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SUMMARY

This study investigates the geochemistry of oil shales from the Ab Kaseh section in western Kohrang,
Chaharmahal and Bakhtiari Province, Iran. Ten shale samples were collected for geochemical analyses,
including Rock-Eval pyrolysis and XRF/ICP analyses. Ten thin sections were also prepared for
petrographic analysis. A stratigraphic column and depositional model were constructed based on
microfacies characteristics. Results indicate that the oil shales formed in a marine, reducing environment
within the Tethys Ocean. However, due to discontinuous sedimentation and insufficient heat supply, the
shales never reached the necessary thermal maturity for hydrocarbon generation. Hydrocarbon generation
is only achievable through artificial heating (pyrolysis). Rock-Eval pyrolysis data revealed high
hydrocarbon potential, with TOC values exceeding 2%, indicating excellent source rock quality. The
kerogen type is classified as Type I, suggesting a predominantly oil-prone nature with good to excellent
petroleum potential. The samples are situated at the early stage of the oil window (late diagenesis/early
catagenesis) and show no potential for gas generation. XRF and ICP analyses showed elevated
concentrations of heavy metals (Ni, Pb, Rb, Sr, V, W, Zr, Zn) and rare earth elements (Ba, Ce, Co, Cr,
Cu, Th, Nb, Mo, U) within the oil shales. Potential sources of these elements include organic matter,
detrital material, seawater, submarine volcanism, and biogenic sources. In the Ab Kaseh section (Saraglu
Formation), elements such as Sr and P may have biogenic origins. Ti, Al, and Si, constituents of oxide
and clay minerals, have a detrital origin. The origin of Ni, U, W, and Cr is likely linked to organic matter
and adsorption onto clay minerals. Positive correlation between P and TOC supports a biogenic origin
for P in the Ab Kaseh section. Conversely, the negative correlation between Sr and TOC suggests a hon-
biogenic source for Sr. A positive correlation between Ni and TOC was also observed. The negative
correlation between U and both SiO2 and Al203 indicates an uncertain origin for U, but organic matter
and clay minerals likely contributed to its enrichment.
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INTRODUCTION

The studied area of oil shales is located in the Central Zagros region, near the Zardkuh Bakhtiari, in the
steep and rugged terrain of western Chaharmahal and Bakhtiari Province [3]. The oil shales of the Ab
Kaseh section represent a diverse group of sedimentary rocks that serve as oil source rocks (kerogen)
and contain both organic and inorganic materials [10]. The organic matter within these shales has not
reached thermal maturity and migration due to insufficient burial depth, resulting in a lack of oil
generation. However, oil can be extracted through pyrolysis, a process involving heating and distillation
[31].

By conducting geochemical analyses of the oil shales in this area, the oil potential and hydrocarbon
content of these reserves can be determined. The Rock-Eval pyrolysis will provide insights into the
thermal conditions necessary for oil generation, kerogen types, hydrocarbon types, potential oil yield,
and the quality of the source rock [25][16]. The concentrations of rare earth elements and heavy metals
were also evaluated and discussed [9]. Heavy metal concentrations were determined using the XRF
method, while the concentrations of rare earth elements were assessed using ICP techniques [2].
Following the results obtained from the analyses, the data for the Ab Kaseh section were recorded in a
tabular format for ease of writing, with the samples denoted by the label “AB.” It should be noted that
no geological studies have previously been conducted in this area, and there was no information [6]
available regarding the petrography and relative age of the oil shale strata [13][20]. Thus, this research
also includes a petrographic study, with ten thin sections prepared from the Ab Kaseh samples [4]. These
were analyzed for depositional environment and rock classification using the [15] and Folk (1965)
methods, leading to the construction of a stratigraphic column and depositional model for the Ab Kaseh
section [23].

LOCATION AND GEOLOGICAL ANALYSIS OF THE REGION
The Zagros Basin is one of the significant tectonic units of Iran, situated parallel to the Sanandaj-Sirjan
zone and the western thrust of the Zagros range [5]. The southeastern limit of this zone is defined by the

Oman Mountains, while the western boundary is marked by the Arabian Shield, and the eastern limit is
defined by the Minab Fault (Map 1).

Various classifications have been proposed for the Zagros Zone, with the most notable being the Stécklin
classification [27]. This classification subdivides the Zagros Basin into three separate structural units,
which include:

e Khuzestan Plain
e Folded Zagros (External Zagros)

e Elevated Zagros (Internal Zagros)
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Map 1. Tectonic Structure of Iran [7]
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The geographical location and geological characteristics of the structural features of Chaharmahal and
Bakhtiari Province, as well as the studied area, encompass parts of the Central Zagros region and the
Sanandaj-Sirjan zone (Mohajel, M. 2003). Since the orientation of these structural units is northwest-
southeast, an approximate transverse section of them includes this province.The studied section is
located in the western part of the Kouhrang region within Chaharmahal and Bakhtiari Province, with
geographic coordinates of 32° 34’ 32.73" latitude and 49° 55° 3.80" longitude. This area falls within the
geological map of Shahrekord at a scale of 1:250,000 (Map 2). In terms of Zagros geological divisions,
it is situated in the High Zagros zone and the Central Zagros region.
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Map 2. Geological Map Redrawn from the Studied Area

Oil shales, as organic mineral resources, are found in various rock formations of the Zagros region in
Chaharmahal and Bakhtiari Province [8]. Among the most significant of these are the Hormuz
Formation, the Dalana Formation, and the formations associated with the Jurassic-Cretaceous period,
with the Saraghal Formation being particularly noteworthy for its considerable reserves [17]. The
outcrops of these oil shales are predominantly located in the western part of the province and within the
High Zagros region. This phenomenon can be attributed to the activity of major faults in the High Zagros
area, such as the Ardil and Zardkuh faults, which have resulted in vertical displacements of
approximately 6,000 meters [30].

