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Abstract 
Two main oil shale intervals are recognized in the Qalikuh area of the Zagros Mountains in Lorestan 
Province, SW Iran: a lower oil shale in the Middle Jurassic Sargelu Formation, and an upper oil shale 
in the Early Cretaceous Garau Formation. In the present study, 50 outcrop samples of the Sargelu oil 
shale were collected from eight different localities and were subjected to a complete set of organic 
geochemical analyses. Samples of the Sargelu oil shale analysed exhibit high organic carbon (TOC) 
contents (mean: 15.5 wt%). The hydrogen index (mean: 548 mg HC/g TOC) and the genetic potential 
(mean: 86.20 mg HC/g rock) for the samples represent highly oil-prone kerogen. The Sargelu oil shale 
is enriched in sulfur, and elemental hydrogen has a moderate-to-high content. Organic petrography 
shows that the samples are dominated by solid bitumen and carbonate minerals, and X-ray fluorescence 
analysis shows that the main inorganic component of the oil shale is calcite. The palynofacies are 
characterized nearly entirely by amorphous organic matter. Kerogen in the Sargelu oil shale is Type II-
S. In terms of thermal maturity, there is consistency between vitrinite reflectance, elemental analysis, 
and thermal maturity-related biomarker parameters which confirm that the Sargelu oil shale is located 
in the early stage of the oil window (Rc=0.8%). This study shows that there is little significant difference 
in the geochemical and mineralogical properties of the Garau and Sargelu oil shales from Qalikuh, or in 
their respective pyrolysate products, despite the formations’ different stratigraphies and ages. However, 
compared to Garau-derived oils (extracts), the Sargelu-derived oils (extracts) demonstrate a higher ratio 
of dibenzothiophene to phenanthrene (DBP/Phen) and a lower ratio of C27/C29 sterane. These parameters 
can in future be used in oil - source rock correlation studies in locations where these formations are 
deeply buried and highly mature, and where the precise contribution of hydrocarbons from Sargelu and 
Garau source rocks to a reservoired petroleum is unknown.  
 
Keywords: Petroleum geochemistry, oil shale, Jurassic, Zagros fold-and-thrust belt, Iran. 
 
Introduction 
 
The carbonate-dominated Middle Jurassic Sargelu and Early Cretaceous Garau Formations 
include high quality organic-rich source rocks (SRs) at oil fields both in SW Iran (e.g. Darquain, 
Azadegan, Juffair and Yadavaran) and in neighboring countries (cf. Murris 1980; Bordenave 
and Burwood 1990; Mahbobipour et al. 2016). 
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    The Middle Jurassic SRs were deposited in an anoxic intrashelf basin (Klemme 1994; Ziegler 
2001; Abdula 2015; Wilson 2020) from the end of the Lias to the end of the Bathonian. In the 
Zagros Fold belt of Iran there are mainly five petroleum systems including the Middle Jurassic 
and Early Cretaceous. In the Middle Jurassic petroleum system (PS), some oil derived from the 
Sargelu SRs has migrated to reservoir rocks along the margins of the depression, but a 
significant portion of the oil generated was not expelled and was instead broken down in situ 
into pyrobitumen and gas. Some oil migrated laterally into the porous platform facies of the 
Surmeh–Khami Formations, accumulated on regional highs prior to the Zagros folding, and 
then migrated into Zagros folds (Bordenave and Hegre 2010). It is worth mentioning that 
cumulative isopachs imply that during the commencement of the Zagros folding, the central 
Lorestan Depression's Sargelu Formation had already expelled the majority of its oil and 
entered the gas phase (Bordenave and Hegre 2010).  
    The Early Cretaceous PS was charged by outstanding SRs deposited during the Neocomian 
at the base of the Garau Formation. The Early Cretaceous PS is another illustration of SRs that 
are not or poorly associated with reservoirs, as a major portion of the oil produced was broken 
in situ into pyrobitumen and gas. Concerning the Middle Jurassic PS, some oil moved laterally 
into the porous platform facies of the Khami reservoirs, accumulated on regional highs prior to 
the Zagros folding, and then migrated into Zagros folds (Bordenave and Hegre 2010). 
    It was an Early Jurassic depression that persisted through the Mesozoic over NE-Iraq and 
Lorestan (Murris 1980; Ayres et al. 1982). Anoxic conditions developed in the Lorestan Basin 
during the Middle Jurassic to Middle Cretaceous times. Similar depositional conditions 
occurred in the Dezful Embayment and in the N Persian Gulf, where the Sargelu Formation 
was deposited. The large and extensive deep-water Sargelu-Gotina Basin was the depositional 
locus for high-quality argillaceous carbonate SRs (Murris 1980; Ayres et al. 1982). Similar to 
the Garau Formation, oxygen-poor conditions in the Sargelu Formation led to the development 
of a thick black organic-rich interval within the formations, namely, the high stand facies (e.g., 
Murris 1980; Ziegler 2001; Van Buchem et al. 2010).  
    Nearly all previous evaluations in the Zagros Basin (Fig. 1) show the organic-rich facies from 
the Sargelu and Garau formations are deeply buried and highly matured with a relatively good 
range of total organic carbon, namely, total organic carbon (TOC) < 6.5 wt% (e.g., Ala et al. 
1980; Bordenave and Huc 1995; Kamali and Rezaee 2003). Our present and earlier studies 
(Shekarifard et al. 2019) in the Qalikuh area from Lorestan Province of the High Zagros (thrust 
belt) of the Zagros Mountains (Fig. 1a) confirm the especial occurrence of organic-rich facies 
from the Sargelu and Garau formations. In this area, these organic-facies show the highest 
amount of TOC and the lowest level of thermal maturity which are cropped out at the surface 
(Rasouli et al. 2015; Shekarifard et al. 2019). In Qalikuh area, these organic-facies intervals are 
called oil shale (Shekarifard et al. 2019). Oil shale is a type of extremely kerogen-rich SR with 
low maturity that can be mined and utilized for oil extraction (Tissot and Welte 1984). 
    In the Jurassic-Cretaceous petroleum systems of SW Iran, where the Cretaceous and younger 
reservoirs were charged by these Jurassic-Cretaceous SRs, the main challenging problem is the 
oil-source correlation investigation in locations where these SRs are deeply buried and highly 
mature, and where the precise contribution of hydrocarbons from the Sargelu and Garau SRs to 
a reservoired petroleum is unknown.  Accordingly, main aim of this study is to solve this 
problem by focusing on characterizing and comparing the organic matter (i.e., solvent extract 
and kerogen) from the Sargelu and Garau oil shale in the Qalikuh area, where maturity is known 
to be low. Therefore, the geochemical characterization of these oil shales is highly important 
for a better understanding of Iran’s Jurassic-Cretaceous petroleum systems, where these 
formations have acted as effective SRs. This may further contribute to the understanding of the 
oil-SR correlation and to get better approach for oil-fields developments. 
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Geology and lithostratigraphy 
 
