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Abstract
Geochemical study of Kazhdumi and Pabdeh Formations as potential source rocks in Gachsaran Oilfield demonstrates that 
the Kazhdumi Formation has a fair to good capability of hydrocarbon generation and predominately contains type II-III 
kerogen. On the other hand, the Pabdeh Formation has a poor to good petroleum potential and contains different kerogen 
types, including type II, type II-III, type III and even for one sample, type IV, indicating different depositional conditions 
for this formation. The geochemical log of the Kazhdumi Formation shows that there is a close correlation between different 
geological parameters as noticed prominently in well number 55, which suggests the more extensive the anoxic condition, 
the higher the petroleum potential is for Kazhdumi Formation. By contrast, a poor correlation between TOC and other 
Rock–Eval-derived parameters for the Pabdeh Formation at a depth of more than 2100 m may demonstrate the inert organic 
matter and mineral matrix effects at this depth interval. However, biomarkers show differences in lithology and depositional 
environment for the Kazhdumi Formation in well numbers 55 and 83. On the other hand, the Pabdeh Formation has a mixed 
lithology (carbonate-shale) deposited in a marine setting under suboxic–anoxic condition. Moreover, thermal maturity indi-
cators suggest that Pabdeh and Kazhdumi Formations are immature and early mature, respectively.
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Introduction

The middle Cretaceous to early Miocene petroleum system 
is the most prolific petroleum system (PS) in the Dezful 
Embayment and contains many Iranian oil reserves. In this 
embayment, Kazhdumi and Pabdeh Formations are princi-
pal organic-rich source rocks with great lateral extension. 
The generated hydrocarbons from these formations have 
been incorporated in Asmari and Bangestan reservoirs. 
These reservoirs are sealed through the efficient Gachsa-
ran Formation. It is worth mentioning that the mentioned 

petroleum system is composed of frequent fractures derived 
from active tectonic activities in the Zagros region (Borde-
nave and Hegre 2010).

The Kazhdumi (Albian) and Pabdeh (Paleocene) forma-
tions are the principal source rocks in oilfields located in the 
south of Iran, including the Dezful Embayment which holds 
about 8 percent of the world's oil reserves (Bordenave and 
Hegre 2005). Thus, geochemical characterization of these 
formations is bringing a better understanding of the depo-
sitional setting and their hydrocarbon source rock potential. 
So far, these formations have been studied frequently from 
organic geochemistry point of perspective (Bordenave and 
Huc 1995; Kamali et al. 2006; Alizadeh et al. 2012; Sfidari 
et al. 2016). Additionally, Safaei-Farouji et al. (2021) and 
Safaei Farouji et al. (2021) geochemically investigated the 
Kazhdumi and Pabdeh Formations along with oil samples in 
the Gachsaran Oilfield; however, detailed geochemical study 
of these super important formations is missing.

The Gachsaran Oilfield located in the petroliferous Dez-
ful Embayment, with 23billion bbl of proven recoverable 
oil, is regarded as a supergiant oilfield (Al-Husseini 2007). 
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Therefore, geochemical study of the oilfield and its corre-
sponding source rocks is vital.

The main purpose of the present research is source rock 
evaluation of the two notable formations of the Kazhdumi 
and Pabdeh using Rock–Eval pyrolysis, organic petrogra-
phy (vitrinite reflectance measurement) gas chromatography 
(GC) and gas chromatography–mass spectrometry analysis 
(GC–MS).

Geological environment

The Dezful Embayment, located at the Zagros Folded-Thrust 
Belt, which hosts most of the Iranian oil and gas fields, is 
known as the most prolific hydrocarbon basin in the Middle 

East. In this depression, thick sedimentary sequences are 
present from the Mesozoic to Cenozoic times. As a result 
of the high significance of the Dezful Embayment, it has 
been studied in various aspects, including petroleum systems 
(Bordenave and Huc 1995; Bordenave 2002). The schematic 
map of the Dezful Embayment, Gachsaran Oilfield and 
stratigraphic column of the studied area, is shown in Figs. 1 
and 2, respectively. The geology of the studied Kazhdumi 
and Pabdeh Formations is discussed below (Fig. 3).  