Although extensive outcrops of oil shales are evident at the erosional cut of rivers, sampling and work
in these steep valleys pose significant risks [21]. Therefore, more suitable locations for sampling and
further investigation are the outcrops along the ridges adjacent to fault lines, particularly in the vicinity
of western Kouhrang County (western Chaharmahal and Bakhtiari Province). This area was identified
as the optimal site for the selection of study sections (Map 3).
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Map 3. Location of Chaharmahal and Bakhtiari Province and the Studied Section on the Map of Iran

The oil shales in this region belong to the Saraghal Formation, which dates back to the lower Jurassic
period. These sediments were deposited in a relatively deep sea, which confirms that they are remnants
of the Tethys Ocean [33]. The color of these shales is extremely dark to grayish, with a strong and
unpleasant odor, and often accompanied by bands of pyrite (Figure 1).

Figure 1. Close-up Image of Oil Shales from the Water Basin Exposure in Central Zagros

Evidence suggests that the Jurassic sediments in this area (Central Zagros) were formed in an open sea
of the homoclinal ramp type. In this marine environment, the Saraghal Formation was deposited
simultaneously in deeper regions, while in the shallow ramp and tidal flat areas, sediments of the Neyriz
Formation were formed. This interdigitation of facies is indicative of their concurrent development
within a single sedimentary basin, namely the Tethys Ocean [26].

METHODOLOGY

This research investigated the Jurassic oil shales in western Chaharmahal and Bakhtiari Province,
focusing on the stratigraphic analysis of the Ab Kaseh Pass. The initial geological maps of Iran did not
specifically assign a formation to the Ab Kaseh Pass. Field surveys identified optimal outcrops for study.
After selecting the study section, systematic measurements and sampling were conducted. Following
preliminary investigations, geological maps and field surveys guided the selection of the best outcrops
from the mineral deposit [11]. The location of oil shale within the host rock was then assessed, and
samples were collected for geochemical analysis. This stage included precise measurements of the actual
thickness of the oil shale sediment sequence at each section.

Technical Institute Bijeljina, Archives for Technical Sciences. Year XVII — N° 32 78



Milad Tahmasebi. et al: Geochemical and geological studies... Archives for Technical Sciences 2025, 32(1), 75-92

Selected samples were sent to geochemical laboratories for preparation and analysis to determine
hydrocarbon content, heavy metals, trace elements, economic viability, and formation processes. While
various geochemical methods exist for analyzing shales, XRF was employed to determine heavy metal
concentrations, ICP for trace elements, and Rock-Eval pyrolysis for hydrocarbon generation potential
and hydrocarbon yield.

The Research Comprised Three Main Axes

a. Field studies: Observations, sample collection, photography, and measurements. b. Geochemical
analysis: Data obtained using Rock-Eval pyrolysis, X-ray Fluorescence Spectroscopy (XRF), and
Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP). c. Literature review: Collection of
relevant articles, books, reports, and other materials.

In total, 20 oil shale samples were collected from the Ab Kaseh Pass section and subjected to the
aforementioned analyses. Geochemical analysis determined trace element and heavy metal
concentrations, overall hydrocarbon potential, and provided data for microscopic section preparation
[36]. Sedimentary environment analysis and discussions followed. Finally, obtained data was analyzed
and interpreted, elucidating and completing unknown factors.

DISCUSSION AND ANALYSIS
Lithostratigraphy

In the Ab Kaseh Pass section, the underlying Jurassic sediments (Neyriz and Saraghal formations) rest
upon the dolomitic House Kat formation, which is subsequently overlain by thick limestone and reef-
building rocks of the Fahliyan formation, dated to the Lower Cretaceous [38]. The Jurassic sedimentary
succession has a total thickness of 115 meters, tapering from the base to the top, with bedding angles
ranging between 17 to 20 degrees in a northeastern direction. The strata dip at 50 degrees toward the
northwest-southeast axis, while the topographic slope varies between 37 to 40 degrees toward the south-
southwest. The lithological characteristics of this sequence encompass 18 lithological units, described
as follows:

Neyriz Formation

1. Dolomitic limestone: White, porous, with regular layering, with a true thickness of 8.5 meters.

2. Gluconitic shale: Green, weathered, lacking layering with interbeds of chert sandstone, having a
thickness of 12 meters.

3. Dolomite: White, porous, exhibiting regular layering, with a thickness of 7.5 meters.

4. Thin-bedded sandstone: Intercalated with silty cream-colored stone, with a thickness of 14
meters.

5. Dark-colored pelitic shales: Durable, thin-bedded, containing fossilized plant remnants and coal
streaks, with a thickness of 4 meters.

