographic, organic, and inorganic geochemistry of
the solid bitumen as well as the host shales of the Sargelu and
Naokelekan Formations from the Banik section in northern-
most Iraq, including the carbon and oxygen isotopes and
paleoredox proxies. Therefore, the objectives of this study are
to (1) suggest possible depositional environment of the solid
bitumen and host sediments provided by the carbon and oxy-
gen isotopes, and paleoredox proxies, and (2) reconstruct the
accumulation process for the solid bitumen present within the
formations and decipher its origin by integrating the geochem-
ical data with the equivalent vitrinite reflectance.

Geological setting

The study area is situated within the region of northernmost Iraqi
Kurdistan within the Zagros Basin/Zagros Fold Belt on the
northeastern boundary of the Arabian Plate (Abdula 2017; Liu
et al. 2018). The Zagros Basin is one of the most hydrocarbon-
rich basins in the world (Sarfi et al. 2015) with these being
mainly sourced from Jurassic marine carbonates (Al-Ahmed

2006). Middle to Upper Jurassic Sargelu and Naokelekan
Formations in Iraq are organic rich and comprise intercalated
shallow-marine carbonates and highly porous and permeable
shales/sandstones forming the main reservoir unit (Murris
1980; Beydoun 1991; Sharland et al. 2001). The two formations
are subsequently overlain by a seal of evaporites forming a
closed petroleum system. The lateral extent of these formations,
and related units, from Iraq to Saudi Arabia and the Gulf States is
the reason for the hydrocarbon-rich productivity across the re-
gion (Murris 1980; Beydoun 1991; Sharland et al. 2001).

The Banik section is located near the boundary between the
High Folded Zone and the Thrust Zone (i.e., the Northern (Ora)
Thrust Subzone) (Fig. 2a). The Sargelu and Naokelekan
Formations crop out in Northern Iraq within the eroded cores
and limbs of anticlines in structural zones of the Zagros Basin/
Zagros Fold Belt area (Numan 2000). These zones include, from
SW to NE, the Low Folded Zone (or Foothills), the High Folded
Zone, and the Imbricated Zone (Fig. 2a) (Jassim and Goff2006).
According to Zainy et al. (2017), the Imbricated Zone can be
further subdivided into two zones, namely the Balambo-Tanjero
Subzone and the Northern (Ora) Thrust Subzone. This latter
subzone is approximately 15 km wide and trends E-W in the
border area of Northern Iraq and Turkey (Balaky et al. 2016;
Edilbi et al. 2017; Zainy et al. 2017).

The thickness of the Sargelu Formation varies from 74 to
447 m (Jassim and Buday 2006). In its type section, the Sargelu
Formation is about 115 m thick, and consists of bituminous
dolomitic limestones and black shales with thin chert towards
the tops (Wetzel 1948; Jassim and Buday 2006). In the subsur-
face, higher proportions of shale as well as rare fine-grained
sandstones have also been noted (Jassim and Buday 2006).

The age of the Sargelu Formation has been determined
based on the presence of the pelecypods (e.g., Bositra buchii),
and is considered to be Bajocian-Bathonian (Bellen et al.
1959; Jassim and Goff 2006). In addition to the presence of
the pelecypods in the Sargelu Formation, gastropods, radio-
laria, ostracods, calcispheres, and algal filaments (e.g., Abdula
et al. 2015) have been recorded within the same formation in
some areas of Northern Iraq.

Al-Ameri et al. (2012) suggested a Bajocian-Bathonian,
and possibly Lower Callovian, age based on palynomorph
index. Thus, while a Middle Jurassic age for the Sargelu
Formation has been confirmed, there is still a lack of precision
with regard to the age boundaries. The contact between the
Sargelu Formation and the underlying Sehkaniyan Formation
in the type area is usually conformable and gradational (Bellen
et al. 1959; Jassim and Goff 2006).

In the subsurface, the boundary is defined by the final occur-
rence of anhydrite (Jassim and Buday 2006). The contact with
the overlying Naokelekan Formation appears to be conformable
and gradational (Bellen et al. 1959; Jassim and Goff 2006). The
Sargelu Formation was deposited in a basinal euxinic marine
environment (Bellen et al. 1959; Jassim and Goff 2006).
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Fig. 2 (a) Geological map of a
Northern Iraq showing the study 200000 300000 400000 00000 600000
area and the structural zones of . . R N
the Zagros Basin/Zagros Fold N Turkey Study Area 0 S0 km 100
| IS S ——

Belt (after Awdal et al. 2016). (b)
Geological map of northernmost
Iraq including Banik section and
the two formations (Sargelu and
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The type section of the overlying Naokelekan Formation
comprises 20 m and can be subdivided into three units (Wetzel
and Morton 1950). From base to top, these are as follows: (a)
thinly bedded, bituminous limestones with intercalated bitu-
minous black shales and limestones, (b) thinly bedded, fossil-
iferous dolomitic limestones, and (c) thinly bedded, highly
bituminous dolomites and limestones interbedded with black
shales in the lower part (Jassim and Buday 2006). An Early
Callovian-Kimmeridgian age was proposed for the
Naokelekan Formation based on the recorded fauna, including
belemnites, stromatoporoids, foraminifera, and algae (Jassim
and Buday 2006).
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The lower and upper contacts of the formation with the
Sargelu and Barsarin Formations, respectively, appear to be
conformable (Bellen et al. 1959; Jassim and Goff 2006).
However, the recognition of the lower contact in northernmost
Iraq is difficult although it is generally assumed to be grada-
tional (Buday 1980). The lack of chert and the presence of
abundant Posidonia and other ammonites distinguish the
Sargelu Formation from the Naokelekan Formation (Wetzel
1948). Additionally, the latter contains solid bitumen (Wetzel
1948), although solid bitumen was also recorded from the
Sargelu Formation as part of this study. The sediments of
the Naokelekan Formation were deposited in an euxinic
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environment, in a subsiding, or possibly starved, basin (Bellen
et al. 1959; Jassim and Goff 2006).

