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Abstract: The hydrocarbon generation potential of Chia Gara strata and their genetic link with
produced oils from the Zagros basin are still not comprehensively investigated. Forty-seven rock
samples from the Tithonian-Berriasian interval were subjected to geochemical analyses to infer
organic matter enrichment, hydrocarbon potential, thermal maturity, and timing for hydrocarbon
generation/expulsion and their implications regarding upcoming petroleum explorations in the
Zagros basin. The results showed that the Chia Gara rock samples have fair to very-good generation
potential, as confirmed by higher total organic carbon (TOC=0.68-3.95 wt%) and Rock-Eval
(51+52=3.37-8.52 mg HC/g rock). The hydrogen index (HI=171-462) and Rock-Eval Tmax over 430
°C support the presence of Types II and mixed Types II/IIl kerogen. These results confirm the high
generation potential of the Chia Gara Formation in the study region. 1D basin models of the KK-
109 well show that over 55% of kerogens were converted into oil in the Cretaceous (77-67 Ma).
Expulsion started from the Miocene until now (22-0 Ma), consistent with 0.71-0.80 of modeled
Easy%Ro and 55-80 %TR. Consequently, this project confirms the potential oil expulsion from the
Chia Gara Formation, which can be a resource for upcoming hydrocarbon investigation in the
Zagros basin, Iraq.

Keywords: Tithonian—Berriasian; Chia Gara Formation; Zagros basin; basin modeling

1. Introduction

The Zagros Basin is a significant hydrocarbon-rich territory with 77 billion barrels (bbl) of oil
resources and 45 trillion cubic feet of recoverable gas reserves [1-3]. This study emphasizes the
Kirkuk field, which is located northern Zagros basin, is a primary target of the current investigation
because of its oil and gas resources. The Zagros basin is considered a vital hydrocarbon province,
containing the most prominent petroleum-rich fields, such as the Kirkuk, Bai Hassan, Jambur,
Qaiyarah, Makhamur, and Pulkhana fields in the Kirkuk region, Ain Zalah, and Butmah fields in the
Mosul block, as well as Faka, Abu Gurab, Buzurgan, and Huwazia in the southern part of the Zagros
basin (Figure 1).

The Iraqi Petroleum Corporation (IOC) regularly initiated hydrocarbon explorations throughout
this region from 1926-1931. The petroleum-based exploration, production, and development in the
area piqued the attention of both researchers and petroleum companies [3-13]. There are several
Jurassic-Miocene rock formations discovered in the Zagros Basin, including significant source and
reservoir rocks [6,14-20]. Most of the hydrocarbon exploration in the Kirkuk field is limited to the
carbonate-rich reservoir intervals of the Bajwan and Baba formations (e.g., Al-Jwaini and Gayara,
2018). Moreover, the Zagros Basin comprises a variety of oil exploration source rocks, comprising
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organic-rich limestone and sub-ordinate shales mostly from Jurassic-Cretaceous sequences, including
Sargelu, Najmah/ Naokelekan, Chia Gara, and Balambo formations [11,22-24]. Such intervals
represent significant oil and gas resources in Iraq, and an assessment of their generation capability is
essential to recognize their potential for conventional hydrocarbon resources. The above findings
imply that organic-rich strata of the Sargelu, Najmah, Chia Gara, and Balambo formations are
organic-rich deposits with overall organic carbon values of up to 12 wt% with Types II and III
kerogens (oil-gas-prone) and consequently could be primary sources of hydrocarbons with a higher
generation potential.
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Figure 1. (a) Location map of the study area illustrating the Zagros Basin and major structural
divisions of Iraqi territories; (b) inset location map of the Kirkuk field and investigated wells within
the Zagros Basin, Iraq.