The Lorestan province, comprising the Qalikuh area, is situated in the southwest of Iran in 
the Zagros Mountains, which includes the High Zagros (HZ) and the Zagros Fold Belt (ZBF) 
(Fig. 1a). 
    Paleozoic rocks in the HZ are located in the higher and upper parts of the Zagros Mountains 
(with an altitude of up to about 3,000 meters) along the Zagros main fault. This tectonic zone 
has an NW-SE trend that is recognized as a narrow-thrust belt with a width of up to 80 km. One 
of the characteristics of this zone is the occurrence of the overthrust of anticlines exposing deep 
sedimentary rock units (Mesozoic and Paleozoic formations), the result of its intense tectonic 
deformation, uplift, and erosion. The ZFB is primarily composed of Tertiary rocks, with 
outcrops of Paleogene and Neogene rocks to the south of the Cretaceous and Paleogene rocks, 
respectively. (e.g., Berberian 1995). 
    In the Qalikuh area (Fig. 1a), differential uplift during the Zagros Orogeny meant that 
geological units including the Sargelu and Garau Formations were less deeply buried than in 
other parts of the Zagros fold-and-thrust belt. As a result, the thermal maturity of these 
formation is lower in this area than it is elsewhere.  The lithostratigraphy of the Qalikuh area 
has been shown in Fig. 1c. The Middle Jurassic succession in the Qalikuh area begins with the 
deposition of the carbonates of the Surmeh Formation (49-136 m thick) which is conformably 
covered by the Middle Jurassic Sargelu Formation.  
    Previous studies (Shekarifard et al. 2019; Rasouli et al. 2015) have shown that the Sargelu 
and Garau formations in the Qalikuh area have the characteristics of oil shales, with very high 
TOC contents and low thermal maturity. Sargelu Formation is dominated by argillaceous 
limestones, interpreted to have been deposited in deep marine conditions with localized anoxia 
(Motiei 1993). Organic-rich strata in the Sargelu shales are frequently isolated by thick 
evaporitic intervals (Bordenave and Burwood 1990). The Sargelu Formation disconformably 
overlies the Najmeh Formation. At the Qalikuh area, the Sargelu Formation, with a thickness 
of 35-108 m, comprises thin-bedded, black bituminous, and dolomitic limestones with thin 
chert layers. The fauna of the formation is characterized by Posidonia. In this area, the Sargelu 
Formation is unconformably overlain by the Upper Jurassic Najmah Formation. The Najmah 
Formation is disconformably overlain by the salty-limestone Gotnia Formation (Fig. 1c and d). 
In the Qalikuh area, the Lower Cretaceous Garau Formation rests unconformably on the Gotnia 
Formation (Fig. 1c-d) and begins with 2-3 m of thin-bedded limestones which are overlain by 
black oil shales. The Garau Formation is overlain by conglomerates equivalent to the Bakhtiari 
Formation (Pliocene-Pleistocene) and by Quaternary alluvium. 
 
Oil shale sampling and methods 
 
The Sargelu oil shale was sampled from surface outcrop sections in the Qalikuh area (Fig. 1a-
b). For this purpose, a total of 50 samples from the Sargelu oil shale, having a vertical 
sampling distance of 1-1.5 m, from eight different adopted outcrops were systematically 
collected (Fig. 1b and 2). The Sargelu oil shale in the Qalikuh area, is distinguished by 
significant lateral variations in thickness from 3 m thick individual beds up to 40 m thick 
units (mean: 28 m), and are easily distinguishable in the field from the adjacent rock units 
(Figs 1d and 3a). Petrographic observations on thin sections from the Sargelu oil shale are 
closely similar to those from the Garau oil shale, and show the presence of abundant organic 
matter with calcite crystals (Fig. 3b).  
    Table 1 summarizes the samples of the Sargelu oil shale collected, the analytical approaches 
used, and the number of samples examined for each method.  
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Rock-Eval pyrolysis and TOC analysis 
 
A Rock-Eval VI pyrolysis apparatus was used to characterize the bulk geochemical properties 
of the Sargelu oil shale (Behar et al. 2001). The TOC content of the oil shale samples was 
determined using a Leco instrument. Table 1 provides the results of the TOC and Rock-Eval 
VI data for the Sargelu oil shale. 
 

 
Figure 1. (a)  The Qalikuh area in the High Zagros from the Zagros Mountains, SW Iran; (b) The studied 
surface outcrop sections (1 - 8) from the Sargelu and Garau oil shale at the Qalikuh area, (c) The local 
stratigraphy and lithological units underlying and overlying the Qalikuh oil shales; and (d) General view 
of the main lithostratigraphy units and the oil shales investigated 
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Table 1. The results of TOC and Rock-Eval VI pyrolysis analysis from the Sargelu oil shale in the 
Qalikuh area along with the selected samples for advanced (follow up) geochemical analyses 
 

Region 

Sample ID 
(follow up 
analysis) 

TOC 
(wt%) 

 Rock-Eval VI pyrolysis 
S1 
(mg/g) 

S2 
(mg/g) 

 
GP 

S3 
(mg/g) 

Tmax 

(°C) HI OI PI 
Location 1 SH 25 21.40 4.71 117.78 122.50 1.01 433 550 5 0.04 

SH 27 16.80 0.76 100.09 100.80 1.14 437 596 7 0.01 
 GH 29 (f) 20.46 1.40 93.33 94.73 2.56 438 456 13 0.01 
           
Location 2 GH 5 11.40 0.56 57.16 57.70 1.30 435 501 11 0.01 

GH 7 7.60 0.41 45.44 45.80 1.03 432 598 14 0.01 
GH 8 13.10 1.74 66.80 68.50 1.20 430 510 9 0.03 
GH 10 3.87 0.07 31.17 31.20 0.35 439 805 9 0.00 

           
Location 3 GH 188 13.20 2.00 70.59 72.60 1.01 436 535 8 0.03 

GH 189 14.60 2.99 81.84 84.80 1.00 436 561 7 0.04 
GH 190 23.70 7.48 145.25 152.70 1.14 436 613 5 0.05 
GH 191 19.60 4.44 111.34 115.80 1.27 432 568 6 0.04 
GH 192 20.90 6.08 125.51 131.60 0.84 436 601 4 0.05 
GH 193 10.90 1.21 60.88 62.10 1.11 434 559 10 0.02 
GH 194 10.50 1.62 64.39 66.00 1.33 434 613 13 0.02 
GH 195 11.80 1.05 66.96 68.00 1.39 434 567 12 0.02 
SH 11 11.20 0.58 55.52 56.10 2.88 431 496 26 0.01 
SH 12 7.02 1.98 48.63 50.60 0.44 434 693 6 0.04 
SH 14 8.56 2.67 53.71 56.40 0.66 430 627 8 0.05 
SH 16 (a-g) 23.30 5.99 142.95 148.90 0.71 437 614 3 0.04 
SH 17 18.60 2.16 105.86 108.00 2.58 434 569 14 0.02 
SH 18 24.20 3.47 120.69 124.20 3.15 431 499 13 0.03 
SH 19 22.80 3.64 135.76 139.40 0.95 437 595 4 0.03 
SH 20 14.10 1.79 82.42 84.20 0.84 436 585 6 0.02 