6. Medium-layered cream-colored dolomite: Fractured, with a thickness of 8 meters.
7. Silty stone: Exhibiting fine layering and clay crack structures, with a thickness of 3 meters.

Saraghal Formation

1. Dark marly shales: Weathered, containing organic matter and lacking layering, with a thickness
of 6.5 meters.

2. Thin-bedded dark limestone: Containing chert nodules, with a thickness of 8 meters.

3. Thin-bedded dark silty sandstone: With a thickness of 3 meters.
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4. Massive, light-colored, porous dolomite: With a thickness of 6.5 meters.
5. Black oil shale (bituminous): With a thickness of 8 meters (Figure 5-6).

6. Thin-bedded, light gray limestone: Intermixed with bituminous materials, with a thickness of 4.5
meters.

7. Dark shale: Containing petroleum bituminous materials, with a thickness of 5 meters.
8. Gray limestone: Interlayered with black shales, with a thickness of 6.5 meters.

9. Black oil shales (bituminous): With a thickness of 4 meters.

10.Gray silty shale: Impregnated with organic materials, with a thickness of 4 meters.
11.Thin-bedded cream-colored silty stone: With a thickness of 2 meters.

Observations revealed that on top of the last layer of the Saraghal formation, i.e., the thin-bedded cream-
colored silty stone, there are red erosive sandstones followed by thick limestone and reef-building rocks,
exhibiting colors ranging from cream to light gray, belonging to the Fahliyan formation of Lower
Cretaceous age. Based on the lithology type within the studied succession, the stratigraphic column for
the above section was illustrated in (Figure 2).
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Figure 2. Lithostratigraphic Column of the Ab Kaseh Pass Section
Examination of Plates and Microfacies Atlas - To Determine the Sedimentary Model
A facies is defined as the collection of lithological and paleontological characteristics of a stratigraphic

unit that differentiates it from other facies, representing the structural position of the basin, sedimentation
conditions, and the biological status of the basin. Lithofacies reflect the physical, mineralogical, and
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petrological properties of a stratigraphic unit, while biotic facies present the paleontological
characteristics of a stratigraphic unit.

For precise recognition of facies, sedimentological, paleontological, petrological, biological data of
fossils, as well as geological and geochemical data, and the nature of the sedimentary environment are
examined (Fliigel, 2004). Based on studies of the microscopic sections of the sedimentary rocks, the
names of the facies are accurately identified, and then each one’s position within the basin is delineated,
ultimately proposing a sedimentary model for the past basin.

Interpretation of Microfacies in Sedimentary Environmental Conditions for the Studied Sections
Interpretation of Open Marine Facies Belt

Facies studies indicate that the microfacies groups O1 and O2 are deposited in the deep open marine
environment of the studied sections. According to laboratory reports, the microfacies groups O1 and 02
are observed in the Saraghal Formation sediments in both sections, with petroleum materials covering
the sedimentary particles of these microfacies. The presence of micrite, bioturbation, sponge spicules,
and planktonic organisms such as radiolarians suggests that these microfacies are deposited in the deep
open marine parts of the outer ramp (Hass & Tardy-Filaz, 2004; Fliigel, 2004).

Interpretation of Ramp Facies Belt

This group includes the microfacies R1 and R2, which appear as thin-bedded and occasionally massive
limestones in the desert. In microscopic sections, the sorting and rounding of these particles are relatively
suitable, with their sizes generally less than 0.05 millimeters. According to laboratory reports, the
microfacies groups R1 and R2 are present in the studied sediments of the Saraghal Formation in both
sections.

Interpretation of Tidal Flat Microfacies Belt

This belt comprises two facies, T1 and T2, whose formation location corresponds to the tidal flat area
and includes low-depth to tidal range sediments of the Saraghal Formation. Similar facies have been
reported [39] from southern Tibet and China, and [35] from the Abruzzo region of Italy. Among
diagenetic processes affecting this facies, dolomitization can be highlighted, which has occurred
extensively in this facies, possibly indicating an initial aragonitic mineralogical signature [1]. According
to laboratory findings, the microfacies groups T1 and T2 are observed in the studied sediments of the
Saraghal Formation in the Ab Kaseh Pass section, indicating that the main components constituting this
facies include peloids (mainly from stone pellets) and diagenetic products, with minor amounts of
intraclastic elements. In most of these facies, the components are situated in a framework of sparitic
cement.

Analysis of Microfacies in Ab Kaseh Pass Samples

A total of 10 thin-section microfacies samples from the Ab Kaseh Pass were subjected to analysis at the
central laboratory of Amirkabir University of Technology, Iran, with the results detailed as follows
(Table 1). Subsequently, the lithostratigraphic column for the Ab Kaseh Pass has been constructed using
the characteristics and data derived from the microfacies (Figure 3).