Despite the above, the organic-rich Chia Gara Formation and associated oils in the Zagros basins
and the Kirkuk field (Figure 1) have remained poorly studied in previously published works [25-28].
The main objective was to provide a comprehensive overview of conventional hydrocarbon resource
exploration across the Zagros Basin. Forty-seven bituminous-rich samples from the Chia Gara
deposit were retrieved from the KK-109 well in the Kirkuk field. The objectives were as follows: (a)
describe the quantity and quality of organic materials, together with the thermal maturation of
potential Tithonian-Berriasian source rocks, (b) Simulation involving burial and timing of petroleum
generation and expulsion in order to determine a genetic relationship between the expelled crude
oils and the possible source rocks from Chia Gara strata in the Kirkuk field, Zagros Basin.

2. Geological Background

Exploration for oil and gas in Iraq is highly reliant on the Arabian Plate’s tectonic activities and
paleo-structural development. The Arabian Plate consists of two distinct parts (1) the Arabian Shield
and (2) the Arabian Platform. Iraq represents part of the Arabian platform and can be subdivided
into five different tectonostratigraphic zones bordered by significant faults: the thrust and folded
zones (Zagros basin), the Tigris, Euphrates, and Zubair subzones (Mesopotamian Basin), the
Rutbah, Jezira, and Salman zones [29,30]. Zagros basin covers over 553.000 km2 of Turkey,
northeastern Syria, Iraq, and the northern to southeastern Iranian provinces, making it the second-
largest basin in the Middle East [31-33]. On the east, the Zagros Mountains border this basin, while
on the west, the Mesozoic stable shelf (Pitman et al., 2004). Zagros Basin is an elongated fold region
separated into two suture zones: the Inner and Outer Zagros sutures. The former includes Kirkuk
embayment within Iraq as well as Dezful embayment in addition to Lurestan and Fars Arcs located
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in Iran governorate. The Kirkuk embayment contains vital oilfields, including the study area (Kirkuk
field), in addition to other fields such as Hamrin, Bai Hassan, Taq Taq, Demir Dagh, and Jambur
fields located in the thrust and folded zones (Figure 1a).

The opening of Neo-Tethys throughout the Triassic-Middle Cretaceous eras marked the
significant tectonic activity in the study area, reaching up to 4000 km in width and resulting in an
accumulation of approximately 4.505 meters of thick sediments dating Middle Jurassic-Middle
Miocene times, including significant source rocks and reservoir pay zones [34,35]. Furthermore, The
Jurassic-Cretaceous source rocks were better preserved due to graben and semi-graben development
[36]. During the Late Cretaceous and Miocene-Pliocene periods, multiple stages of convergence
(subduction) between the Turkish-Iranian plates and the Arabian platform occurred, resulting in vast
erosional events and the construction of the Zagros Mountains and anticlinal structures in Iraq
[20,37,38]. Main tectonic activity in the Arabian platform has led to the Kirkuk field’s construction,
comprising long, asymmetric anticlines separated by narrower synclines and marked by thrust faults
(Figure 1b; McQuarrie 2004; Ameen 1992).

As shown in Figure 2, the primary lithostratigraphic sequences in northern Iraq accumulated
from the Jurassic to the Tertiary periods consisted of marine and subordinate lagoon sediments
consisting of thick carbonate-shale sedimentary rock intervals (Buday, 1980). The Chia Gara
Formation'’s stratigraphic bedrock will be the emphasis of this study.

The Chia Gara Formation has been dated and ascribed to the Late Jurassic-Early Cretaceous
(Tithonian-Berriasian) based on Calpionella Alpina sp. and Celliptica sp. [40]. Wetzel (1950) was the
first to describe the Chia Gara interval at the type section in the Chia Gara anticline near Amadia
Province, northeastern Iraq [40]. This formation consists of a sequence of limestones and shale beds
bearing ammonite faunas and diverse species of ostracods, foraminifera, and Radiolaria that extends
throughout northern and southern Iraq’s Zagros-Mesopotamian foredeep basins. In the type section,
the formation’s thickness reached 233 meters [41,42]. Furthermore, the Chia Gara interval in the study
area (i.e., Kirkuk field) consists mainly of thick strata (250 m) of organic-rich carbonate and shale
units. The organic-rich Chia Gara interval is overly the Gotnia (anhydrite) Formation with
unconformable contact. It is overlined by the Balambo, Garau, and Zangura formations from northern
to southern Iraq, respectively (Figure 2). Following the deposition of carbonate-rich and condensed
shales, the Balambo and Garau formations were deposited [30,40,43].
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Figure 2. Stratigraphic chart showing the position and chronostratigraphic range of the Jurassic—
Neogene rock formations in Iraq.
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3. Materials and Methods