 SH 21 12.60 1.43 70.50 71.90 1.12 439 560 9 0.02 
           
Location 4 MZY 4102 5.31 0.17 26.77 26.90 1.28 434 504 24 0.01 

MZY 4102 4.88 0.19 27.07 27.30 1.19 436 555 24 0.01 
MZY 4121 12.20 0.40 63.95 64.30 1.94 434 524 16 0.01 
MZY 4122 20.20 2.60 111.49 114.10 1.37 433 552 7 0.02 
MZY 4123 (a-g) 22.40 2.99 128.31 131.30 1.63 436 573 7 0.02 

           
Location 5 GH 127 15.30 1.07 75.25 76.30 0.91 435 492 6 0.01 

GH 128 8.78 0.60 47.14 47.70 0.93 435 537 11 0.01 
GH 129 13.80 1.00 72.98 74.00 1.27 431 529 9 0.01 

           
Location 6 GH 166 12.80 1.09 58.49 59.60 2.82 423 457 22 0.02 

GH 168 17.30 1.19 91.30 92.50 1.97 436 528 11 0.01 
GH 170 20.60 2.55 100.49 103.00 3.32 429 488 16 0.02 

 GH 172 17.90 2.32 92.25 94.60 2.05 432 515 11 0.02 
 GH 174 14.60 1.28 69.37 70.70 2.33 428 475 16 0.02 
 GH 176 (a-c) 22.50 3.40 117.62 121.00 2.82 427 523 13 0.03 
 GH 178 16.80 1.53 81.84 83.40 1.97 430 487 12 0.02 
 GH 180 19.00 2.45 99.33 101.80 1.58 430 523 8 0.02 
 GH 183 17.80 2.27 88.95 91.20 2.66 428 500 15 0.02 
 MZY 4160 22.00 2.88 125.28 128.20 2.89 429 569 13 0.02 
 MZY 4161 17.30 2.16 98.74 100.90 2.19 430 571 13 0.02 
 MZY 4163 22.70 3.01 117.81 120.80 2.35 428 519 10 0.02 
           
Location 7 90GH 31 13.00 0.77 59.78 60.50 1.63 434 460 13 0.01 

90GH 36 19.40 2.03 115.55 117.60 1.19 435 596 6 0.02 
           
Location 8 MZY 3983 9.45 0.40 42.97 43.37 1.32 433 455 14 0.01 

MZY 3984 (a-c) 16.30 1.20 89.32 90.52 2.19 432 548 13 0.01 
 MZY 4000 7.60 0.34 39.92 40.26 1.68 434 525 22 0.01 
 MZY 4001 21.40 1.94 111.64 113.60 3.41 432 522 16 0.02 

(a): elemental analysis of kerogen; (b): organic petrography and VK analysis; (c): vitrinite reflectance (VRr); (d): 
XRF and XRD analysis; (e): GC and GC-MS analysis; (f): Pyrolysis-GC analysis; (g): carbon isotope analysis.   
 

TOC (Total organic carbon): weight % GP (Genetic potential): S1 + S2 
S1: mg hydrocarbon / g rock GC: gas chromatography 
S2: mg hydrocarbon / g rock GC-MS: gas chromatography-mass spectrometry 
S3: mg CO2 / g rock Pyrolysis-GC: Pyrolysis-gas chromatography 
Tmax (Maximum temperature): oC 
PI (Production index): S1 / (S1+S2) 

XRD: X-ray d൴ffractometer  
XRF: X-ray Fluorescence  
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Figure 2. Lithostratigraphy and lateral correlation of the Sargelu and Garau oil shales with the 
underlying and overlying geological formations in the sections investigated in the Qalikuh area from the 
Zagros Mountains, SW Iran. Refer to Figure 1c for description of the geological formations. Numbers 
point out the investigated outcrop sections in Figure 1b. Arrows show the position of the Sargelu oil 
shale sampling 
 

 
Figure 3. (a) Sharp contact of the Sargelu black oil shale with the carbonate host rocks from the Qalikuh 
area in the Zagros Mountains; (b) Thin section photomicrograph of an oil shale sample, where two major 
components are observed with bitumen and white calcite crystals (transmitted light) 
 
Pyrolysis-gas chromatography (GC) analysis 
 
The selected Sargelu oil shale samples (Table 1) were investigated by applying the open 
Pyrolysis-GC technique and then GCs were employed to illustrate the results while focusing on 
n-C10 and n-C14 components. The relative abundance of gaseous and light hydrocarbons (HCs) 
was compared with n-C14+ components to evaluate product types. For additional 
characterization of the kerogen quality and pyrolysate composition (gas-oil ratio), Pyrolysis-
GC was applied only to representative sample GH 29 (Table 2). For open Pyrolysis -GC, a 
micro-scale sealed-vessel pyrolysis injector system connected to an Agilent GC-6890A was 
used to test 30 mg of the sample (Horsfield 1989).  
 
Elemental analysis  
 
A Thermo Scientific Flash EA 1112 Thermo elemental analyzer was utilized for the elemental 
analysis of four kerogens. Furthermore, the content of C, H, N, S, Fe and O elements was 
determined in two separate experiments (Table 3).  



Geopersia 2025, 15(1): 97-117  103 
 

Table 2. Open pyrolysis-GC normalized single compound yields from the selected Sargelu oil shale 
(sample GH 29) as input parameters for determination of kerogen quality and structure using ternary 
diagrams of Horsfield (1989), Larter (1984), and Eglinton et al. (1990) 
 

Horsfield (1989) chain length 
distribution 

GOR Larter (1984) terrestrial 
input 

Eglinton et al. (1990) marine 
input 

Total C1–5 C6–14 C15
+ C1-5/C6+ Phenol 

 
m, p-Xylene n-C8:1 o-Xylene 2,3-DM-

Thiophen 
n-

C9:1 

80 17 3 4 0 37 63 28 6 66 

GOR = Gas oil ratio (kg/kg), 
 

Table 3. (a) Results of elemental analysis of kerogen, (b) Bitumen reflectance (BRr) measurement and 
equivalent vitrinite reflectance (VRr) calculated and (c) X-ray Fluorescence (XRF) results for the 
selected Sargelu oil shale samples 

(a) 

Sample ID % C % H % N % O % S % Fe 
H/C 
ratio 

O/C 
ratio 

S/C 
ratio 

N/C 
ratio 

GH 176 
SH 16 

MZY 4123 
MZY 3984 

64.00 
55.20 
53.00 
69.50 

6.00 
5.50 
5.10 
6.50 

0.90 
0.90 
1.00 
1.00 

4.30 
2.80 
2.80 
2.20 

9.80 
9.90 
9.40 

10.60 

0.40 
2.30 
2.00 
0.50 

1.13             
1.20 
1.15             
1.12 

0.05             
0.04 
0.04             
0.02 

0.11             
0.13 
0.13             
0.11 

0.01             
0.01 
0.01             
0.02 

           