The Kazhdumi formation

The deposition of the Kazhdumi Formation, as one of the 
world’s most petroliferous source rocks, is an outcome of 
a transgression and sea-level rise in the middle Cretaceous 

Fig. 1   The geographical location of the Dezful Embayment and Gachsaran Oilfield
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period (Alsharhan and Kendall 1991). During the Albian 
time, a widespread mild depression established in the north-
ern section of the Dezful Embayment and Persian Gulf, 
and more than 300 m of marl rich of organic matter were 
deposited in the central part of this region under low-energy 
and anoxic conditions (Bordenave and Huc 1995). These 

sediments established the Kazhdumi Formation as the most 
significant petroleum source rock for the majority of the oil 
fields in the Zagros Basin (Alizadeh et al. 2012).

The Pabdeh formation

The deposition of the Argillaceous limestone and marls 
of the Pabdeh Formation caused by the Paleocene-Eocene 
transgression in deep water, anoxic depositional setting 
and NW–SE elongated trough parallel to the Zagros suture 
(Bordenave and Hegre 2005). Recent studies showed that 
in addition to marls and argillaceous limestones, limestone 
beds, deposited in a ramp setting, form a significant part of 
this formation (Alizadeh et al. 2012).

Sampling and methodology

A total of 120 cutting rock samples, including 93 samples 
from the Kazhdumi and 26 samples from Pabdeh Forma-
tions, were collected. The samples were taken from well 
numbers 55 and 83 in Gachsaran Oilfield.

Decontamination of samples from drilling materials, 
including micas and iron filings from the drill bit, was 
performed. After that, samples were crushed, pulver-
ized and then homogenized. Hundred milligrams crushed 
whole rock sample was opted for total organic carbon 
(TOC) determination and Rock–Eval pyrolysis analyses. 
It was heated to 600 ºC in a helium atmosphere, using 
a Rock–Eval VI apparatus manufactured by Vinci Tech-
nologies. After pyrolysis, the sample was transferred to an 
oxidation oven in which it was heated to 850 ºC at a rate of 
25 ºC/min in the company of air to oxidize all the residual 

Fig. 2   Stratigraphic column of the studied area (after Sherkati and 
Letouzey 2004)

Fig. 3   The plot of S1 against 
TOC to distinguish between 
nonindigenous and indigenous 
hydrocarbons embedded in the 
studied samples (after Hunt 
1996)
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carbon. Data obtained from Rock–Eval analysis of samples 
are summarized in Table 1.

After Rock–Eval and TOC analyses, samples contain-
ing high TOC and hydrogen index values were selected to 
extract bitumen and perform organic petrographic investiga-
tions. Bitumen extractions were performed on the pulverized 
samples on approximately 30–40gr via a Soxhlet apparatus 
for 72 h using an azeotropic mixture of dichloromethane 
(DCM) and methanol (CH3OH) (93:7). Sulfur was elimi-
nated through adding activated copper. The extracted bitu-
men was deasphaltened implemented n-hexane. Then, the 
extracts were separated into saturated and aromatic fractions 
as well as NSO (nitrogen, sulfur and oxygen) polar com-
pounds using column (liquid) chromatography. The satu-
rated fractions in the extracted bitumen were dissolved in 
hexane and analyzed using gas chromatography on gas chro-
matograph: Chrompack CP-9000, fitted with a glass capil-
lary column (25–0.25 mm i.d) coated with DB-5, tempera-
ture programmed from 40 to 300 ℃ at a rate of 4 ℃/min and 
then held for 30 min at 300 ℃. For separation of biomarkers, 
Thermoquest 2000 Gas Chromatograph was used. The oven 
temperature program was as follows: held at 60 ℃ for 2 min, 
heated with 3 ℃/min to 280 ℃ and kept for 40 min. Sepa-
rated molecules were transferred to mass spectrometry at 
280 ℃. Gas chromatography-mass spectroscopy (GC–MS) 
analysis was utilized to investigate saturate and aromatic 
biomarkers. Tables 2 and 3 demonstrate data obtained from 
GC and GC–MS analyses, respectively.