In general, to facilitate a better understanding of the sedimentary environment, facies models or
depositional models have been proposed (Fliigel, 2004). Based on these limited data, it can be interpreted
that the absence of barrier reefs, slumping and sliding facies, re-deposited carbonates (Calciturbidite),
cortoids, oncoids, peloids, and aggregative grains—which are characteristic of rim-shelf
environments—occurs rarely in carbonate ramps [18]. Additionally, the gradual transformation of facies
and the expansion of tidal flat areas serve as evidence confirming the sedimentation of this carbonate
sequence on a homocline ramp [12].
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The depositional model proposed in this study parallels that of the Neotethys Sea, which experienced
deposition on homocline ramps from the end of the Triassic [22] to the late Jurassic period [29].
Considering the identified microfossils and examining lateral and vertical changes in facies according
to the Wilson and Fltgel models (Wilson, 1975; Fliigel, 2004), the Jurassic sedimentary environment in
the western region of Chaharmahal and Bakhtiari province can be correlated based on similarities. In
both samples, this suggests that an open sea environment of the homocline ramp type should be
envisioned for predicting the sedimentary environment (Figure 4).

Table 1. Results of Laboratory Microfacies Analysis of the Ab Kaseh Pass Section
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Figure 3. Depiction of Sedimentary Environmental Conditions and Presentation of a Sedimentary Model in the

Studied Section
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Figure 4. Proposed Basin Model and Sedimentary Environments for the Basin where the Sar-Galu Formation
Sediments were Deposited

Rock-Eval Pyrolysis
Functionality of Rock-Eval Pyrolysis

The Rock-Eval pyrolysis technique is used to determine parameters such as Genetic Potential,
Production Index, Hydrogen Index (HI), and Oxygen Index (Ol). Thus, Rock-Eval pyrolysis assesses
the petroleum potential and thermal maturity of oil shales. This method is a standard technique providing
valuable information regarding total organic carbon (TOC), the type of organic matter, potential and
actual yield, thermal maturity of organic matter, and the type of maturation.

TOC (Total Organic Carbon) is the total amount of organic carbon present, which is calculated using
the following formula:

TOC =0.82 * (S1 + S2) /10 + S3/ 10

e S1: Represents Free Hydrocarbons, indicating hydrocarbons that are already present and free
within the rock. These are released up to 300°C with a heating rate of 5°C per minute, and are
measured in mg HC/g rock.

o S2: Represents Qil Potential, which refers to the hydrocarbons generated during pyrolysis between
300-600°C at a heating rate of 25°C per minute. This parameter is also measured in mg HC/g rock.
Essentially, the S2 peak represents the current oil potential within the rock sample. Within the
temperature range of 300-600°C, the S2 peak is formed by the cracking of kerogen and heavy
compounds like resins and asphaltenes.

e S3: Indicates the Organic CO2 Source, representing the oxygen-containing compounds like
carboxyl groups that decompose up to 390°C, releasing CO2 gas. This parameter is measured in
mg CO2/g rock.

e Tmax: This is the temperature at which the S2 peak reaches its maximum value and is an excellent
parameter for evaluating the thermal maturity of a source rock. It is expressed in degrees Celsius.

e HI (Hydrogen Index): Is the ratio of S2 x 100/ TOC.

e Ol (Oxygen Index): Is the ratio of S3 x 100 / TOC and is expressed as mg CO2 /g TOC.
Analysis of Rock-Eval Data from Ab Kaseh Pass Oil Shales
As previously mentioned, ten oil shale samples from the Ab Kaseh Pass section were collected and

subjected to Rock-Eval pyrolysis analysis. This process provided comprehensive data, and the results
for each variable are recorded and presented in detail in Table 2.
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Table 2. Data Obtained from Rock-Eval Pyrolysis of Samples from the Ab Kaseh Pass Section

NO. AB | Ol | HI | T max | Ssco(mg/g) | Sz (mg/g) | Sz (mg/g) | Sz2(mg/g) | Si(mg/g) | TOC
AB1 62 | 316 436 0.13 51 0.53 2.69 0.07 0.85
AB2 19 | 378 440 0.38 7.8 0.78 15.5 0.32 4.1
AB3 5 | 467 442 0.35 9.2 0.5 51.56 0.61 11.03
AB4 13 | 447 445 0.78 14.23 1.99 66.52 1.48 14.89
AB5 10 | 636 443 0.25 7.01 0.85 54.36 0.45 8.55
ABG6 4 | 513 438 0.22 11.93 0.99 126.3 1.78 24.63
AB7 7 | 464 439 0.6 12.56 1.54 103.31 1.46 22.25
ABS8 11 | 470 437 1.01 11.9 2.63 116.45 1.6 24.77
AB9 6 | 496 440 0.69 7.8 1.14 102.3 1.33 20.63
AB10 10 | 360 445 0.33 8.6 0.68 23.6 0.17 6.55

Source Rock Potential of the Ab Kaseh Pass Section

To determine the Total Organic Carbon (TOC) abundance, a TOC frequency diagram was constructed
(Diagram 1). Given that a TOC content above 2 weight percent, as shown in Table 3, indicates a very
good source rock for oil shale samples, the oil shale samples from the Ab Kaseh Pass section are
therefore classified as excellent source rocks with high oil-generating potential.