(b) 

Sample ID 
No. of 

measurements 
Arithmetic 

Mean (BRr %) 
Standard 
Deviation 

Equivalent VRr 
% 

GH 176 
SH 16 

MZY 4123 
MZY 3984 

28 
20 
21 
21 

0.48 
0.40 
0.40 
0.45 

0.04 
0.05 
0.07 
0.04 

0.69 
0.61 
0.61 
0.66 

     

(c) 
Sample ID 

MgO 
(%) 

Al2O3 
(%) 

SiO2 
(%) 

P2O5 
(%) 

SO3 

(%) 
K2O 
(%) 

CaO 
(%) 

TiO2 
(%) 

Fe2O3 
(%) 

NiO 
(%) 

V2O5 
(%) 

MoO3 
(%) 

CuO 
(ppm) 

SH 16 0.97 5.60 17.61 0.55 16.76 1.76 49.35 0.54 3.71 n.d 0.88 n.d n.d 

MZY 4123 1.18 5.08 16.12 0.14 16.04 1.85 52.27 0.44 3.30 n.d 1.45 n.d 965 

n.d: not determined 
 
Kerogen petrography and bitumen reflectance measurements 
 
    In this research, four samples were selected for visual kerogen (VK) analysis and organic 
petrography (Table 1), and transmitted light microscopy was used for qualitative VK observations . 
Reflected white and UV light microscopy (with a Zeiss UMSP 50) were utilized for conducting 
kerogen petrography on the polished blocks of the bulk samples. Due to the absence of vitrinite 
macerals, the reflectance of bitumen (BRr) analysis was conducted on the samples (Taylor et al., 
1998). Table 3b presents the results of reflectance measurements on bitumen. 
 
X-ray fluorescence (XRF) and X-ray diffractometer (XRD) analyses 
 
To characterize the chemical composition and the mineralogy of the Sargelu oil shale, two 
samples were investigated by XRF and XRD, respectively. Table 3c lists the results of the XRF 
analysis. 
 
Solvent extraction and geochemistry  
 
The free hydrocarbons were extracted from the chosen oil shale samples by employing the 
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solvent extraction method. This solvent consisted of DCM/methanol (MeOH) 93/7% vol using 
a Soxhlet-type system. Next, the elemental sulfur was removed by adding activated copper. The 
samples were then extracted for 24 hours, followed by centrifuging the prepared solution. 
Liquid column chromatography was used for separating the extracts into 
nitrogen/sulfur/oxygen (NSO) compounds, saturated HCs, and aromatic HCs. 
    The selected samples were analyzed by the GC-flame ionization detector (FID) by applying 
various approaches for aromatic and saturated HC fractions, including a Hewlett Packard 5890 
Series II Gas Chromatograph with the incorporation of an FID. Moreover, an MD800 series 
GC-mass spectrometry was utilized in this regard. Also, the mass spectrometer was directly 
connected to an Agilent 6890 series, and Mass Lynx software was used to run the system. The 
bulk isotopic was analyzed using a VG 602 Dual Inlet Isotope Ratio Mass Spectrometer on 
isolated kerogens of saturated and aromatic HCs. The results of the conducted analyses on the 
extracts are provided in Table 4. 
 
Results and discussion 
 
TOC richness and Rock-Eval data  
 
The TOC is considered a fundamental factor for evaluating petroleum SRs and oil shale 
resources. This assessment is usually conducted by utilizing a carbon analyzer (e.g., Hunt 
1996). Based on the obtained results, the TOC content of the Sargelu oil shale from the Qalikuh 
area ranges from 3.87 to 24.2 wt% (mean: 15.47 wt%). Accordingly, the Sargelu oil shale, 
similar to the Garau oil shale, contains extremely high amounts of organic carbon. 
 
Table 4. (a) Bulk properties of solvent extracts composition, GC parameters and carbon isotope values; 
(b) source dependent; and (c) maturity-dependent biomarker parameters from the selected Sargelu oil 
shale samples 

(a)  

(b) 

(c)  
 
 
 
 
 
 

Sat= Saturate, Aro= Aromatic, NSO= Heteroatoms, Asp= Asphaltene, Pr/Ph = pristane/phytane ratio, CPI=Carbon 
Preference Index, %C27 = %C27αααR-/C27–C29αααR-steranes, %C28 = %C28αααR-/C27–C29αααR-steranes, %C29 = 
%C29αααR-/C27–C29αααR-steranes, DBT/Phen= Dibenzothiophene/ Phenanthrene, Ts=18α(H)-22,29,30-
trinsnorneohopane, Tm=17α(H)-22,29,30-trisnorhopane, MPI-1=Methyl Phenanthrene Index, 
MDBT=Methyldibenzothiophene. 

Sample ID % Sat % Aro % NSO Pr/Ph Pr/C17 Ph/C18 CPI δ13 Csat δ13 Caro δ13 kerogen 

SH10 10.13 43.20 46.67 0.90 0.36 0.39 0.48 -27,37 -27,91 -27.67 

MZY 4123 7.29 38.08 54.63 0.97 0.33 0.37 0.48 -26,99 -28,11 -28.24 

Sample ID DBT/Phen C31R/C30 Hopane C29/C30 Hopane 
Gammacerane/ 
Hopane C30 

SH10 4.90 0.41 2.56 0.06 

MZY 4123 5.36 0.45 2.38 0.08 

 % C27 Sterane % C28 Sterane % C29 Sterane C27/C29 Sterane Sterane/ Hopane 

SH10 30.21 24.38 45.44 0.67 0.19 

MZY 4123 29.48 25.51 45.02 0.65 0.14 

Sample ID 
Ts/Tm 

22S/(22S+22R) 
C32 Hopane 

20S/(20S+20R) 
C29 Sterane 

MPI-1 
4-MDBT/ 
1-MDBT 

SH10 0.026 0.57 0.51 0.68 1.12 

MZY 4123 0.028 0.59 0.51 0.68 1.23 
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    According to the Rock-Eval pyrolysis data, the mean hydrogen index (HI) value of the 
Sargelu oil shale is 548 mg HC/g TOC (in the range of 455-805 mg HC/g TOC). The remaining 
potential (S2) for the samples reaches up to 145.25 mg HC/g rock (mean: 84.16 mg HC/g rock). 
These parameters reflect superior capability for oil generation. A cross-plot of HI versus OI 
plot shows Type I kerogen although most examined samples are acknowledged as Type II 
kerogen based on the HI-Tmax plot (Fig. 4a-b), indicating that the Type II-S kerogen on the HI-
OI plot can indicate the position of Type l Kerogen. 
    As indicated in Table 5, the Sargelu oil shale, similar to the Garau oil shale, has a maturity 
just at the beginning of the oil window or slightly less than that based on the mean value of Tmax 
(433°C), production index (PI), and S1/TOC ratio (mean: 0.11). The high level of petroleum 
compounds in the oil shale (high S2 and HI values) with the existence of Type II-S kerogen 
(Section 5.3) is considered the primary cause of the low mean of Tmax, namely, as high as 433°C 
(cf. Tissot et al. 1987). The S2 versus TOC plot indicates the occurrence of Type II kerogen in 
the Sargelu oil shale and an excellent agreement between S2 and TOC values (Fig. 5). 
 