3.1. Sample Preparation and Organic-Geochemical Procedures

The Iraqi Petroleum Company (IPC) and Iraqi Northern Petroleum Corporation (INPC)
provided forty-seven core and cutting samples. Rock samples have been retrieved from the
Tithonian-Berriasian Chi Gara interval (KK-109 well) in the Kirkuk Filed, Zagros Basin, Northern
Iraq (Figure 1; Tables 1). The collected samples have been analyzed in GeoMark Research Ltd.
(Houston, Texans; United States).

Collected samples were comprehensively analyzed for total organic carbon (TOC wt%),
followed by pyrolysis Rock-Eval (Table 1).

Table 1. Total organic carbon (TOC) and the Rock-Eval data of the Chia Gara Formation in the KK-

109 well, Iraq.

Sample Depth TOC S1 Sz Ss Tmax HI OI PI Sq/ PY

no. (m) wit% TOC
1 2825  1.21 0.42 4.77 0.72 444 394 60 008 0.35 5.19
2 2830 1.14 0.48 3.87 0.83 444 339 73 011 042 4.35
3 2835  2.39 0.55 4.76 0.75 445 199 31 010 0.23 5.31
4 2840 1.13 0.52 3.98 0.59 443 352 52 012 046 4.5
5 2845 1.82 0.45 5.32 0.72 439 292 40 0.08 0.25 5.77
6 2850  1.22 0.44 43 0.94 443 352 77 0.09 0.36 4.74
7 2855  1.63 0.48 3.78 0.51 443 232 31 011 0.29 4.26
8 2860  1.32 0.45 3.45 1.08 440 261 82 012 0.34 3.9
9 2865 15 0.55 4.76 0.43 447 317 29 010 037 5.31
10 2870  1.22 0.44 4.43 2.07 435 363 170 0.09 0.36 4.87
11 2875 0.77 0.66 2.88 0.65 433 374 84 019 0.86 3.54
12 2880 1 0.5 4.23 0.89 441 423 89 011 0.50 4.73
13 2885  0.68 0.54 2.83 0.56 446 416 82 016 0.79 3.37
14 2890  0.99 0.56 3.2 0.91 441 323 92 015 057 3.76
15 2895 25 0.45 4.86 0.44 446 194 18 0.08 0.18 5.31
16 2900 1.7 0.55 6.76 0.75 445 398 44 008 0.32 7.31
17 2905  2.39 0.54 6.45 2.15 445 270 90 0.08 0.23 6.99
18 2910 3.3 0.65 7.87 0.55 449 238 17 0.08 0.20 8.52
19 2915 2.01 0.5 4.77 0.75 445 237 37 009 025 5.27
20 2920  1.65 0.56 4.87 0.5 443 295 30 010 0.34 5.43
21 2925  3.95 0.45 6.76 0.54 451 171 14 006 0.11 7.21
22 2930  3.24 0.67 6.32 0.61 449 195 19 010 0.21 6.99
23 2935  3.19 0.59 6.98 1.06 448 219 33 0.08 0.8 7.57
24 2940 127 0.45 4.68 1.32 434 369 104 0.09 0.35 5.13
25 2945 1.2 0.41 4.48 1.52 435 373 127 0.08 0.34 4.89
26 2950  1.09 0.55 4.74 1.36 437 435 125 0.10 0.50 5.29
27 2955  1.23 0.55 5.3 1.67 437 431 136 0.09 045 5.85