The current study focused on the solid bitumen present
within the host shale successions of the Sargelu and
Naokelekan Formations of the Banik section (Fig. 2b). This
section crops out in a region where access is now forbidden.
Thus, due to recent political upheavals, this work will remain
unique for the foreseeable future. The sedimentary succession
from the Banik section comprises interbedded shales and car-
bonates (dolomites, limestones) and is considered to be of
great importance given its singularity in northernmost Iraq,
as well as the fact that it is the only location from which solid
bitumen from the Sargelu Formation has been recorded. As
noted above, the studied shale beds hosting the bitumen, par-
ticularly those from the Naokelekan Formation in the Banik
area, were originally misinterpreted by Bellen et al. (1959)
who described them as a 4-m-thick coal horizon, while those
from the Sargelu Formation, i.e., the shale beds hosting bitu-
men, were recorded for the first time as part of this study. A
detailed sedimentary log is shown in Fig. 3.

Materials and methods

A total of eight shale samples hosting bitumen (four from the
Sargelu Formation and four from the Naokelekan Formation)
were collected from the Banik section. The samples were col-
lected for detailed petrographic, mineralogy, organic, and in-
organic (trace and carbon and oxygen stable isotopic geo-
chemistry) analyses.

Petrographic investigation of the solid bitumen was con-
ducted using optical microscopy at the Instituto de Ciencia y
Tecnologia del Carbono (INCAR-CSIC) Oviedo, Spain.
Organic petrography characterization was carried out on all
the samples using reflected white light and blue light excita-
tion (fluorescence mode). These analyses were mainly fo-
cused on the identification of the organic populations present
in the samples, their characterization, and the reflectance mea-
surement in the case of solid bitumen. The optical microscopy
measurements were performed on particulate pellets (whole
rock) with randomly orientated particles using a MPV-Combi
(Leitz) microscope, reflected light, and x50 oil immersion
objectives following the ASTM D 2798-09 (2010) and ISO
7404/5 (2009) norms. The pellets were prepared following a
modified procedure of the ISO 7404/02 (2009) standard that
does not employ a press and temperature. Fluorescence, white
light observations, and optical photomicrographs were taken
on a DM 4500P Leica microscope using a DFC 420C Leica
camera with the corresponding software to capture and ana-
lyze the images.

The solid bitumen and host shale samples from both the
Sargelu and Naokelekan Formations were examined using
Cambridge S 200 Sterecoscan (Cambridge, UK) and a LEO

1450 (Cambridge, UK) scanning electron microscopes, which
were used for imaging, and energy dispersive X-ray (EDX)
analyses. These were equipped with secondary electron (SE)
and backscattered electron (BSE) detectors and an EDX analysis
system (Oxford Instruments, Oxford, UK) using the Link ISIS
Software at the Nees Institute Laboratory, Bonn University.

The mineralogical constituents of the host shales were de-
termined using the XRD. Sampling material for XRD mea-
surements was analyzed as powder preparation in a D8
Advance from the company Bruker AXS GmbH and the ac-
quired data was analyzed using the software MacDiff 4.2.6
and Rietveld method.

The total organic carbon (TOC) measurement of the solid
bitumen and host shale samples was conducted using a Vario
EL cube from the company Elementar Analysensysteme GmbH.

Furthermore, stable isotopic data for carbon and oxygen
were conducted at the Ruhr-Universitit Bochum, with a
mass spectrometer MAT253 (Thermo Fisher Scientific)
equipped with a ConFlo IV and a GasBench II (both
Thermo Fisher Scientific), while the inorganic trace ele-
ments of the same samples were analyzed (XRF) in the
Institut fiir Geowissenschaften-Geologie, Bonn University.
Measurements were performed with an AXIOS from the
company PANalytical GmbH.

Results
Organic petrography

Petrographic analysis of the samples collected from the shale
beds hosting the bitumen from the Sargelu and Naokelekan
Formations revealed that the host shale is rich in solid bitumen
which is interbedded with mineral matter (Fig. 4a, b). Two
bitumen phases were recognized: solid bitumen with high
reflectance and solid bitumen with low reflectance (Table 1).
The bitumen with high reflectance can be classified as
Grahamite, while the bitumen with low reflectance would cor-
respond to a Glance Pitch (Jacob 1989). In general, the solid
bitumen with high reflectance is dominant as seen by the
number of nitrogen measurements (48—180) with the excep-
tion for samples 3 and 4 from the Sargelu Formation which
have values of c. 25 and 32 (Table 1). The solid bitumen
samples were also analyzed under a microscope for their fluo-
rescence, as well as using UV excitation. There was no evi-
dence of any fluorescence.