 
Figure 4. Quality, thermal maturity status and kerogen type of the studied Sargelu oil shale represented 
by (a) the relationship between hydrogen index (HI) and apex of the S2 peak (Tmax), and (b) the 
relationship between hydrogen index (HI) and oxygen index (OI). Note that 50-60% of the kerogen is 
convertible to oil and gas 

 
Figure 5. Occurrence of Type II kerogen and very good correlation between petroleum generation 
potential (S2) and total organic carbon (TOC) for the Sargelu oil shale, Qalikuh area. TOC values can 
be used as a proxy to evaluate the petroleum potential of the Sargelu oil shale 
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    The genetic capability (S1+S2) related to the calculated values of the Sargelu samples ranges 
from 26.9 to 152.7 mg HC/g rock (mean: 86.2 mg HC/g rock), demonstrating overall high to 
extremely high oil capability. The values of the genetic potential for the Sargelu oil shale have 
proven to be in close correlation with TOC values. According to HI and TOC values and the 
S2/S3 ratio, the Sargelu oil shale, similar to the Garau oil shale, has good to excellent capability 
for oil generation (Tissot and Welte 1984; Peters and Cassa 1994). Interestingly, the range and 
mean value of the Rock-Eval pyrolysis and TOC data from the Sargelu oil shale are highly 
similar to those of the Garau oil shale (Table 5) from the Qalikuh area in the Zagros Mountains. 
 
Pyrolysates composition  
 
The acquired gas chromatograms by Pyrolysis -GC from the three oil shale samples (Table 1) 
yielded the same pattern, indicating that most likely, all samples have the identical capacity to 
generate close products after being fully matured and heated.  
The outstanding potential of the Sargelu oil shale for generating predominately gaseous and 
light liquid HCs with insignificant levels of n-C14+ heavy HCs has been confirmed by pyrolysis 
products (Fig. 6). The general relative peak pattern and the pattern of pyrolysis products for the 
Pyrolysis -GC chromatograms from the Sargelu oil shale are extremely similar to those from 
the Garau oil shale (Shekarifard et al. 2019). According to the results of the pyrolysate 
composition from the sample GH 29, the type of the generated petroleum during the full 
maturation of the Sargelu oil shale is expected to be rich in gas (total C1-5: 80%, C6–14: 17%, 
Table 2). However, the HI value of 456 mg HC/g TOC and the S2 value of 93.33 mg HC/g rock 
from this sample represent an oil-prone sample (Table 1). It is noteworthy that methane 
represents approximately 50% of the molecules at subsurface conditions, even in standard 
North Sea black oil (England et al. 1987). In high-quality SR-basins, the gas-to-oil ratio of oil 
fields is mostly caused by the properties of the cap rock and the loss of gas during migration, 
which is a result of the primary kerogen qualities (Sales 1997; England and Mackenzie 1989; 
Karlsen and Skeie 2006). 
In the Horsfield ternary diagram (1989), pyrolysis sample plots are on the border of the gas-
condensate field with the low wax paraffinic-naphthenic-aromatic (P-N-A) oil field. Due to the 
lack of phenol and the dominance of n-octene compounds in pyrolysate products (Table 2), the 
gas-condensate generation capacity of the sample is seemingly unrelated to the existence of the 
terrestrial OM input. 
 
Table 5. Comparison of Rock-Eval VI data of the Sargelu and Garau oil shales in the Qalikuh area in 
the Zagros Mountains 

Rock-Eval data 
Sargelu oil shale 

(n=50) 
Garau oil shale (n=123) 

TOC (wt%) 3.87-24.20 (15.47) 3.83-26.40 (16.48) 
Tmax (°C) 423-439 (433) 423-441 (431) 

HI (mg HC/g TOC) 455-805 (548) 329-743 (557) 
OI (mg CO2/g TOC) 3-26 (11.40) 2-56 (11) 
S1 (mg HC/g rock) 0.07-7.48 (2.05) 0.10-4.62 (1.83) 
S2 (mg HC/g rock) 26.77-145.20 (84.16) 1.17-140.20 (88.90) 
S3 (mg CO2/g rock) 

S2/S3 
0.35-3.41 (1.64) 

19.28-201.34 (62.37) 
0.40-4.22 (1.51) 

1.65-289.61 (75.01) 
S1/TOC 

GP (S1+S2) 
0.02-0.20 (0.11) 

26.90-152.70 (86.20) 
0.02-0.20 (0.10) 

1.42-144.80 (90.70) 
PI 0.00-0.05 (0.02) 0.00-0.18 (0.02) 

Reference This study Shekarifard et al. 2019 
n: number of investigated samples; range (mean) 
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    This is supported by the organic petrography and geochemical evidence (refer to the next 
chapters). Thus, gas-light oil generative characteristics are simple and most probably owing to 
the primary algal-Type II-S kerogen composition (cf. Shekarifard et al. 2019).  
    The investigated Sargelu oil shale, similar to the Garau oil shale, evidently hosts excellent 
potential as a source for gas and light oil when obtaining the essential thermal maturity for the 
thermo-catalytic gas (more than 1.35% VRr). Therefore, the Sargelu oil shale can also be 
considered as excellent gas and light oil SRs in a petroleum system and/or a good shale oil or 
shale gas reservoir in an unconventional petroleum system. 
 
Kerogen elemental composition  
 
According to the elemental study of the selected kerogens (Table 3a), high levels of sulfur (S) 
from the kerogens are evident (9.4-10.6 wt%). This quantity of sulfur and the S/C ratio (mean: 
0.12) signifies the existence of S-rich kerogen in the Sargelu oil shale (Table 6). The primary 
sulfur is incorporated into kerogen based on the low levels of iron (Fe) in the kerogens (mean: 
1.3 wt%). The hydrogen (H) level of the kerogens has a range of 5.1-6.5 wt% (mean: 5.77 wt%), 
which is ample evidence of H-rich kerogens in the Sargelu samples (Hunt 1996). The Sargelu 
kerogens represent a higher amount of Fe, mainly due to a higher abundance of pyrite in 
comparison to the Garau kerogens. The kerogen data of the Sargelu and Garau oil shales are 
highly similar to each other except for Fe (Table 6).  
    The assessed atomic ratios of the kerogens for the H/C and O/C atomic ratios vary between 
1.15 and 1.20, as well as 0.02 and 0.05, respectively (Table 3a). The van Krevelen plot suggests 
that the analyzed kerogens have entered the catagenesis window along the maturation route of 
Type I kerogen, which is the same position as the Garau oil shale kerogens (Fig. 7). 
 