28 2960 1.23 0.67 4.9 1.64 438 398 133 012 054 5.57
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29 2965 1.37 0.67 5.54 1.61 439 404 118 0.11 049 6.21
30 2970 1.2 0.64 5.54 1.46 436 462 122 010 0.53 6.18
31 2975 1.18 0.56 4.72 1.42 434 400 120 0.11 047 5.28
32 2980 1.12 0.61 4.28 1.47 439 382 131 012 054 4.89
33 2985 1.18 0.54 4.9 1.4 439 415 119 010 046 5.44
34 2990 1.15 0.65 4.39 1.56 438 382 136 0.13 0.57 5.04
35 2995 1.2 0.55 4.57 1.4 439 381 117 011 046 512
36 3000 1.15 0.45 4.78 1.43 436 416 124 0.09 0.39 523
37 3005 1.17 0.87 2.69 1.33 439 230 114 024 0.74 3.56
38 3010 1.15 0.78 2.89 1.38 442 251 120 021 0.68 3.67
39 3015 1.25 0.82 4.95 1.43 441 396 114 0.14 0.66 5.77
40 3020 1.01 0.55 4.02 1.35 440 398 134 012 054 4.57
41 3030 1.16 0.57 4.03 1.37 442 347 118 0.12 049 4.6
42 3040 1.21 0.55 4.67 1.55 445 386 128 011 045 522
43 3050 1.16 0.78 4.35 1.41 446 375 122 015 0.67 513
44 3060 1.09 0.4 4.02 1.73 444 369 159 0.09 037 4.42
45 3065 1.25 0.42 4.64 1.69 445 371 135 0.08 0.34 5.06
46 3070 1.09 0.42 4.05 1.5 447 372 138 0.09 0.39 4.47
47 3075 1.12 0.5 4.43 1.41 448 396 126 0.10 045 493

Before the TOC and pyrolysis analytical approach, rock samples were washed several times with
distilled waters to remove contamination and perhaps other drilling fluid components from the
acquired cuttings samples. Collected samples were pulverized and reacted with hydrochloric acid
(HCl) in a conical flask to dissolve carbonates and transferred into the LECO-C230 combustion
furnace to measure TOC. This infrared detector-based combustion furnace is used to monitor carbon
contents. In the presence of oxygen (O2), carbon atoms oxidize to carbon dioxide (CO2) during the
combustion process performed by the LECO-C230 analyzer. After removing moisture and particles,
CO: contents are determined using an infrared solid-state detector.

Following the method outlined by Lafargue et al. (1998), pyrolysis was performed on 100 mg of
the pulverized samples using a Rock-Eval-6 (fully automatic RE-6) analyzer. This equipment was
used to determine several parameters listed in Table 1 (1) free HCs content (S1) and (2) non-volatile
hydrocarbons yielded by thermal degradation (S2), (3) released CO: during kerogen combustion (Ss),
(4) maximum recorded temperature (Tmax), produced during pyrolysis cracking [44—46]. Other
variables were also estimated, including the Hydrogen Index (HI mg HC/g of TOC), Oxygen Index
(OI mg CO2/g of TOC), Production Index (PI mg HC/g of rock), and Production yield (PY mg HC/g
of rock) [47,48].

3.2. 1D Basin Modeling Procedure

The primary goal of the 1-D modeling techniques of the sedimentary basin was to reconstruct
and evaluate the hydrocarbon generation, burial histories, and tining of HC expulsion of the
Tithonian-Berriasian succession within Kirkuk oilfield, Iraq. The KK-109 well was drilled to the
maximum depth of the Jurassic Mus Formation (Figure 2; Table 2), which was utilized to simulate
these models. Kirkuk Qilfield’s well location has been selected from unpublished reports from Iraqi
North Petroleum Company (NOC) and well data of the target well (Table 2).
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Table 2. Input parameters were used in order to reconstruct burial and maturation models of the

Kirkuk field, Zagros basin, Iraq.