Table 3. Classification of Hydrocarbon Source Rocks based on TOC Content [28]

Quantity | TOC in shales (w t%) | TOC in carbonates (w t%)
Poor 0-0.5 0-0.2
Fair 0.5-1 0.2-0.5
Good 1-2 0.5-1
Very good 2-5 1-2
Excellent >5 >1
Ab kaseh
> 5
0
L 0-5 5-10 10-15 15-20 20-25 25-30
TOC WT%

Figure 5. TOC Frequency Diagram of Total Organic Carbon Levels in Oil Shale Samples from the Ab Kaseh Pass
Section

Determination of Kerogen Type in the Ab Kaseh Pass Section

To determine the type of kerogen present in the oil shale samples of the Ab Kaseh Pass section, the
S2/TOC ratio was used after analysis [19]. As evident from the diagrams, all samples from the Ab Kaseh
Pass section are classified as Type Il kerogen according to the aforementioned classification.

Therefore, it is noteworthy that the majority of samples from the Ab Kaseh Pass section fall within the
range of Type Il kerogen, characterized by marine origin and oil-prone potential. According to the Peter
standard (Table 4), these samples are rated as very good to excellent in terms of oil-generating potential.
The organic matter originates from marine sources, specifically the decomposition of phytoplankton,
zooplankton, and marine algae, which were deposited in a strongly reducing environment such as the
Tethys Ocean.
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Table 4. Standard Parameters for Various Kerogens Defined based on Pyrolysis Analysis by Rock-eval [28]

Kerogen type | HI (mg HC/g TOC) | S2/S3
| <800 <15
1 300-600 10-15
17111 200-300 5-10
i 50-200 1-5
Abkaseh
140
120 Type Type ..
g 100 o o
X
> 80
£ o
= 60 °
£ ® Type Il
~ 40
[72]
20 @ b
0 [ )
0 5 10 15 20 25 30
TOC Wt%

Figure 6. Diagram Determining the Types of Kerogens Present in the Oil Shale Samples from the Ab Kaseh Pass
Section

Determination of Thermal Maturity in the Ab Kaseh Pass Section

Using the data obtained from Rock-Eval pyrolysis, a Tmax diagram for the Ab Kaseh Pass section was
created (Diagram 3). Based on this diagram and in accordance with the Peter standard (Table 5), the
Tmax variable ranges approximately from 440°C to 450°C. This indicates that the oil shale samples
from the Ab Kaseh Pass section are at the end of diagenesis and the beginning of thermal maturation,
i.e., the initial stage of the oil window. Their range and boundary are depicted as a dark halo on the
diagram.

Furthermore, Table 5 provides a pyrolysis guide for the parameters of quantity, quality, and thermal
maturity of oil shales. In this table, the position of oil shales can be classified within the range from
immature to highly mature, based on both Tmax and the vitrinite reflectance (%Ro). Vitrinite reflectance
was not measured in this study. However, the average Tmax obtained from the Rock-Eval analysis of
the samples is 439.60°C. By aligning this value with the table, the oil shales from the Ab Kaseh Pass
section are positioned within a suitable maturity range in figure 7.

Table 5. Standard Parameters for Evaluating Hydrocarbon Potential based on Thermal Degradation
by Rock-eval [28]

Stage of thermal maturity for oil Maturation
Vitrinite reflectance (Ro%) | Rock-Eval T max (°C)
Immature 0.8-0.2 <435
Mature
Early 0.6-0.85 435-445
Peak 0.65-0.9 445-450
Late 0.9-1.35 450-470
Post mature >1.35 >470
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Figure 7. Tmax Diagram and the Positioning of Hydrocarbon Potential in the Samples from the Ab Kaseh Pass
Section

Geochemical Analysis Using XRF and ICP Methods

Geochemical Analysis Information Using XRF and ICP Methods After sampling from the studied section,
each sample was halved; one half was analyzed using the Rock-Eval apparatus, while the other half,
comprising ten samples from the Ab Kaseh Pass section, was sent to reputable geochemical laboratories
for XRF and ICP geochemical analyses. The results obtained and collected information for this section
are detailed in Table 6. Additionally, the aggregation of the ten samples is presented as averages in Figure
8 and 9.

Table 6. Chemical Analysis Results of Samples from the Ab Kaseh Pass Section using XRF and ICP Methods

Sample No. | AB-1 | AB-2 | AB-3 | AB-4 | AB-5 | AB-6 | AB-7 | AB-8 | AB-9 | AB-10 | Average | EF
Si0O2 4255 | 50.31 | 45.58 | 50.17 | 43.17 | 40.33 | 37.94 | 40.56 | 41.72 | 47.53 43.99 1.31
Al203 9.34 | 10.38 | 10.14 | 10.66 | 11.21 | 10.17 | 11.30 | 9.86 | 8.26 9.47 10.08 1.00
Na20 016 | 021 | 024 | 012 | 014 | 021 | 0.21 | 045 | 0.19 0.18 0.211 0.31
MgO 282 | 216 | 211 | 264 | 278 | 233 | 3.00 | 238 | 2.77 2.68 2.567 2.15
K20 173 | 192 | 179 | 156 | 135 | 1.19 | 191 | 181 | 191 1.99 1.716 0.87
TiO2 074 | 081 | 081 | 0.84 | 081 | 0.70 | 0.85 | 0.82 | 0.84 0.81 0.803 1.60
MnO 0.04 | 0.07 | 0.07 | 0.05 | 0.08 | 0.06 | 0.07 | 0.08 | 0.08 0.06 0.066 1.12
Ca0 9.70 | 9.11 | 9.79 | 933 | 917 | 993 | 9.87 | 9.99 | 9.88 9.83 9.66 13.97
P20s 011 | 019 | 014 | 025 | 021 | 031 | 0.22 | 0.32 | 0.16 0.21 0.212 2.38
Fe203 713 | 788 | 7.78 | 792 | 9.19 | 7.96 | 698 | 7.88 | 7.34 8.16 7.822 2.02
TOC 0.85 41 |11.03 | 14.89 | 855 | 24.63 | 22.25 | 24.77 | 20.63 | 6.55 13.82 -