Kerogen typing by petrography 
 
The VK analysis confirms that the OM in the Sargelu oil shale is nearly totally amorphous OM 
(AOM), similar to that in the Garau oil shale (Shekarifard et al. 2019).  
 

 
Figure 6. The gas chromatogram of the Pyrolysis -GC analysis of the representative sample SH 16, 
showing the pyrolysis products of the Sargelu oil shale. The dominance of gas and light oil is evident 
during the pyrolysis and artificial final maturation of the sample 
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Table 6. Comparison of the elemental analysis and chemical composition of the kerogen from the 
Sargelu and Garau oil shales at the Qalikuh area 

Element 
Sargelu oil shale 

(n=4) 
Garau oil shale 

(n=4) 

% C 
53.00-69.50 (60.42) 52.70-73.40 (65.40) 

% H 5.10-6.50 (5.77) 5.20-7.10 (6.20) 
% N 0.90-1.00 (0.95) 0.90-1.00 (0.90) 
% O 2.20-4.30 (3.02) 1.90-3.40 (2.90) 

% S 9.80-10.60 (9.92) 9.00-12.10 (10.50) 

% Fe 0.40-2.30 (1.30) ↑ 0.08-2.30 (0.70) ↓ 
H/C ratio 
O/C ratio 
S/C ratio 
N/C ratio 

1.12-1.20 (1.15) 
0.02-0.05 (0.04) 
0.11-0.13 (0.12) 
0.01-0.02 (0.01) 

1.12-1.16 (1.15) 
0.02-0.04 (0.03) 
0.15-0.23 (0.17) 
0.01-0.01 (0.01) 

Reference This study Shekarifard et al. 2019 

n: number of investigated samples; range (mean) 
 

 
Figure 7. The Van Krevelen diagram for the examined kerogens indicating the beginning of catagenesis 
during thermal maturation of the Sargelu oil shale (black circles) and Garau oil shale (white circles) at 
the Qalikuh area. The data points of kerogens from the Sargelu and Garau oil shale show the same 
position on the plot, indicating the same level of maturity and the same chemical composition 
 
    Bitumen maceral is the primary and nearly the only organic element of the studied Sargelu 
oil shale. Its major occurrence is the pervasive impregnation, filling the pores and forming the 
matrix of the oil shale (Fig. 8a-b). A few small particles of inertinite are observed occasionally 
(Fig. 8b). Based on microscopic investigations, the euhedral calcite is the most identified 
mineral (Fig. 8a). Quality observations show more contributions of pyrite framboids in some 
investigated samples (Fig. 8b-c) compared to the Garau oil shale. According to microscopic 
observations, the occurrence of the two types of bitumen is similar to that of the Garau oil shale 
(Fig. 8c-d). The first type demonstrates higher bitumen reflectance without fluorescence, while 
the second one, with an insignificant generation, permeates pores and fractures with lower 
reflectance and bright yellow fluorescence (Fig. 8d). The latter type suggests the initial stage of 
oil generation from the Sargelu oil shale (Taylor et al. 1998; Stasiuk et al. 2006). 
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Figure 8. Photomicrographs of kerogen from the Sargelu oil shale under reflected light; (a) Oil shale 
with calcite crystals, cemented by bitumen (VRr: 0.5-0.6%; Plane polarized light, oil immersion, width 
200 µm); (b) Compared to other investigated samples, the bitumen cement is less evident, arrow: 
bitumen cement, circles: inertinite, rectangle: pyrite framboids (Plane polarized light, oil immersion, 
width 200 µm); (c) Two generation of bitumen in a vein (arrow), spreading laterally as a cement to 
minerals with many pyrites which were altered as iron oxides-hydroxides (crossed polar, oil immersion, 
width 200 µm); (d) A thin late fluorescence bitumen film occurs as veinlets and interstitial to mineral 
grains (UV light, oil immersion, width 200 µm) 
 
Mineralogy and chemical composition  
 
The XRD study results proved that calcite, with some minor amounts of quartz, pyrite, and 
feldspar, is the main mineral of the Sargelu oil shale. Furthermore, the XRF analysis revealed 
that calcite is the main mineral in the evaluated samples (mean CaO: 50.81 wt%). The SiO2 
content of the samples is between 16.12 and 17.62 wt%, signifying the existence of silica or 
quartz. The mass concentration of SO3 for the studied samples is between 16.03 and 16.77 
wt% while varying from 3.30 to 3.71 wt% for Fe2O3. This data indicates the existence of 
sulfur and some pyrites in the samples.  
    Although the low content of Al2O3 (mean: 5.34 wt%) suggests limited amounts of clay 
minerals, the Sargelu oil shale shows a more argillaceous character as opposed to the Garau 
oil shale (mean Al2O3: 2.35 wt%). Furthermore, the lower CaO content leads to higher 
amounts of K2O, and the higher content of SiO2 detected from the Sargelu oil shale is 
consistent with the more clayey nature of the Sargelu oil shale (Table 7). Compared to the 
Garau oil shale, the Sargelu oil shale is enhanced in vanadium (Table 7). It seems the Sargelu 
oil shale was deposited farther from the beach and experienced a deeper marine environment 
in comparison to the Garau oil shale. 
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Table 7. Comparison of the sXRF results of the Sargelu and Garau oil shales in the Qalikuh area of the 
Zagros Mountains 

n: number of investigated samples; data is mean value; n.d: not determined 
 
Geochemical characterization of the extracts 
 
Extracts composition  
 
The dominance of the non-HCs (46.67-54.63% NSO components), 38.08-43.20% of aromatic 
HCs, and 7.29-10.13% of saturated HCs is evident based on the composition of the Sargelu oil 
shale extracts (Table 4a). The low fraction of saturated HCs is in notable opposition to the great 
enrichment in non-HCs (up to 54.63%). The Sargelu oil shale extracts demonstrate higher 
contents of aromatic HCs and lower amounts of NSO components compared to the Garau oil 
shale extracts (Table 8). Similar to the Garau oil shale extracts, the chemical composition of the 
Sargelu oil shale extracts is naphthenic (Tissot and Welte 1984). 
 