Mineralogy

The mineralogy of the solid bitumen and host shales from the
Sargelu and Naokelekan Formations was carried out by means
of X-ray diffraction (XRD) and SEM - EDX analysis.
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Fig.4 (a) Optical microscopy (reflected white light) photomicrographs of
the Sargelu Formation. (a)~(h) Grahamite (light chrysolite color), glance
pitch (dark chrysolite color), scattered crystals of mineral matter (shiny
color). (b) Optical microscopy (reflected white light) photomicrographs

of the Naokelekan Formation. (a), (b) Grahamite (light green color),
glance pitch (dark green color), scattered crystals of mineral matter (shiny
color). (c)—(h) Grahamite (light chrysolite color), glance pitch (dark
chrysolite color), scattered crystals of mineral matter (shiny color)

@ Springer
165



755 Page 8 of 20

Arab J Geosci (2021) 14:755

Fig. 4 (continued)

XRD analysis showed the following results averaged for
minerals in the studied samples (Fig. 5a, b; Table 2). Likewise,
Akkoca and Isik (2018) found these minerals in Dadas shales,
rich in organic matter, in southeastern Turkey.
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Based on these results, it is concluded that the two
formations differ in terms of their mineralogical composi-
tions. The SEM and EDX analyses confirmed the pres-
ence of illite in the Naokelekan Formation (Fig. 6h;
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Table 1 Solid bitumen
reflectance values identified in the

Solid bitumen first phase

Solid bitumen second phase

shale reservoirs from the Sargelu

(S) and Naokelekan (N) Sample no. Formation Reflectance (%) S N Reflectance (%) S N

Formations
1 Sargelu 0.45 0.08 48 0.19 0.06 12
2 Sargelu 0.54 0.07 109 0.27 0.05 50
3 Sargelu 0.52 0.04 25 0.30 0.05 65
4 Sargelu 0.66 0.06 32 0.38 0.08 68
1 Naokelekan 0.59 0.06 102 0.34 0.05 23
2 Naokelekan 0.54 0.04 69 0.36 0.07 31
3 Naokelekan 0.54 0.05 180 - - -
4 Naokelekan 0.51 0.04 177 0.27 0.06 23

Supplementary Fig. 1y), as well as the presence of mont-
morillonite and chlorite (Fig. 6h; Supplementary Fig. 1w,
x), while rectorite (dioctahedral mica/montmorillonite)
and kaolinite were observed from the underlying Sargelu
Formation (Fig. 6d; Supplementary Fig. 1f, 1).

Geochemistry
Organic geochemistry

Total carbon, organic carbon, and total sulfur The organic
carbon (TOC) content (Table 3) varies from 4.3 to 14.5% in
the samples from the Sargelu Formation with a mean value of
9.15%, while the total carbon (TC) content for the same sam-
ples ranges from 10.0 to 19.56% with a mean value of 15.34%
(Table 3). In contrast, the samples from the Naokelekan
Formation have the highest measured TOC contents (up to
48.1%; Table 3) with a mean value of 29.43%. The TC con-
tent for the same samples ranges from 24.73 to 48.9% with a
mean value of 34.24% (Table 3).

The total sulfur (TS) content in the Sargelu Formation sam-
ples varies from 0.54 to 1.60%, while the samples from the
Naokelekan Formation have higher TS contents ranging from
2.06 to 5.44% (Table 4).

Carbon and oxygen isotopes Table 5 lists the carbon isotope
(3'3C) and oxygen isotope (5'%0) values of the solid bitumen
and host shale samples from the two formations. The 5'°C
values of the samples from the Sargelu Formation range from
—2.58 to —7.10%, while the §'®0 values from the same for-
mation range from —3.75 to —7.19%o. In contrast, the 53¢
values of the samples from the Naokelekan Formation vary
from —5.38 to —6.60%0, while the §'%0 values range from
—6.34 to —6.71%0. One sample (sample 4) from the latter for-
mation did not contain any carbonate (or only trace amounts;
Table 2) and so no values could be calculated.

Inorganic geochemistry

X-ray fluorescence (XRF) analysis was used to determine the
trace element compositions of the two formations (Table 6).
The solid bitumen and host shales of the Sargelu Formation
have high amounts of Ba, V, Mo, Cu, Zr, W, Zn, Sr, Cr, and
Rb. The Ba values for samples 1 and 2 from the Sargelu
Formation are 104 and 113 ppm, which are higher than the
values of samples 3 and 4 (22-82 ppm). The V value for
sample 3 from the same formation is 130 ppm, which is lower
than the general values of ¢c. 300—500 ppm. The Mo value for
sample 2 from the same formation is 662 ppm, which is higher
than the general values of c. 100-275 ppm. The Cu values for
samples 1 and 2 of the Sargelu Formation are 90 ppm and 134
ppm, which are higher than the values of samples 3 and 4 (15—
60 ppm). The Zr value of 8 ppm for sample 3 from the Sargelu
Formation is lower than the general values of ¢. 37-54 ppm.
The W value for sample 3 from the same formation is 144
ppm, which is higher than the general values of c. 2040 ppm.
The Zn value for sample 4 from the same formation is 74 ppm,
which is lower than the general range of values (c. 152-200
ppm). The Sr values for samples 1 and 2 from the same for-
mation are 81 and 98 ppm, which are lower than the values of
samples 3 and 4 (c. 124-150 ppm). The Cr value for sample 3
from the same formation is 18 ppm, which is lower than the
general values of c. 55-83 ppm. The Rb value for sample 3
from the same formation is 6 ppm, which is also lower than
the general values of c. 21-38 ppm.

Samples from the Sargelu Formation also showed varied
ranges for Ni (200448 ppm), Mn (21-70 ppm), Pb (14-19
ppm), As (13—68 ppm), U (13-34 ppm), Ce (1326 ppm), Y
(11-36 ppm), Co (10-30 ppm), La (620 ppm), and Nd (5-16
ppm), while Th, Hf, Sm, Cs, Nb, Sc, and Ga have consider-
ably lower ranges of 1-9 ppm (see Table 6).