Ba 241 253 260 256 235 265 248 246 253 253 251.0 0.78
Ce 63 66 70 67 61 67 66 67 67 70 66.4 1.50
Co 8 9 11 7 9 10 9 9 9 10 9.1 0.74
Cr 143 148 150 141 155 160 157 153 144 154 150.5 2.80
Cu 24 31 19 26 25 31 29 28 29 26 26.8 1.00
Nb 13 12 16 15 16 17 16 12 14 17 14.8 1.42
Mo 5 5 7 4 7 7 8 7 6 4 6.0 -

U 8 9 6 7 7 6 10 9 7 8 7.7 4.66
Th 4 6 6 3 6 5 6 6 7 5 54 0.71
Cd 110 108 114 109 122 119 116 108 114 112 113.2 -

Ni 132 139 142 142 144 143 141 136 142 137 139.8 4.72
Pb 13 12 116 16 17 14 16 15 17 15 15.1 1.40
Rb 62 69 64 61 68 65 69 68 68 68 66.2 0.75
Sr 405 411 413 418 413 408 412 413 400 413 410.6 3.85
\Y 105 108 108 110 115 109 112 109 125 107 110.8 1.33
W 4 5 6 3 5 4 6 6 4 5 4.8 3.33
Y 18 19 13 21 21 20 15 22 16 16 18.1 1.26
Zr 107 113 109 109 101 113 115 112 115 114 110.8 1.00
Zn 94 91 98 94 96 97 88 90 96 96 94.0 2.00
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Figure 8. Geochemical Analysis of Samples from the Ab Kaseh Pass Section Presented as Aggregated Averages for
Trace Elements
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Figure 9. Geochemical analysis of samples from the Ab Kaseh Pass section presented as aggregated results for
heavy metals

Analysis of Geochemical Data Using XRF and ICP Methods

The quantities obtained from the oil shales in this section indicate their richness in trace elements, heavy
elements, and metallic and non-metallic oxides (in some elements). Therefore, the oil shales in this area
of the Central Zagros hold dual economic value: one due to a high unconventional oil reserve and the
other due to the elevated levels of certain trace elements and heavy metals, or generally valuable metallic
and non-metallic elements stored within these oil shales.

The organic matter content and enrichment of trace elements in the oil shales are influenced by their
mineralogy [26][24]. The study of thin sections of the Sar-Galu Formation samples from the Ab Kaseh
Pass section reveals that carbonate minerals are the primary constituents. The results of the chemical
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analysis of these samples also indicate the predominance of SiO2, CaO, and Al203 oxides, confirming
the abundance of carbonates along with clay minerals and quartz [32].

Organic matter, detrital materials, seawater, submarine volcanism, and biogenic materials can serve as
sources of elements in oil shales. In the Sar-Galu Formation, elements such as Sr and P may have a
biogenic origin. The elements Ti, Al, and Si, which form oxide and clay minerals, are of detrital origin.
The origins of the elements Ni, U, W, and Cr are attributed to organic matter and adsorption onto clay
minerals. The formation of phosphates via biological processes in marine environments has been
studied. In reducing environments, phosphatic minerals also form at the interface between water and
sediment. Furthermore, organic matter positively influences phosphate adsorption [14][37][34]. The
element P exhibits a positive correlation in the Ab Kaseh Pass section, as shown in Table 7 and Figure
6. Thus, a biogenic origin for P is confirmed, at least in the Ab Kaseh Pass section. The origin of the
element Sr may be both carbonate and biogenic. Given that Sr shows a negative correlation with TOC
in the Ab Kaseh Pass section, it appears that its origin is not biogenic. The element Sr has a negative
correlation in the Ab Kaseh Pass section as indicated in Table 7 and Figure 6. The element Ni shows a
positive correlation with TOC in the Ab Kaseh Pass section, while the elements W and Cr also show
positive correlations in this section. This may indicate that the origin of these elements is organic matter.
In other words, the increase in the concentration of these elements likely results from environmental
enrichment due to organic matter [32]. The element U in the Ab Kaseh Pass section shows no correlation.
As shown in Table 7 and Figure 10, U exhibits a negative correlation with both SiO2 and Al203 in the
Ab Kaseh Pass section. Therefore, the origin of U cannot be definitively determined, but it likely
involves organic matter and clay minerals contributing to its enrichment.

Due to the negligible enrichment or depletion of other elements in the samples studied from the Ab
Kaseh Pass section, their origins have not been analyzed.