n-alkanes and isoprenoids  
 
The gas chromatogram in Fig. 9 displays the extracted saturated HCs of the two examined 
samples (SH 16 and MZY 4123) from the Sargelu oil shale. As shown, a clear bimodal 
distribution of low-moderate molecular weight n-alkanes, isoalkanes, and cycloalkanes (i.e., 
first population) and a second biomarker-hump is detectable. The overall pattern of the n-
alkanes (first population) depicts a bell-shaped distribution. Based on this pattern, the samples 
are marginally mature, although biomarkers are still present. This distribution pattern (i.e., high 
contribution of biomarkers) and a clear bimodal pattern are the main differences between the 
GC extracts of the Sargelu and Garau oil shales (Shekarifard et al. 2019).  
    The presence of n-alkanes with low-moderate molecular weight, as well as the extremely low 
ratio of sterane/hopane (0.14-0.19, Table 4b), suggests that OM originates from marine 
organisms with high biodegradation during OM diagenesis. In the investigated oil shale, the 
pristane (Pr) and phytane (Ph) ratios have values less than 1 (Table 4a), implying anoxic 
conditions throughout the sedimentation of the Sargelu oil shale (e.g., Didyk et al. 1978; 
Montero-Serrano et al. 2010; Peters and Moldowan 1993). Furthermore, the appearance of 
pyrite framboids strengthens the existence of anoxic/euxinic conditions. Similar to the Garau 
oil shale, the analyzed extracts from the Sargelu exhibit a dominance of n-C17 and n-C18 over 
pristane and phytane, respectively. This observation indicates HC generation due to early-
moderate thermal maturity (Table 4a). According to Pr/n-C17 and Ph/n-C18 ratios, Type II 
kerogen is the primary source of Sargelu extracts (Peters et al. 2008). 
 
Terpenes 
 
The studied Sargelu oil shale extracts demonstrate nearly identical patterns of the distribution 
of m/z 191 triterpenes and m/z 217 normal steranes. These patterns signify uniform OM sources 
and paleo-depositional circumstances throughout the deposition of the Sargelu oil shale. Fig. 9 
illustrates the mass fragmentogram of the extracted saturated hydrocarbon fraction for the 
examined samples.  
Similar to the Garau oil shale, the extracts from the Sargelu oil shale manifest a predominance 

 
MgO 
(%) 

Al2O3 

(%) 
SiO2 

(%) 
P2O5 
(%) 

SO3 

(%) 
K2O 
(%) 

CaO 
(%) 

TiO2 
(%) 

Fe2O3 

(%) 
NiO 
(%) 

V2O5 

(%) 
MoO3 

(%) 
CuO 

(ppm) 
Sargelu oil 
shale (n=2) 

 
1.07 5.34 ↑ 16.86 0.34 16.40 1.8 50.81↓ 0.49 3.50 n.d 1.16↑ n.d n.d 

Garau oil shale 
(n=3) 

0.71 2.35 ↓ 10.24 0.51 14.96 0.93 67.10↑ 0.37 2.62 0.12 0.51↓ 0.21 407 
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of Tm over Ts (Table 4c). This ratio for the Sargelu oil shale is similar to that of the Garau oil 
shale, both presenting an abnormally low level of maturation (mean: 0.027, Table 4c) while not 
displaying the anticipated level of maturation. This phenomenon likely depends on the 
depositional conditions (Moldowan and Fago 1986; Seifert and Moldowan 1978). The Ts/Tm 
ratio (0.5) increases with the portion of the shale in calcareous facies (Hunt 1996). 
 

 
Figure 9. The gas chromatograms (GC), m/z 191 mass fragmentograms, m/z 217 mass fragmentograms, 
and m/z 218 mass fragmentograms of the extracted saturated hydrocarbon fraction for the sample SH 
16 (a) and sample MZY 4123 (b) as the representatives for the Sargelu oil shale. Note the chromatograms 
for the samples are very similar and also note low amounts of tricyclic terpanes, and the dominance of 
C29 steranes, with – apparently low amounts of C30 steranes and little in terms of diasteranes 
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    Although the abundance of C29-norhopane is greater than the relative abundance of C30-
hopane in the Sargelu oil shale (Table 4b), the ratio is slightly less than that of the Garau oil 
shale (Table 8). The predominance of C29-norhopane is related to carbonate-rich SRs, which is 
in agreement with the perceived and calculated mineralogy of the oil shales and other 
geochemical information (e.g., low sterane/hopane ratios, low contents of diasteranes, and the 
occurrence of tetracyclic terpanes). However, a lower ratio of C29/C30 hopane for the Sargelu 
oil shale is associated with the lower levels of carbonates in the Sargelu oil shale. The Sargelu 
carbonate oil shale reflects possibly somewhat more argillaceous properties compared to the 
Garau oil shale. This character is also confirmed by petrography and XRF evidence. Further, 
the ratio of dibenzothiophene to phenanthrene (DBT/Phen) for the Sargelu oil shale extracts 
ranges from 4.90 to 5.36 (Table 4b), which is higher than that of the Garau oil shale (Table 8). 
This parameter supports the idea that the Sargelu oil shale formed in a mostly marine carbonate 
environment with less oxygen and more bacteria than the Garau oil shale.  
    For the studied extracts, comparatively high amounts of C31R/C30 hopane (0.41-0.45, Table 
4b) imply a marine SR. According to Peters et al. (2005), the oil and extracts from marine SRs 
commonly exhibit high C31R/C30 hopane ratios (i.e., C31R/C30 >0.25). For the examined 
samples, the gammacerane/C30 hopane ratio is extensively low (<0.08), reflecting normal 
seawater throughout the sedimentation of the Sargelu oil shale (Table 4b). 
 
Steranes 
 
The pattern of the normal steranes of the m/z of 218 does not demonstrate a divergence between 
the Sargelu samples, nor are other biomarker parameters significantly different. The usual 
steranes of the Sargelu samples include C29>C27>C28 (Table 4b), which is inconsistent with the 
trend of the obtained steranes from the Garau oil shale extracts (Table 8). Fig. 9 displays the 
distribution pattern of related m/z 218 mass fragmentograms for the two evaluated samples. 
    According to recent research, the C29-sterols (steranes) exist in various microalgae, including 
freshwater eustigmatophytes and diatoms (Riboulleau et al. 2007). Furthermore, their main 
sources are nonmarine algae and bacteria (Moldowan et al. 1985). However, it was previously 
deemed that the C29-sterols (steranes) dominate in land plants, and marine plankton is the 
primary source of C27-sterols (Huang and Meinschein 1979). In addition, more pioneering 
studies confirm the predominance of C29-steranes for most marine sediments. These sediments 
include pelagic sediments that are deposited extensively far from the terrestrial OM input (e.g., 
Volkman et al. 1983). Nonetheless, the dominance of C29 steranes is common in Paleozoic oils, 
which pre-dates land plants, and the origin of the steranes must be related to green algae, which 
are the precursors of land plants (Kodner et al. 2008). 
    As previously explained, the OM is totally constituted of AOM in kerogen petrography. 
According to these results and Pyrolysis -GC results (e.g., the absence of phenol in pyrolysates), 
the existence of C29-steranes in the samples indicates a strong contribution to the proto-kerogen 
from green algae instead of the input of OM from terrestrial land plants (Moldowan et al. 1985). 
Additionally, extremely low sterane/hopane ratios (<0.19, Table 4b) imply the significant 
participation of bacteria during OM diagenesis, as well as biodegradation products (Peters et 
al. 2005).  
    Although further samples are accessible to a more thorough inquiry, in this research, no 
significant disparity was recorded between the obtained geochemical data concerning the 
source and environmental conditions. Consequently, it is presumed that the Sargelu oil shale in 
the Qalikuh area is comparable to the Garau oil shale. This is because they were both deposited 
in a marine depositional environment under continually distal marine circumstances with a 
rather constant source of OM.  
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Carbon isotope composition  
 