Cutting samples crushed into 2–5 mm size particles and 
were treated with HCl (20%) for 8 h in a water bath (65 ℃) 
to dissolve carbonates. Samples were treated with HF (38%) 
acid to dissolve silicates for a minimum of 8 h or overnight 
in a water bath. Rinsing and washing samples were carried 
out for at least 3 times via a centrifuge (1500RPM). Carbon-
ates dissolved using HCL 36% acid for minimum 8 h in a 
water bath. To perform vitrinite reflectance measurement, 
extracted kerogens were dried in 65 ℃ for some hours and 
then were maintained in acid.

Approximately 100 mg of extracted and dried kerogen 
was transferred on a silicon mold, mixed with epoxy resin 
and hardener. Dried samples were grinded by abrasive (sili-
con carbide paper) grade 240, 320, 600 and 800 mm, respec-
tively. The sample was polished by alumina micropolish, 5, 
1, 0.3 and 0.05 mm, respectively, and washed with distilled 
water.

The vitrinite reflectance was measured under oil immer-
sion and in a random mode (Taylor et al. 1998). The reflected 
light microscope employed is computerized Letize (MPV-
SP), with MPV-Geor software. A sapphire glass standard 
with a 0.55% reflectance was used for calibration of the 
microscope. Table 4 shows vitrinite reflectance values for 
selected Kazhdumi and Pabdeh samples.

Results and discussion

Oil contamination possibility

Investigation of contamination possibility of rock sam-
ples with migrated hydrocarbons should be the first step 
in a source rock assessment process since contaminated 
samples lead to unreliable results in the following steps. 
According to obtained migration index (S1/TOC) values 
(< 1.5), all studied cutting samples possess indigenous 
hydrocarbon, representing the fact that free hydrocarbons 
embedded in cutting samples are generated from thermal 
cracking of the autochthonous organic matter (Hunt 1996; 
Shekarifard et al. 2019). Thus, cutting samples are consid-
ered reliable for further assessments and interpretations.

Organic matter quantity and hydrocarbon 
generation potential

The total organic carbon amount of the studied samples 
from the Pabdeh and Kazhdumi Formations is in the range 
of 0.26 to 2.89 wt.% (mean = 1.35%) and 0.62 to 2.98 wt.% 
(mean = 1.49%), respectively (Table 1).

According to (Peters 1986) classification, Kazhdumi 
and Pabdeh Formations based on their TOC values are 
regarded being “fair to very good” and “poor to very 
good” source rocks, respectively (Fig. 4). Therefore, it can 
be inferred that the Kazhdumi Formation is more produc-
tive than the Pabdeh Formation, which may represent a 
lower amount of inert organic matter, less mineral matrix 
effect as well as more anoxic condition during deposition 
of the Kazhdumi Formation.

However, TOC should be used cautiously on its own 
since some factors, including inert organic carbon (Tissot 
et al. 1974), thermal maturity (Daly and Edman 1987) and 
oil contamination (Carvajal-Ortiz and Gentzis 2015), may 
affect this parameter. Nevertheless, according to the plot 
of TOC versus S2 (Fig. 4a), both Pabdeh and Kazhdumi 
Formations exhibit “poor to good” petroleum potential. 
According to this diagram, the extensive range of the Pab-
deh Formation may represent variable depositional setting 
conditions or successive transgression and regression of 
the sea level during deposition of this formation. In con-
trast, a stable depositional condition can be deducted for 
the Kazhdumi Formation. Also, from this figure, it can be 
concluded that the Kazhdumi Formation in well number 
83 is more productive in comparison with well number 55.

Regarding the relation between genetic potential 
(S1 + S2) and the total amount of organic carbon (TOC) 
(Fig. 4b), Kazhdumi and Pabdeh Formations considered as 
“fair to good” and “poor to good” potential source rocks, 
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respectively. Also, from these figures, higher petroleum 
potential of the Pabdeh Formation in well number 55 com-
pared to well number 83 can be inferred (Fig. 4a and b).