The trace element distributions of the Naokelekan
Formation are generally higher than those of the Sargelu
Formation, for example, Ba (150-300 ppm), V (800-2000
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<« Fig. 5 X-ray diffractograms of selected samples from the Sargelu and
Naokelekan Formations illustrating the clay and non-clay minerals in the
host shales and solid bitumen. (a) Sample 4, Sargelu Formation. (b)
Sample 4, Naokelekan Formation (see Fig. 3 for sample location)

ppm), Zn (200-1000 ppm), Cr (70-300 ppm), As (25-77
ppm), U (33-68 ppm), Y (26-85 ppm), and Nd (10-27
ppm). The values for Mn (20-58 ppm) and Co (3—11 ppm),
however, are slightly lower than those from the underlying
Sargelu Formation. The Th, Hf, Sm, Cs, Nb, Sc, and Ga
values are very low (i.e., < 1-9 ppm), and thus very similar
to those from the underlying Sargelu Formation (see Table 6).

The general range of the trace element values is similar for
both formations (Table 6).

Discussion

Petrographic, organic, and inorganic geochemical analyses
were undertaken on 8 samples of solid bitumen and the cor-
responding host shales from the Middle and Late Jurassic-age
Sargelu and Naokelekan Formations from the Banik section,
northernmost Iraq. While the solid bitumen is a secondary
organic product resulting from the transformation of oils gen-
erated from the organic matter of primary origin (mainly high-
ly hydrogenated organic matter), the precise origin of the solid
bitumen present within the formations is unclear although the
vitrinite reflectance and mineral contents provide important
information in this regard. The following discussion, will re-
view, in detail, the main aspects of the analyses, commencing
with those which provide direct information on the deposi-
tional environment (i.e., isotopes, paleoredox proxies) before
examining the aspects which are of more local significance
(i.e., vitrinite reflectance, mineral content).

Carbon and oxygen isotope data

The carbon isotope (5'3C) values of the solid bitumen and
host shale samples from the Sargelu and Naokelekan

Formations are all negative. Negative values are generally
considered to be indicative of marine regression, while posi-
tive values have been related to periods of marine transgres-
sion (Bowman and Bralower 2005; Jarvis et al. 2006). Thus,
deposition of the solid bitumen and host shales from the
Sargelu and Naokelekan Formations of northernmost Iraq
probably occurred during a period of marine regression and
the establishment of a shallow-water depositional setting.

According to Buday (1980) and Haq (2018), the deposition
of the Middle to Upper Jurassic successions coincided with a
broad eustatic transgression, resulting in higher global sea
level (Hallam 1982; Alsharhan and Nairn 2003). Despite this
eustatic rise, the carbon isotope values of the solid bitumen
and host shale samples from the Middle and Late Jurassic-age
Sargelu and Naokelekan Formations are interpreted as having
been deposited in a shallow-marine setting. This disparity in
terms of the rising custatic sea level versus the shallow-marine
setting in the area of Northern Iraq requires an explanation.
Given that the region is located within the Zagros Basin/
Zagros Fold Belt, an area which was tectonically active, it is
possible that regional deformation due to Cimmerian-related
uplift (Buday 1980) would have negated, or modified, the
eustatic sea level rise.

Analysis of the oxygen isotope values from the solid bitu-
men and host shale samples from the formations also shows
negative values, indicative of warmer waters. Thus, deposition
of the formations correlates well with the suggested Jurassic
climate being dominated by tropical-subtropical conditions
(Hallam 1982).

Paleoredox proxies

A selection of redox proxies, including Mo, U/Th, V/Cr, Ni/
Co, and V/(V + Ni) (Hatch and Leventhal 1992; Rimmer
2004; Deepulal et al. 2012; Ramos-Vazquez et al. 2017;
Anaya-Gregorio et al. 2018; Armstrong-Altrin 2020;
Armstrong-Altrin et al. 2019; Armstrong et al. 2020; Ayala-
Pérez et al. 2021), as well as the TS-TOC relationship (Pearce

Table 2  Distribution of clay and non-clay minerals (in wt%) in the solid bitumen and host shales of the Sargelu and Naokelekan Formations

Sample no. Formation Quartz (%) Dolomite/ankerite (%) Calcite (%) Alkali feldspar (%) Tllite/muscovite (%) Pyrite (%)
1 Sargelu 2.15 90.60 1.31 5.94 - -

2 Sargelu 17.63 63.14 4.20 15.03 - -

3 Sargelu 45.26 3.49 48.65 2.60 - -

4 Sargelu 13.19 31.32 38.11 17.38 - -

1 Naokelekan ~ 2.68 36.60 45.37 15.35 - -

2 Naokelekan 2.70 2.00 87.94 6.05 - -

3 Naokelekan 3.61 1.84 85.73 6.88 - 1.16

4 Naokelekan 21.40 - - 51.30 27.30 -
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et al. 2010), were calculated from the solid bitumen and host
shale samples (Fig. 7; Table 6).