Formation Main lithology Eroded Boundary conditions
Thickness  Age HF SWIT Modeled
[Ma] [Wm/m2] [°C] vitrinite reflectance
[%Ro]
Bakhtiari Conglomerate 0 45 0 0.26
Fatha Anhydrite 7 45 20 0.26
Dhiban Sandstone 12 51 22 0.27
Jaddala Limestone (shaly) 200 14 54 20 0.29
Rus Limestone (shaly) 15 80 21 0.32
Um Erdumah LIMEdolom 16 75 22 0.35
Tayarat LIMEdolom 50 18 80 27 0.37
Shiranish Limestone 23 64 28 0.37
Hartha LIMEdolom 28 45 25 0.39
Saadi DOLOMITE 34 45 26 0.42
Tanuma DOLOMITE 56 55 27 0.43
Khasib LIMEdolom 30 60 55 27 0.44
Kifl Limestone 55 72 50 27 0.45
Mishrif Limestone 94 55 27 0.46
Rumaila Limestone 45 100 55 27 0.49
Ratawi LIMEshaly 140 56 27 0.67
Chia Gara organic-rich Lim. 170 60 28 0.79

Geological evidence and organic geochemical data were used as input parameters for the
PetroModTM (v2012.2) modeling software to simulate the burial and thermal history of the study
region. This mathematical software enables users to evaluate the sedimentary basin to predict the
thermal maturation and timing of hydrocarbon generation as well as their expulsion.

The burial histories and maturation models of the KK-109 well were constructed utilizing data
from the studied wells, including lithology types, stages of deposition, and erosions. Unpublished
well-reports provide these data from Iragi NOC (Table 4), in addition to the geological,
Stratigraphical, and petroleum geological information of Iraqi regions [29,30,41,49]. The boundary
conditions in the PetroModTM software, such as paleo water depths (PWD), the temperature among
sedimentary rocks and waters (SWIT), and paleo heat flow (PHF), represent significant variables for
reconstructing basin models [50]. In the current study, PWD has been provided by Al-Ameri and
Wadie (2015); Al-Khafaji et al. (2021); Faqi, 2016; Gharib et al. (2021); Hakimi et al. (2018) [11,16,51—
53]. Furthermore, PetroModTM (v2012.2) software was used to estimate SWIT values for various
geological eras [54].

The thermal history of sedimentary basins is commonly defined by heat flow (HF), even though
it is difficult to estimate it specifically throughout geological history. Consequently, vitrinite
reflectance (%VRo) was usually utilized as a dataset to establish the HF and was further applied to
examine the maturation of probable source rock intervals [11,55,56]. In the current work, %Ro's were
calculated from pyrolysis Tmax values (optical %Ro data unavailable) utilizing the following
equation [57]: %VRo=(0.018xpyrolysis Tmax-7.16). The computed %VRo values were used to predict
HF using Sweeney and Burnham’s calibrated (EASY%Ro) values. TOC content and HI data (Table 1)
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were also utilized as input parameters to construct hydrocarbon generation/expulsion models across
geologic periods.

Most of the Iraqi oil was found to be sourced from kerogens Type-II-S [58]. Consequently, Type-
II-S kerogen (kinetic parameters) were utilized as an input parameter in the PetroModTM (v2012.2)
program to simulate the basin models (i.e., Hydrocarbon generation and expulsion) of the Upper
Jurassic-Lower Cretaceous intervals.

4. Results

4.1. TOC Contents and Pyrolysis Rock-Eval

The TOC content and programmed Rock-Eval pyrolysis data including Si, Sz, Ss, and Tmax, as
well as calculated parameters HI, O, PI, S1/TOC, and S1+5: of the Chia Gara (Tithonian-Berriasian)
Formation in the Zagros Basin, Iraq, are shown in Table 1.