Petroleum potential of candidate source rocks is further 
investigated using the cross-plot of S1 versus S2 (Fig. 5a). 
As it can be seen on this plot, both Pabdeh and Kazhdumi 
Formations fall in the oil zone, representing that both for-
mations are capable of hydrocarbon generation. However, 
higher content of S1 in the Kazhdumi Formation in well 
number 83 in comparison with well number 55 and higher 
values of free hydrocarbon (S1) for the Pabdeh Formation 
in well number 55 in comparison with well number 83 may 
suggest their higher hydrocarbon generation potential. It is 
worth noting that the Kazhdumi Formation in well num-
ber 83 has the highest values of the free hydrocarbon (S1); 
hence, it can be considered as the most productive source 
rock. The plot of S1 against TOC corroborates the previous 
deduction and indicates the higher hydrocarbon saturation 
for the Kazhdumi Formation in well number 83 in com-
parison with well 55 and for the Pabdeh Formation in well 
number 55 compared to well number 83 (Fig. 5b).

Organic matter type and quality

Type of organic matter is a significant characteristic which 
affects the quantity and quality of generated hydrocarbons 
(Tissot and Welte 1984). Hence, to identify oil-prone and 
gas-prone source rocks (Tissot and Welte 1984; Alizadeh 
et al. 2012), determination of the kerogen types in candi-
date source rocks as a vital step in source rock evaluation 
is essential (Hosseiny et al. 2016). As can be seen on the 
cross-plot of Tmax versus hydrogen index (HI) (Fig. 6a), the 
Pabdeh Formation has a variety of kerogen types, including 
type II, type II-III, type III-II and type III kerogen and is 
capable of oil and gas generation. According to this diagram, 
the Kazhdumi Formation predominantly has kerogen mix-
tures (type II-III and type III-II) as well as type III kerogen; 
consequently, it is capable of generating both oil and gas. 
Among these two possible source rocks, the Pabdeh Forma-
tion has the highest content of hydrogen index. This may be 
derived from the lower maturity of the Pabdeh Formation, 
since with increasing the thermal maturity hence generat-
ing and migration of hydrocarbon, the Rock–Eval S2 sub-
sequently hydrogen index (S2/TOC × 100) parameters will 
decrease (Dembicki 2016).

Moreover, the plot of S2/S3 against total organic carbon 
(TOC) suggests that both the Kazhdumi and Pabdeh forma-
tions are oil- and gas-prone source rocks. However, the Pab-
deh Formation is predominately gas-prone (Fig. 6b). Also, it 
is worth noting that the Kazhdumi Formation shows lower 
values of oxygen index than the Pabdeh Formation, suggest-
ing more anoxic depositional setting hence the lower oxida-
tion and better preservation of the organic matter during Ta
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and after deposition of the Kazhdumi Formation (Fig. 7) 
(Shekarifard et al. 2019). However, it should not be ignored 
that oxygen index (OI) values can be affected by the type of 
the precursors and the state of the maturation.

Geochemical log of the Kazhdumi Formation (Fig. 8) 
shows that there is a close correlation between different 
parameters, the relationship between petroleum potential 
and redox variation, especially in well number 55 (Fig. 8a). 
According to this log, with increasing the anoxic condition, 
the petroleum potential is raised for the Kazhdumi For-
mation. Also, as it can be seen on this log, the Kazhdumi 
Formation in well number 55 (Fig. 8a) at a depth of about 
3350 m and in well number 83 (Fig. 8b) at a depth of roughly 
2930 m has the highest petroleum potential.

Moreover, according to the geochemical log of the 
Pabdeh Formation (Fig. 9), this formation in well number 
55 (Fig. 9a) at a depth interval of approximately 2045 to 
2100 m and in well number 83 (Fig. 9b) at a depth interval 
of 1700 to 1780 m possesses the highest petroleum potential.

Also, as it can be inferred from the geochemical log of the 
Pabdeh Formation in well number 55 (Fig. 9a), at a depth 
of more than 2100 m, there is a poor correlation between 
TOC and other parameters, which can be attributed to the 
existence of inert organic matter and mineral matrix effects 
at this depth interval. Thus, it can be inferred from the geo-
chemical logs that the Kazhdumi Formation than the Pabdeh 
Formation may be less affected by inert organic matter or 
mineral matrix effect.