The measured Mo values of the solid bitumen and host
shale samples from the studied formations were very high,
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ranging from 111 to 662 ppm in the Sargelu Formation and
from 116 to 356 ppm in the overlying Naokelekan Formation
(Fig. 7; Table 6), strongly suggesting that deposition occurred
under anoxic conditions, with conditions during the
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<« Fig. 6 SEM images of the Sargelu and Naokelekan Formations. (a)
Topographic image of image (b). (b) Compositional contrast image with
spotted areas. Spot 1: illite; spot 2: dolomite; spot 3: plagioclase feldspar;
spot 4: illite; spot 5: pyrite framboid. (c) Topographic image of image (d).
(d) Compositional contrast image with spotted areas. Spot 1: rectorite
with organic matter (solid bitumen); spot 2: calcite with organic matter
(solid bitumen); spot 3: pyrite framboid; spot 4: calcite with organic
matter (solid bitumen); spot 5: organic matter (solid bitumen); spot 6:
organic matter (solid bitumen); spot 7: kaolinite; spot 8: calcite with
organic matter (solid bitumen). (e) Topographic image of image (f). (f)
Compositional contrast image with spotted areas. Spot 1: organic matter
(solid bitumen); spot 2: dolomite; spot 3: calcite; spot 4: pyrite framboid;
spot 5: calcium phosphate with organic matter (solid bitumen); spot 6:
pyrite framboid; spot 7: K-feldspar; spot 8: calcite. (g) Topographic im-
age of image (h). (h) Compositional contrast image with spotted areas.
Spot 1: pyrite framboid; spot 2: montmorillonite; spot 3: chlorite; spot 4:
illite. f, fractures; mp, micropores within all samples from both formations
(Sargelu and Naokelekan); topographic image, secondary electron signal
(low energy); compositional contrast image, back scattered electron sig-
nal (high energy) that shows bright and dark areas. The darker areas
contain lighter elements, while the brighter areas contain heavier elements

deposition of the lowermost formation possibly being more
anoxic (Francois 1988; Dean et al. 1997).

Jones and Manning (1994) suggested that the U/Th ratio
can be used as a proxy indicator for redox conditions, where
ratios of > 1.25 are typical of anoxic deposition. Values of up
to 67.6 were measured from the solid bitumen and host shale
samples from the Sargelu Formation, while values up to 136.6
were measured from the solid bitumen and host shale samples
from the Naokelekan Formation (Fig. 7; Table 6). These
values suggest that both formations were deposited under an-
oxic conditions.

According to Hatch and Leventhal (1992) and Jones and
Manning (1994), the ratio values of V/Cr which are < 2 indi-
cate that the sediments were deposited within the oxic zone,
while values > 4.25 indicate that they were deposited within
the suboxic to anoxic zone (Hatch and Leventhal 1992; Jones

Table 4 TS and TOC relationship for the samples of the Sargelu and
Naokelekan Formations

Sample no. Formation %TOC %TS
1 Sargelu 7.5 0.85
2 Sargelu 10.3 1.04
3 Sargelu 43 0.54
4 Sargelu 14.5 1.60
1 Naokelekan 18.8 2.06
2 Naokelekan 259 2.99
3 Naokelekan 24.9 3.36
4 Naokelekan 48.1 5.44

and Manning 1994). The calculated V/Cr ratio values of the
solid bitumen and host shale samples from the Sargelu
Formation (5.39-7.43) fall within the suboxic to anoxic range.
In comparison, the V/Cr ratio values from the overlying
Naokelekan Formation show a marked increase, ranging from
9.13 up to 14.99. Such values are double some of those from
the solid bitumen and host shale samples of the underlying
Sargelu Formation. This might suggest that anoxia became
more prevalent within the period during which the solid bitu-
men and host shales from the Naokelekan Formation were
deposited (Fig. 7; Table 6).

Jones and Manning (1994) suggested that Ni/Co ratio
values of < 5 indicate oxic conditions, while values of > 7
would indicate suboxic to anoxic conditions. Indeed, high
Ni/Co ratio values are typical of reducing conditions where
organic matter accumulates in the sediment (e.g., Raiswell and
Plant 1980; Patterson et al. 1986). The Ni/Co values of the
Naokelekan Formation (24.19-145.71) are noticeably higher
than those recorded from the underlying Sargelu Formation
(5.71-21.15), indicating that anoxia is considerably more
prevalent within the Naokelekan Formation comparable to
the Sargelu Formation, thus correlating well with the results
obtained above (Fig. 7; Table 6).

Table 3  Total carbon, total inorganic carbon, and total organic carbon
data for the samples of the Sargelu and Naokelekan Formations
Sample no. Formation %TC %TIC %TOC Table5 Carbon and oxygen isotope data for th§ solid bitumen and host
shales from the Sargelu and Naokelekan Formations

1 Sargelu 15.57 8.5 75 Sample no. Formation 83 5'%0
2 Sargelu 15.84 5.6 10.3
3 Sargelu 10.00 5.7 43 1 Sargelu —2.58 -3.75
4 Sargelu 19.56 5.1 14.5 2 Sargelu —5.54 —4.96
Mean value Sargelu 15.34 6.23 9.15 3 Sargelu -7.10 —5.24
1 Naokelekan 24.73 59 18.8 4 Sargelu —5.66 -7.19
2 Naokelekan 32.30 6.4 25.9 1 Naokelekan —6.60 —6.34
3 Naokelekan 31.04 6.1 24.9 2 Naokelekan —6.53 —6.70
4 Naokelekan 48.09 <0.2 48.1 3 Naokelekan —6.53 -6.71
Mean value Naokelekan 34.24 4.65 29.43 4 Naokelekan - -
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Table 6 Trace (in ppm) element