In this study, the Chia Gara Formation has TOC in the range of 0.68-3.95 wt% with an average
of approximately 1.50 wt%, indicating varying organic richness across the study area. All analyzed
samples have low Si between 0.4-0.87 mg HC/g of rock with an average of 0.55 mg HC/g of rock,
indicating a range of pre-existing hydrocarbons within the rock matrix relative to high TOC values.
This confirms that all of the analyzed samples from the Chia Gara Formation contain syngenetic
hydrocarbons, as illustrated in Figure 3 [59,60]. The generation potential or Sz exhibits a moderate to
good potential, from 2.69 to 7.87 mg HC/g of rock with an average of 4.67 mg HC/g of rock. This
suggests that large amounts of kerogen can generate hydrocarbons during thermal maturation. The
remaining quantity of oxygen-contained organic matter or Ss, exhibits some variation and ranges
from 0.43 to 2.07 mg CO:/g of rock with an average of 1.16 mg CO2/g of rock.
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Figure 3. Cross plots of Rock-Eval results: TOC versus S1 plot.
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Figure 4. Cross plot of TOC versus PY mg (HC/gm rock), showing that the analyzed Middle Jurassic
to Lower Cretaceous (Chia Gara) samples from the KK-109 well in Kirkuk field with fair to very-good
potential for HC generation.
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Maturity Parameters including Tmax, HI, and OI are presented in Table 1. Tmax values range
from 433 to 451°C. The Hydrogen Index (HI) is used to determine kerogen types and thermal maturity
of the source rocks. Calculated HI values as the ratio of Sz to TOC for the analyzed source rock
intervals vary from 171 to 462 mg HC/g of TOC. Notably, most samples exhibit HI values exceeding
200 mg HC/g of TOC. The Oxygen Index (OI), representing the ratio of Ss to TOC, shows a wider
variation, ranging from 14 to 170 mg CO/g of TOC. Depending on the Si and Sz values, calculated PI
values are in the range of 0.08-0.24 HC/g of TOC (average= 0.11) for examined Chia Gara samples
(Table 1), with the highest PI values of 0.24 HC/g of TOC obtained from sample number 21. On the
other hand, calculated PY values are in the range of 3.37-8.52 (Table 1). According to the Rock-Eval
analysis data results, it can be noted that Rock-Eval pyrolysis Tmax values are high, mainly in the
range of 433-451 °C 442 with an average of 442 °C (Table 1; Figures 5b and 6). Figures 5a and 6 reveal
a positive link between the Tmax values acquired by Rock-Eval pyrolysis and HI, PI values estimated
for the investigated rock samples demonstrate mature source rocks interval.
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Figure 5. (a) Organic geochemical relationships between Tmax versus HI mg (HC/gm TOC) (modified
after Hunt, 1996), showing the prevalence of Types II/III kerogens and Type III Kerogen contents, (b)
Cross plot of the Rock-Eval Tmax versus Production index (PI).
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4.2. Basin Modeling and Thermal History

Recognizing the thermal history development of sedimentary basins is crucial for estimating the
maturation history and hydrocarbon generation potential from the basin’s source rocks as well as for
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hydrocarbon migration [61]. 1-D PetroModTM (v2012.2) simulations were performed on a KK-109
well from the Kirkuk oilfield. The burial and thermal history models, including vitrinite reflectance
(%Ro) and transformation ratios (%TR), are presented in Figures 7 and 8. The burial history model
(Figure 7) shows that the examined source rock formations were buried to depths greater than 3000
m. This model (Figure 7) also confirmed a total of six erosional stages associated with tectonic events
of convergent boundaries across the Arabian, Iranian, and Anatolian plates from the Cretaceous (113—
92 Ma) to the Early Miocene (22 Ma) (e.g., Ameen 1992; Beydoun 1993; Pitman et al. 2004; Gharib et
al. 2021, 2024). In conjunction with the erosional intervals, the paleo-heat flow is a relevant parameter
and significantly affects the output of maturation models. In this study, suitable heat flow values are
determined to be 45 to 64 mW/m2 (Table 2), based on a comparison of Sweeney and Burnham'’s
maturity EASY%Ro model with calculated data in the examined well (Figure 7). A good match is
obtained between calculated %Ro values from Rock-Eval Tmax data and the modeled EASY%Ro
values. The calculated %Ro values range from 0.69 to 0.80%, while modeled EASY%Ro values range
from 0.71 to 0.80% ( Table 2; Figure 7b).