Table 7. Correlation Coefficients of Major Oxides and Trace Elements in the Sar-Galu Formation at the Ab Kaseh
Pass Section

Zn Zr Y w \% Sr Rb Pb Ni Cd Th U Mo Nb Cu Cr Co Ce Ba
1.00
-0.32 1.00

-0.19 -0.35 1.00
-0.36 0.11 -0.35 1.00
0.12 0.12 -0.09 -0.16 1.00
Sr -0.19 -0.26 0.25 0.22 -0.49 1.00
Rb -0.38 0.36 -0.09 0.59 0.36 -0.13 1.00
Pb 0.24 -0.18 -0.18 0.07 0.66 0.09 0.08 1.00

<|g|< N[N

Ni 0.32 -0.09 -0.03 -0.07 0.52 0.17 0.13 0.59 1.00

Cd 0.40 -0.33 -0.09 0.07 0.36 -0.12 0.20 0.49 0.65 1.00

Th -0.08 0.25 -0.33 0.62 0.56 -0.40 0.80 0.26 0.27 0.30 1.00

U -0.93 0.35 0.03 0.43 -0.15 0.11 0.52 -0.28 -0.47 -0.41 0.15 1.00

Mo -0.19 -0.02 -0.13 0.61 0.25 -0.11 0.37 0.33 0.37 0.57 0.60 0.06 1.00
Nb 0.50 -0.04 -0.34 -0.02 0.02 0.22 -0.07 0.45 0.54 0.70 -0.11 -0.45 0.16 1.00

Cu -0.46 0.55 0.40 -0.19 0.25 -0.25 0.48 -0.31 0.08 -0.03 0.17 0.39 0.04 -0.21 1.00
Cr -0.06 0.12 0.00 0.54 -0.12 0.16 0.52 0.06 0.28 0.61 0.35 0.08 0.63 0.52 0.26 1.00
Co 0.40 0.21 -0.54 0.60 -0.06 -0.09 0.36 0.05 0.22 0.37 0.57 -0.28 0.43 0.43 -0.21 0.61 1.00

Ce 0.18 0.66 -0.49 0.18 -0.14 0.16 -0.01 0.04 0.04 -0.33 0.05 -0.14 -0.17 0.24 -0.11 0.05 0.50 1.00
Ba 0.32 0.57 -0.28 -0.18 -0.09 0.02 -0.23 -0.13 0.33 -0.09 -0.09 -0.43 -0.09 0.32 0.14 0.08 0.39 0.77 1.00
SiO; 0.21 -0.13 0.08 -0.32 -0.28 0.43 -0.26 -0.26 -0.01 -0.47 -0.39 -0.16 -0.79 -0.12 -0.18 -0.50 -0.18 0.24 0.21
Al03 -0.35 -0.37 0.23 0.28 -0.30 0.72 0.05 0.07 0.39 0.32 0.55 -0.36 0.26 0.04 -0.35 0.04 0.15 -0.22 -0.17
Ca0 0.02 0.55 -0.36 0.26 0.04 -0.35 0.04 0.15 -0.22 0.02 0.20 -0.00 0.35 0.19 0.00 0.31 0.40 0.49 0.31
Na,0 -0.40 0.30 0.17 0.61 -0.13 0.05 0.34 -0.10 -0.29 -0.32 0.40 0.33 0.42 -0.44 0.12 0.29 0.28 0.27 0.02
MgO -0.23 -0.08 -0.05 -0.20 0.35 -0.20 0.06 0.40 -0.09 0.26 -0.12 0.32 -0.00 0.19 0.08 -0.07 -0.48 -0.44 -0.56
K20 -0.40 0.53 -0.54 0.40 0.03 -0.11 0.37 -0.08 -0.45 -0.59 0.31 0.59 -0.23 -0.37 -0.05 -0.30 0.07 0.42 -0.07
TiO -0.39 0.15 -0.20 0.28 0.43 0.31 0.36 0.55 0.21 -0.22 0.29 0.40 -0.01 -0.14 -0.08 -0.26 -0.20 0.17 -0.21
MnO -0.12 0.09 -0.01 0.57 0.59 -0.06 0.77 0.46 0.46 0.31 0.88 0.11 0.58 -0.07 0.18 0.37 0.40 0.02 -0.14
P20s -0.26 0.21 0.63 0.04 -0.08 0.39 0.18 0.03 0.23 0.06 -0.08 0.08 0.23 0.10 0.52 0.53 -0.03 0.12 0.23
Fe,03 0.40 -0.61 0.48 0.00 0.00 0.44 0.14 0.22 0.40 0.41 0.02 -0.37 -0.05 0.27 -0.12 0.30 0.14 -0.24 -0.22
TOC -0.21 0.46 0.13 0.12 0.40 -0.05 0.20 0.41 0.40 0.21 0.27 -0.00 0.58 0.15 0.42 0.40 0.10 0.25 0.35
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SiOz A|203 CaO Nazo MgO Kzo Ti02 MnO PzOs FEZOs TOC
Si0z; | 1.00
Al,O; | 0.02 | 1.00
CaO | -0.65 | -0.45 | 1.00
Na,O | -0.36 | -0.12 | 0.50 | 1.00
MgO | -0.39 | 0.02 | 0.08 | -0.40 | 1.00
KO | 0.16 | -0.36 | 0.18 | 0.23 | 0.08 | 1.00
TiO; | 019 | 0.13 | -0.17 | 0.07 | 0.25 | 0.59 | 1.00
MnO | -0.28 | 0.06 | 0.04 | 046 | -0.15| 0.13 | 0.47 | 1.00
P,Os | -0.20 | 031 | 0.19 | 047 | -0.17 | -0.41 | -0.09 | 0.23 | 1.00
Fe,O; | 0.31 | 0.35 | -0.51 | -0.11 | -0.20 | -0.50 | -0.04 | 0.31 | 0.29 | 1.00
TOC | -0.60 | 0.03 | 0.58 | 0.48 | 0.02 | -0.20 | 0.10 | 0.42 | 0.69 | -0.19 | 1.00
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Figure 10. Correlation Diagrams of P205, Sr, Ni, W, Cr, and U with TOC in Samples of the Sar-galu Formation
from the Ab Pass Section