concentrations with paleoredox Sargelu Naokelekan

proxies: Mo, U/Th, V/Cr, Ni/Co,

V/(V + Ni) for the solid bitumen Element (ppm) 1 2 3 4 1 2 3 4

and host shales of the Middle—

Late Jurassic-age Sargelu and Sc <DL 3 <DL <DL <DL <DL <DL 7

Naokelekan Formations v 316 519 130 383 564 675 1082 2823
Cr 59 83 18 55 62 56 72 303
Mn 61 70 21 60 58 23 26 20
Co 13 36 22 15 11 3 5 4
Ni 218 448 125 313 273 332 590 597
Cu 90 134 15 60 55 35 35 87
Zn 198 181 152 74 157 518 1165 524
Ga 4 4 <DL 3 2 4 3 6
As 47 68.1 13.8 41.3 36.3 25.7 27.2 77
Rb 21 35 6 38 27 11 16 37
Sr 81 98 150 124 140 289 298 94
Y 16 29 11 36 42 26 29 85
Zr 37 54 8 44 27 15 19 55
Nb 4 5 <DL 4 4 2 3 6
Cs 5 7 5 7 9 5 8 4
Ba 104 113 22 82 124 230 158 366
La 9 16 6 20 33 10 16 43
Ce 23 26 13 19 12 18 1 20
Nd 10 16 5 12 14 10 12 27
Sm <DL 2 4 7 2 3 <DL 7
Hf <DL <DL <DL <DL <DL <DL <DL <DL
w 25 43 144 25 29 9 10 15
Pb 16 18 14 19 15 14 14 22
Th <DL <DL <DL 2 <DL <DL <DL <DL
Mo 275 662 111 177 116 356 299 311
U 264 33.8 13.5 30.9 43.6 33.8 51.6 68.3
U/Th 52.8 67.6 27 15.45 87.2 67.6 103.2 136.6
V/Cr 5.39 6.23 7.43 7.02 9.13 11.98 14.99 9.33
Ni/Co 16.52 12.37 571 21.15 24.19 100.61 120.33 145.71
V/(V + Ni) 0.59 0.54 0.51 0.55 0.67 0.67 0.65 0.83

The V/(V + Ni) ratio is usually considered to be indicative
of sediment deposition under euxinic conditions. According to
Hatch and Leventhal (1992), V/(V + Ni) ratio values between
0.54 and 0.84 indicate anoxic conditions, while values greater
than 0.84 would suggest euxinic conditions. The V/(V + Ni)
values of the solid bitumen and host shale samples from the
Sargelu Formation (i.e., 0.54—0.59) would possibly suggest
that the solid bitumen and host shales of the Sargelu
Formation were deposited under anoxic conditions (with the
exception for one sample which has a value of ¢. 0.51). The
V/(V + Ni) values of the solid bitumen and host shales from
the overlying Naokelekan Formation increase from. 0.65 to
0.83. Such values would suggest that anoxia became more
prevalent within the period of deposition of the solid bitumen
and host shales of the Naokelekan Formation, again
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confirming the results obtained from the above analyses
(Fig. 7; Table 6).

The TS-TOC relationship could be also indicative of reduc-
ing conditions (cf. Pearce et al. 2010). There is an overall
increase in TS content (e.g., 1.04, 1.60, 2.06, 2.99) within
the samples from the Sargelu and Naokelekan Formations
with a corresponding increase in TOC content (e.g., 10.3,
14.5, 18.8, 25.9), except for one sample from the
Naokelekan Formation which has a considerably higher value
of TS (5.44) and a higher value of TOC (48.1) (see Table 4).
This positive relationship between the TS and TOC contents is
indicative of syngenetic pyrite formation under reducing con-
ditions (Pearce et al. 2010).

According to Liu et al. (2019), pyrites can be subdivided,
based on the formation mechanism, into syngenetic pyrites,
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Fig. 7 The host shales and solid bitumen of the Sargelu and Naokelekan
Formations, from the measured log of the Banik section, northernmost
Iraq, showing geochemical proxies for paleoredox conditions. White-

early diagenetic pyrites, and late diagenetic pyrites. SEM and
EDX analysis revealed the presence of syngenetic pyrites
within all of the solid bitumen and host shale samples from
the Sargelu and Naokelekan Formations (Fig. 6b, d, f, h;

T T
400 600

colored beds, carbonate; black-colored beds, shale; dark brown-colored
beds, shale hosting solid bitumen

Supplementary Fig. le, h, q, s, v). The observed syngenetic
pyrites are mostly small framboids composed of microcrys-
tals. According to Wilkin et al. (1996) and Gallego-Torres
et al. (2015), the size distribution of pyrite framboids is
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indicative of anoxic—euxinic environments in ancient marine
sediments. As noted, the majority of the syngenetic pyrites
from the Banik area are small framboids (i.c., smaller than 5
pm) suggesting that euxinic conditions were predominant
during the time of deposition of the Sargelu and Naokelekan
Formations (cf. Liu et al. 2019). Interestingly, a recent study
(Abdula et al. 2020) on Rock-Eval analysis and organic pet-
rographical characterization of the Upper Jurassic Naokelekan
Formation from the Northern Mesopotamian Basin in Iraqi
Kurdistan suggests that the co-occurrence of bituminite with
pyrite framboids is indicative of reducing (anoxic to euxinic)
conditions during the time of the deposition of the Naokelekan
Formation sediments.

The various geochemical proxies discussed above would all
suggest that the solid bitumen and host shale from both the
Sargelu and Naokelekan Formations were deposited under re-
ducing (anoxic to euxinic) conditions. Furthermore, it appears
that the Naokelekan Formation was deposited during a period
of more marked anoxia. Given that both formations were de-
posited in a shallow-marine shelf setting which would most
likely be oxic, we need to explain the very clear anoxia signal
which has been revealed from the geochemical proxies. Tyson
(1989) and Tyson and Pearson (1991) have outlined a number
of factors which can be used to determine the occurrence of
dysoxic/anoxic facies in shelf settings, including high TOC
contents (3—60%), absence (or low diversity) of benthos, gen-
eral absence of coarse clastics, and association with warmer
paleoclimates. These factors can be related to basin stratifica-
tion, impingement and penetration of the expanded Oxygen
Minimum Zone, and upwelling models and models related to
changes in sea level and/or sea bottom topography as well as
fluvial influence (e.g., Van der Zwaan and Jorissen 1991). It is
difficult to determine the precise importance of the first three of
these, so we will concentrate on the latter controls.