During the Upper Cretaceous to Miocene age (83-22 Ma), the Chia Gara Formation underwent
an initial phase of oil generation consistent with modeled EASY%Ro values between 0.71-0.80%
(Table 2; Figure 8). From the Miocene continuing to the current day (22-0 Ma), the Chia Gara
Formation experienced the peak phase of oil expulsion, with %Ro values >0.71 and %TR >55% (Figure
8).
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Figure 8. (a) 1-D Time plot for the Chia Gara Formation within the Zagros basin showing: maturity
models versus depth of a studied stratigraphic intervals in Kirkuk-1 exploratory well of Kirkuk
oilfield, (b) Transformation ratios (%TR) in KK-109 well of Kirkuk field.

5. Discussion

5.1. Abundance of Organic Matter

The TOC contents and pyrolysis results can be used to evaluate the organic matter content and
quality as well as the thermal maturity of the possible source rocks [48,64,65]. The organic matter
richness of examined rock samples is generally expressed as TOC content in wt%. The minimum
acceptable TOC value for carbonate-rich rocks indicating good generation potential of rock is > 1.0
wit% [48,66].

The Upper Jurassic-Lower Cretaceous rock interval, i.e., the Tithonian-Berriasian (Chia Gara)
Formation possesses overall high organic content (Figure 3), as evidenced by the TOC as well as the
S1 and Se. All samples from the Chia Gara formations have syngenetic hydrocarbon content (Figure
3), as evidenced by the TOC versus S1 plot [59,60]. TOC values of 29 samples exceed 1.0 %, illustrating
that these intervals possess above-average quantities of organic matter with the potential to yield
considerable amounts of hydrocarbons in the Kirkuk field.

The analyzed Upper Jurassic-Lower Cretaceous samples, Chia Gara Formation samples show
fair to very good source rock potential (Figure 4), as evidenced by TOC content of up to 2.84 wt.%, S1
up to 1.60 mg HC/gm rock, and S2 up to 5.69 mg HC/gm rock. These findings may indicate anoxic
conditions and moderate sedimentation rates. The higher generation potential of these source rocks
within the Zagros basin is predominantly influenced by various parameters related to depositional
environmental conditions, including anoxia, sea level change, and preservation of organic matter.

5.2. Organic Matter Types and Thermal Maturation

Thermal maturity is one of the critical parameters for source rock evaluation. Hydrocarbon
generation is related to the maturation levels of source rocks. In the current study, geochemical and
biomarker maturity indicators, including Rock-Eval data (Table 1) and the distributions of steranes
and hopanes, were used to evaluate the thermal maturity of organic matter.

The analyzed samples revealed high Rock-Eval Tmax values (433-451°C). Higher values are
associated with greater maturity, while lower values are consistent with lesser mature organic matter.
Subsequently, the organic matter in the examined samples is likely in the oil window. The Hydrogen
Index (HI), calculated as the ratio of S2 to TOC, varies from 199 to 462. Notably, most samples exhibit
HI values exceeding 200, which is generally indicative of kerogen Type II with minimal content of
mixed Type II/III kerogen with good potential for oil generation (Figure 5a). this finding is also
confirmed by the cross plot of Tamx versus production index (PI) as presented in Figure 5b. The
Oxygen Index (OI), representing the ratio of Ss to TOC, shows a wider variation, ranging from 14 to
170. Lower OI values suggest a lesser abundance of oxygen-containing organic matter, which is
favorable for hydrocarbon generation potential.

The PI of source rocks can also be used as a thermal maturity indicator. It can be defined as a
ratio of the quantity of hydrocarbons generated to the total hydrocarbons that the organic matter can
generate [67,68]. The source rock samples with low PI values of < 0.10 specify immature source rock
intervals, while higher values (0.10-0.30) are associated with higher oil generation potential. This
study’s PI value reaches up to 0.24 HC/g of TOC (Figures 5b and 6), indicating that the examined rock
samples are mainly the oil window.

Based on pyrolysis Tmax and HI data ( Table 1, Figure 5a), most analyzed samples from the
Upper Jurassic-Lower Cretaceous interval are thermally mature. This is consistent with the
combination of Tmax and PI (Figures 5b and 6), indicating that the studied samples at thermal
maturity were equivalent to the oil window.