For the Sargelu oil shale, the mean 13C values of saturated and aromatic HCs (Table 4a) were 
highly similar to those of the Garau oil shale, corresponding to the OM of the main marine 
origin since the difference between the fractions was less than 1.5-2‰ (cf. Sofer 1984). 
Furthermore, the 13C value of kerogen for the Sargelu samples was -27.67 and -28.24‰, 
reflecting a uniform origin. This statement is compatible with the extract results (i.e., the 
geochemistry data of the extracts).  
    As an accepted method, the isotope analysis of organic carbon can be applied to assess the 
origin and sedimentary environment of the sedimentary facies employing the 13C values of 
extract fractions (Collister and Wavrek 1996; Sofer 1984). 
 
Thermal maturity of the oil shale 
 
At the initial stages of catagenesis, the kerogen elemental ratios of the oil shale samples and 
maturity-related parameters from Rock-Eval data were used to delineate an early thermal 
maturity level (e.g., Tmax, PI; Table 1). The biomarker ratios obtained (Table 4c) indicate that 
the Sargelu oil shale, like the Garau oil shale, was early mature and on the verge of entering the 
oil window (cf. Seifert and Moldowan 1980). For the Sargelu oil shale, the solid BRr (%) was 
employed as a petrographical maturation indicator because of the absence of vitrinite 
(Schoenherr et al. 2007). The early maturity level corresponding to the oil generation window 
was signified by the mean value of 0.43 BRr% offering an equivalent of 0.64 VRr% (Table 4b). 
Accordingly, an initial- to mid-level of maturation corresponds to the obtained MPI-1 value 
(0.68%) from the samples (Radke and Welte 1983). Moreover, the achieved 4-MDBT/1-MDBT 
ratios, which are just higher than 1.12 (Table 4c), reflect a maturity of 0.60% Rc (cf. Radke 
1988). Regarding all employed approaches, the Sargelu oil shale has an early-to-moderate 
maturity level similar to the Garau oil shale.  
 
Table 8. Comparison of the extracts composition, carbon isotope (δ13), and molecular geochemistry 
results of the Sargelu and Garau oil shales in the Qalikuh area of the Zagros Mountains 

 
n: number of investigated samples; range (mean); for abbreviation refer to Table 4. 
 

Extracts 
composition, 

GC, and 
carbon 

isotope data 

Sargelu oil shale 
(n=2) 

Garau oil shale 
(n=3) 

GC-MS 
Parameters 

 

Sargelu oil shale 
(n=2) 

Garau oil shale 
(n=3) 

% Sat 7.29-10.13 (8.71) 7.07-9.48 (8.21) DBT/phen 4.90-5.36 (5.13) ↑ 2.95-4.25 (3.68) ↓ 
% Aro 38.08-43.20 (40.64) ↑ 18.70-28.44 (23.21) ↓ C31R/C30 Hopane 0.41-0.45 (0.43) 0.41-0.42 (0.41) 
% NSO 46.67-54.63 (50.65) ↓ 62.08-73.20 (68.56) ↑ C29/C30 Hopane 2.38-2.56 (2.47) 2.56-2.87 (2.71) 

Pr/Ph 0.90-0.97 (0.93) 0.77-0.81 (0.78) 
Gammacerane/ 

Hopane C30 
0.06-0.08 (0.07) 0.10-0.12 (0.11) 

Pr/C17 0.33-0.36 (0.34) 0.36-0.37 (0.37) C27/C29 Sterane 0.65-0.67 (0.66) ↓ 0.98-1.09 (1.03) ↑ 
Ph/C18 0.37-0.39 (0.38) 0.40-0.41 (0.40) Sterane/ Hopane 0.14-0.19 (0.16) 0.15-0.18 (0.17) 

CPI 0.48-0.48 (0.48) 0.23-0.48 (0.34) 
22S/(22S+22R) 

C32 Hopane 
0.57-0.59 (0.58) 0.58-0.59 (0.59) 

δ13 Csat -27.37_-26.99 (-27.18) -27.30_-26.94 (-27.07) 
20S/(20S+20R) 

C29 Sterane 
0.51-0.51 (0.51) 0.50-0.54 (0.52) 

δ13 Caro -28.11_-27.91 (-28.01) -27.83_-27.36 (-27.60) MPI-1 0.68-0.68 (0.68) 0.50-0.58 (0.53) 
δ13 kerogen -28.24_-27.67 (-27.95) -28.03_-27.64 (-28.09) Ts/Tm 0.026-0.028 (0.027) 0.014-0.015 (0.014) 

 This study Shekarifard et al. 2019  This study 
Shekarifard et al. 

2019 
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Conclusions 
 
The Qalikuh oil shales (i.e., the Sargelu and Garau oil shales) are highly similar in terms of 
geochemistry, mineralogy, and pyrolysate products despite their different stratigraphy and age. 
This suggests profound time-transgressive paleo-depositional stability.  
    The Sargelu oil shale is early mature organic-rich facies (mean TOC: 15.47 wt%) with high 
quality (mean S2: 84 mg HC/g rock; mean HI: 548 mg HC/g TOC). The kerogen of the Sargelu 
oil shale primarily consists of amorphous OM (AOM), which is deposited under an anoxic 
marine condition in a carbonate environment. Type II-S kerogen is documented for the Sargelu 
oil shale as well. 
    The Qalikuh oil shales are, in fact, bitumen-rich carbonate rocks and display no typical 
physical properties of ideal shale stones. Compared to the Garau oil shale, the Sargelu oil shale 
has only a slightly higher content of argillaceous minerals and pyrite framboids.  
The Qalikuh oil shale is capable of producing and expelling light oil for the Jurassic-Cretaceous 
petroleum systems in the Zagros Basin, in addition to acting as shale gas reservoirs where they 
are deeply buried and highly matured. the separation of the Sargelu-derived oil from the Garau-
derived oil is a major challenge in the conventional petroleum systems of Iran, where Sargelu 
and Garau formations act as effective SRs.  
    Despite a great similarity between these organic facies, the results of this study show that the 
ratios of DBP/Phen and C27/C29 sterane can be used to recognize the Sargelu-derived oils from 
the Garau-derived oils. The Sargelu-derived oils show a higher ratio of DBP/Phen and a lower 
ratio of C27/C29 sterane in comparison with the Garau-derived oils. Finally, these critical 
geochemical parameters can be applied for a better understanding of the Jurassic-Cretaceous 
petroleum systems in the Zagros Basin. 
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