As noted above, the TOC contents of the Sargelu and
Naokelekan Formations range from 4.3 to 48.1%.
Additionally, the benthos, as reported by Omar et al. (2020),
comprise only rare ostracods (Loricoecia loricate).
Furthermore, the formations are dominated by mudstones,
and a marked absence of coarser clastics, with deposition oc-
curring during a warm period. These observations support the
fact that the deposition of the Sargelu and Naokelekan
Formations possibly occurred under low oxygen conditions
(Tyson 1989). Many authors noted that rising sea level can
lead to an increase in anoxia in shelf settings (Gertsch et al.
2010; Danise et al. 2013). While, the period of deposition of
the Middle and Upper Jurassic formations corresponded to
that of a broad eustatic transgression (Buday 1980; Haq
2018), resulting in higher global sea levels (Hallam 1982;
Alsharhan and Nairn 2003). The situation, however, in
Northern Iraq in Jurassic times was very different, since the
environment was a shallow-marine setting at the time of
deposition.
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Omar et al. (2020) have interpreted the disparity in terms of
the rising sea level and the shallow-marine depositional environ-
ment of the Sargelu and Naokelekan Formations in northern-
most Iraq as being related to Cimmerian-related uplift tectonic
activity (see also Buday 1980) which may have modified the sea
level rise due to the formation of small restricted subbasins.
Tobia et al. (2019) have examined the sediments of the
Sargelu and Naokelekan Formations from Iraqi Kurdistan and
determined that they were deposited in an anoxic deep-marine
setting (with the exception of the lowermost Sargelu Formation
sediments which show evidence of oxic shallow-marine setting).
These results do not agree with the findings from the current
study, apart from the clear anoxic signature which is present
within the bulk of the Sargelu and Naokelekan Formations’
sediments. The unequivocal shallow-marine signature derived
from the isotopes clearly does not allow a deep-marine setting
for the anoxia to be determined. Based on the factors outlined
above by Tyson (1989) and Tyson and Pearson (1991), it is clear
that the sediments of the Sargelu and Naokelekan Formations
show a definitive anoxic signature. As noted above, the deposi-
tional setting was shallow marine; the region was also one which
was tectonically active with the NE (which includes the Banik
area) and N boundaries of the Arabian Plate representing the
area of collision with the Cimmerian plates (Jassim and Goff
2006). Subsequent to this collision, a period of uplift (i.e.,
Cimmerian uplift; Buday 1980) occurred, possibly resulting in
the subdivision of the depositional setting as a result of tectonic
deformation (i.e., subbasin formation, basin
compartmentalization; Omar et al. 2020). This tectonic fragmen-
tation of the marine shelf into areas of higher and lower relief
was similar, in some ways, to the Cretaceous-age Northern
Calcareous Alps (Austria), where the depositional setting was
compartmentalized as a result of deformation (Sanders 1998).
Such compartmentalization (Pratt et al. 2008) would have result-
ed in marked differences between various subbasins, and—we
would herein suggest—the development of anoxic facies within
some of these subbasins. Thus, our explanation, invoking tec-
tonic deformation resulting in the formation of subbasins with
restricted circulation, would appear to be the best current expla-
nation for this dilemma.

Vitrinite reflectance

The equivalent vitrinite reflectance value was determined for
the eight samples from the Sargelu and Naokelekan
Formations using three standard equations, which are as fol-
lows: Jacob (1989) equation: Ro eq. vitrinite = 0.618 RB +
0.40, Riediger (1993) equation: Ro eq. vitrinite = 0.277 RB +
0.57, Schoenherr et al. (2007) equation: Ro eq. vitrinite = (RB
+ 0.2443) / 1.0495. The equivalent vitrinite reflectance value
is used to decipher the origin of the solid bitumen accumulated
within the studied shale beds, determining whether the solid
bitumen was initially oil, generated from the same shale beds,
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or if it was generated elsewhere and subsequently migrated.
The equivalent vitrinite reflectance values obtained from the
Sargelu and Naokelekan samples are all broadly similar
(Table 7). The shale containing the solid bitumen has very
low equivalent vitrinite reflectance values, suggesting that
the shale is not the source rocks for the solid bitumen.

Integrating the geochemical data with the equivalent vitrinite
reflectance values from the studied shale allow us to reconstruct
the accumulation process for the solid bitumen. During Middle
and Late Jurassic times, oil migrated into the Sargelu and
Naokelekan Formations. The reservoir rocks provided ideal con-
ditions for trapping the petroleum, which was subsequently
transformed into solid bitumen. Thus, the bitumen is a second-
ary product, and not related to the primary depositional condi-
tions. The source of the petroleum, however, is unclear—but
one possible source would be the carbonates which are interbed-
ded with the studied shale, since the Jurassic marine carbonates
are the major sources of hydrocarbons produced in the Zagros
Basin (Al-Ahmed 2006) which include the Middle to Upper
Jurassic Sargelu and Naokelekan Formations in Iraq.

Mineral content

As noted above, the shales within the two studied formations
are the host rock for the solid bitumen which formed else-
where and migrated into that shale where it crystallized.
Examining the mineral content of the shales allows us to de-
termine the degree to which these shale rocks provide good
reservoir quality. The studied carbonate-rich shale has a het-
erogeneous composition as recorded in their mineralogy
(Figs. 5 and 6; Table 2).