RESULTS

1. Geological studies have indicated that the oil shale deposits in the Ab Kaseh Pass section belong
to the Sar-Galu Formation, which was deposited in a homoclinal ramp within the Tethys Sea
territory, with a total of six microfacies identified from three sedimentary environment belts.
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2.

10.

11.

12.

13.

14.

The age of the deposits in the Ab Kaseh Pass section has been determined to be Lower Jurassic
(Early Jurassic) through the analysis of index foraminifera microfossils.

Based on microfacies analysis, it is concluded that the Jurassic sediments of the Zagros in this
region (Central Zagros) were formed in an open marine setting of a homoclinal ramp.
Concurrently, in deeper areas, the shale deposits of the Sar-Galu Formation were formed, while in
shallow ramp areas and intertidal zones, limestone and sandy sediments were deposited.

The investigations reveal that the lack of maturity of the Sar-Galu Formation oil shales is attributed
to the tectonic conditions of the basin. The activity of regional [4] faults and the uplift of the basin
due to Jurassic orogenic activities hindered the deposition of overlying Upper Jurassic sediments
on the shales, resulting in insufficient deep heating for the maturation of the oil shales.
Consequently, these shales have remained immature and have lost the conditions necessary for oil
generation.

In the Ab Kaseh Pass section, the deposits of the Sar-Galu Formation primarily consist of clay,
marl, limestone, and oil shale, with these facies exhibiting interdigitating characteristics.

The investigations show that the lower boundary of the Sar-Galu Formation with the Nyriz
Formation deposits is continuous and gradual, while the upper boundary of this formation with the
Fahliyan Formation limestones is discontinuous (unconformable) with a Lower Cretaceous age,
and the Upper Jurassic deposits are absent.

Considering that a TOC content higher than 2% by weight indicates a very good source rock for
oil shale samples [28], the weight percentage of TOC for the studied section is significantly high,
placing it in the category of excellent oil-prone source rock.

Diagrams defining the types of kerogen in shale samples from both sections were constructed based
on the ratio of TOC to S2, and it is evident from the diagrams that, according to the above
classification, all samples from the Ab Kaseh Pass section contain Type Il kerogen.

Utilizing the data obtained from Rock-Eval pyrolysis and Tmax diagrams in the Ab Kaseh Pass
section, the Tmax variable ranges from approximately 440 degrees to 450 degrees, indicating that
the oil shale samples in the Ab Kaseh Pass section lie at the end of diagenesis and the beginning
of thermal maturation, which corresponds to the early stage of the oil window.

Based on the resulting HI values from the Ab Kaseh Pass section and their comparison with
standard tables, it was determined that the type of hydrocarbon produced from the shale samples
in the studied section is solely crude oil, with no gas generation.

The presence of significant concentrations of trace heavy metals within these shales suggests that
their origin could be derived from the oceanic crust of the Tethys Sea, which was in a rifting
(oceanic formation) phase during the Jurassic period. Since the Sar-Galu shales were deposited in
the deep marine environment, these elements have been adsorbed by organic matter. Additionally,
these elements may also have a detrital origin due to proximity to the Sanandaj-Sirjan zone, from
which detrital materials entered the Tethys basin during weathering and erosion.

Thin sections of the Sar-Galu Formation samples from the Ab Kaseh Pass indicate that carbonate
minerals are the primary constituents. Simultaneously, the results of chemical analyses of metallic
and non-metallic oxides also show that oxides such as SiO2, CaO, and Al203 dominate in the
studied oil shales, confirming the abundance of carbonates in this section.

The element P in the Ab Kaseh Pass section shows a positive correlation. Therefore, the biogenic
origin of P in this section is confirmed.

Considering that Sr exhibits a negative correlation with TOC in the Ab Kaseh Pass section
according to the diagrams and correlation coefficients, its origin does not appear to be biogenic.
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15. The element Ni shows a positive correlation with TOC in the Ab Kaseh Pass section, and the

elements W and Cr also exhibit positive correlations. This may indicate that the origin of these
elements is organic matter. In other words, the increase in the concentrations of these elements is
likely a result of environmental enrichment by organic matter.

16. The element U in the Ab Kaseh Pass section shows no correlation. In this section, U has a negative

correlation with both SiO2 and Al203. Therefore, the origin of U cannot be definitively
determined, although it is likely that organic matter and clay minerals have contributed to its
enrichment.
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