5.3. Mechanism for Oil Generation and Expulsion
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The geochemical results of the KK-109 well highlighted four potential source rock intervals
within the Zagros basin. 1-D basin models showed the hydrocarbon generation and expulsion timing
of the examined source rock interval.

The burial history model and subsidence curves (Table 2; Figure 7a) show that the Jurassic
succession has a long burial history (174-145 Ma) with relatively low subsidence rates (~11 m),
leading to the accumulation of approximately ~329 m of organic-rich sedimentary rocks. During the
Cretaceous-Tertiary period (Figure 7), the sedimentation rate and subsidence were elevated, leading
to a current thickness of ~4000 m.

The basin model (Figure 7), shows that the Cretaceous period (145-64 Ma) is characterized by a
rapid sedimentation rate with a subsidence rate of about ~31 per Ma resulting in a current thickness
of ~2530. Low sedimentation rate and subsidence of about ~3 m per Ma were observed during the
Tertiary period, leading to a current thickness of about ~193 m. The burial history model (Table 2;
Figure 7a) shows erosional events of about 405 m of sedimentary rocks within the study region, till
the Late Miocene. The thermal history model and curve display (Table 2; Figure 8) show that the
source rock intervals reached the onset of the early oil window (modeled EASY%Ro from 0.71 to
0.80).

As mentioned earlier, oil generation from the organic-rich rocks occurred around 83 million
years (Ma) ago throughout the Upper Cretaceous. This finding is consistent with the early maturation
process associated with the limestone rocks containing Types II/IIl and III kerogen (Figure 5a) with
reasonably high TOC content (Table 1; Figures 3 and 4). During the Early Miocene (~22 Ma), the oil
expulsion reached aligns with modeled EASY %Ro ranging from 0.71 to 0.8. The presence of limestone
influences the chemical characteristics of hydrocarbons, originating during the initial stages of
maturation due to the Type II-S kerogen content. Carbonate sedimentary rocks exhibit the ability to
capture heat flow from the rest of the rocks, indicative of suboptimal thermal conductivity.

This observation aligns with the recorded low API values and elevated sulfur content as
presented in Table 2. The time plots of the %TR and %Ro maturity curves (Figure 8) show that the oil
generation phase started around 83 Ma in the Upper Cretaceous, from the Chia Gara Formation,
corresponding with %TR between 15 and 49% and modeled %Ro values between 0.55 and 0.70% and
oil expulsion reached around 22 Ma in the Miocene and continued to the present day, consistent with
TR > 0.55% at 0.71 to up to 0.8 of %Ro. The substantial thickness of the overlying sedimentary rocks
likely exerted significant pressure that may have augmented the oil expulsion from the Chia Gara
interval (Figure 8). However, at this time, the expelled oil underwent secondary migration upward
to the shallow stratigraphic units through the vertical pathway provided by faults.

6. Conclusions

This investigation was conducted on a suite of extracted rocks and oil samples from the Kirkuk
oilfield in the Zagros Basin, combining organic geochemical and 1-D basin modeling techniques. The
conclusions are:-

e The Upper Jurassic-Lower Cretaceous Chia Gara Formation is organic-rich with TOC values
ranging between 0.68-3.95 wt.% and has fair to very-good generation potential, consistent with
the deposition of these intervals under reducing conditions.

e  The predominance of Types II/IIl and III kerogens implies extremely oil-prone source units
based on HI, Tmax, and Ol linkages. Both PI and Tmax data revealed that all examined samples
of the studied formation have reached thermal maturity levels of the oil generation stage.

e  Burial and thermal history models were validated by the kinetic results to assist in predicting
the time of hydrocarbon generation and expulsion. Models show that the onset of hydrocarbon
generation began in the Upper Cretaceous (84 Ma) mostly from the Chia Gara Formation. The
models also suggest that petroleum expulsion began during the Miocene (~22 Ma) from the Chia
Gara Formation at over 55% %TR with %Ro of more than 0.71 %Ro and continued to the current
day. The expelled oils are subsequently trapped in the Oligocene reservoir rocks.
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