In the present work, the shale is commonly carbonate-rich
including calcite and Fe-rich dolomite (ankerite); the amount of
calcite ranges from 45.3 to 87.9% in the Naokelekan Formation
while the amount of ankerite can be up to 90% in the Sargelu
Formation (Table 2). The generation of micropores and frac-
tures as a result of the presence of highly soluble carbonate

minerals such as calcite and dolomite, in addition to tectonically
related fracturing, enhanced the storage capacity of the studied
shale. Indeed, the presence of dissolution-related micropores
was confirmed by SEM analysis which also revealed the pres-
ence of fractures in the studied shales (Fig. 6b, d, f, h). These
micropores and fractures, acting as migration or flow conduits,
would have enhanced the ability of the studied shales to act as a
reservoir for the migrating bitumen.

The carbonates are, in general, better reservoir rocks.
Additionally, as noted above, the carbonates which are
interbedded with the shale have been regarded as one pos-
sible source of hydrocarbons for the Middle to Upper
Jurassic Sargelu and Naokelekan Formations. However,
the carbonate rocks of the two studied formations are not
considered to be of reservoir quality. Aqrawi et al. (2010)
have noted that porous Middle to Late Jurassic-age lime-
stone reservoirs, analogous to the Arab Formation of Saudi
Arabia, have not yet been described from Iraq. The Middle
to Upper Jurassic source rocks in Iraq are typically con-
densed carbonate-rich intervals containing high-quality,
organic-rich hydrocarbons and deposited under deep ma-
rine, restricted basinal conditions (Aqrawi et al. 2010).

Omar et al. (2020) have noted that the precursor limestones
of the Sargelu Formation were wholly or partly converted to
dolomite rock. The presence of extensive and pervasive dolo-
mite has resulted in the formation of tight carbonate rocks so
less dissolution may have occurred. The secondary porosity,
which formed as a result of the dissolution of fossils, was thus
filled with later calcite and dolomite cements effectively re-
ducing porosity. The matrix permeability is similar to the po-
rosity filled by calcite and dolomite cements, which limited
any enhancement of the fluid flow by fractures, resulting in a
situation where the only pathways or conduits for fluid flow
were the partially filled calcite fractures and intercrystalline
pores. Consequently, both the porosity and the permeability
were extremely restricted, and the only available porosity was
in the shales.

Table 7 The equivalent vitrinite

*Ro

reflectance values using different Sample no. Formation
equations
1 Sargelu
2 Sargelu
3 Sargelu
4 Sargelu
1 Naokelekan
2 Naokelekan
3 Naokelekan
4 Naokelekan

0.68
0.73
0.72
0.81
0.76
0.73
0.73
0.72

eq. vitrinite (%) **Ro eq. vitrinite (%) *#%Ro eq. vitrinite (%)
0.69 0.66
0.72 0.75
0.71 0.73
0.75 0.86
0.73 0.79
0.72 0.75
0.72 0.75
0.71 0.72

*Jacob (1989) equation: Ro eq. vitrinite = 0.618 RB + 0.40
**Riediger (1993) equation: Ro eq. vitrinite = 0.277 RB + 0.57
**%Schoenherr et al. (2007) equation: Ro eq. vitrinite = (RB + 0.2443) / 1.0495
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Conclusions

The solid bitumen preserved within the shales of the Middle
and Upper Jurassic succession of the Banik section from
northernmost Iraq was accumulated in the Sargelu and
Naokelekan Formations. The accumulation process took place
within the host shale. Petrographical, mineralogical, organic,
and inorganic geochemical studies have been carried out on
the reservoir rocks and solid bitumen. The Banik section is
dominated by dolomites, limestones, and shales.
Accumulation of the solid bitumen in the host shales of the
area is interpreted to have occurred, probably as a result of oil
migration from other source rocks within the same formations.
In terms of the geological setting, the Jurassic succession was
dominated by organic-rich source rocks and highly porous
and permeable reservoir rocks. Together, the results in this
study would suggest that source rocks, during the Jurassic
time, reached a peak for petroleum generation. Meanwhile,
under the influence of the ongoing tectonic activity in the
region of northernmost Iraqi Kurdistan, the occurrence of frac-
tures and faults provided effective pathways for oil migration
from the source rocks through the porous and permeable res-
ervoir rocks (i.e., host shales) in the stratigraphic succession of
the Banik section.

Additionally, the results from the carbon and oxygen iso-
tope data and the paleoredox proxies in this study would sug-
gest that the host shale and solid bitumen sources within the
Middle—Late Jurassic-age Sargelu and Naokelekan
Formations were deposited in a shallow-marine setting and
under anoxic conditions.
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Supplementary Material

Supplementary Figure S1. EDX spectral analyses of spotted areas of the Sargelu and
Naokelekan formations, (a) Illite, (b) Dolomite, (c) Plagioclase feldspar, (d) Illite, (e) Pyrite
framboid, (f) Rectorite with organic matter (solid bitumen), (g) Calcite with organic matter
(solid bitumen), (h) Pyrite framboid, (i) Calcite with organic matter (solid bitumen), (j)
organic matter ( solid bitumen), (k) organic matter (solid bitumen), (1) Kaolinite, (m) Calcite
with organic matter (solid bitumen), (n) Organic matter (solid bitumen), (o) Dolomite, (p)
Calcite, (q) Pyrite framboid, (r) Calcium phosphate with organic matter (solid bitumen), (s)
Pyrite framboid, (t) K-feldspar, (u) Calcite, (v) Pyrite framboid, (w) Montmorillonite, (x)

Chlorite, (y) Illite
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