Ternary diagram of aromatic, saturate and polar fractions 
(Tissot and Welte 1984) reflects both paraffinic and naph-
thenic compositions for the Kazhdumi Formation, while 
suggests a naphthenic composition for the Pabdeh Forma-
tion (Fig. 10a). Moreover, higher values of the saturate frac-
tion for the Kazhdumi Formation compared to the Pabdeh 
Formation may show its higher thermal maturity (Fig. 10b).

Paleo‑depositional setting and lithology 
of the candidate source rocks

Biological markers can be applied to reconstruct the deposi-
tional setting of formations (Sachsenhofer et al. 2010). For 
instance, some isoprenoids such as pristane and phytane are 
sensitive to redox condition. Also, some kinds of steranes 

and hopanes are indicative of the lithology and depositional 
setting of source rocks.

Pristane to Phytane ratio

Redox condition is a characteristic feature of any deposi-
tional environment that affects the accumulation and forma-
tion of organic matter (Neumeister et al. 2016). The Pris-
tane to Phytane ratio is a useful parameter for investigation 
of paleo-redox conditions of source rocks (Li et al. 2016). 
Generally, Pr/Ph ratios greater than 3, between 1 and 3, and 
lower than one are indicative of oxic, suboxic and anoxic 
depositional environments, respectively (Philp 1985; Col-
lister et al. 2004). It should be noted that the thermal matu-
rity (Tissot and Welte 1984) and different acyclic isopre-
noids (i.e., bacteria origin) precursors affect the Pr/Ph ratio 
(Volkman 1986). However, regarding the thermal maturity 
of the Pabdeh Formation (pre-oil window) in comparison 
with the Kazhdumi Formation, the Pabdeh Formation has 
been less affected and subtly may be changed with ther-
mal maturity (Hughes et al. 1995; Hao et al. 2012), while 
the impact of maturation (Tissot and Welte 1984) cannot 
be ruled out because of the higher thermal maturity of the 
Kazhdumi Formation than the Pabdeh Formation. Nonethe-
less, the obtained Pr/Ph ratio for the Kazhdumi Formation 
in well number 83 (0.74) represents an anoxic depositional 
environment during deposition of this formation, while the 
value of this ratio for the Kazhdumi Formation in well num-
ber 55 (1.32) suggests a suboxic condition. Also, values for 
the Pabdeh Formation in well number 55 (1.12) and in well 
number 83 (1.26) reflect a suboxic depositional condition 
(Fig. 11a). Additionally, the obtained C29/C27 steranes ratio 
(Fig. 11a) clarifies marine depositional environment for both 
the Kazhdumi and Pabdeh Formations.

C27 C28 and C29 regular steranes

Relative amounts of C27, C28 and C29 regular steranes can 
be employed for investigation of the organic matter type 
and paleo-depositional environment (Philp 1985; Peters and 
Moldowan 1993; Hosseiny et al. 2016). In general, C27, C28 
and C29 sterols are generated from phytoplankton or marine 
algae, lake algae and land plants, respectively (Huang and 
Meinschein 1979; Peters et al. 2005). Ternary diagram of 

Table 2   GC analysis results 
of Kazhdumi and Pabdeh 
Formations

CPI = carbon preference index; Pr = pristane; Ph = phytane

Formation Well NO Depth (m) CPI Pr/Pr + Ph Pr/Ph Pr/nC17 Ph/nC18

Pabdeh 55 2042 1.53 0.53 1.12 0.68 1.03
Kazhdumi 55 3441 0.99 0.57 1.32 0.73 0.86
Pabdeh 83 1740 1.35 0.53 1.26 0.78 1.03
Kazhdumi 83 3040 1.02 0.43 0.74 0.54 0.83
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C27, C28 and C29 regular steranes distribution (Fig. 11b) 
(Huang and Meinschein 1979) for Pabdeh and Kazhdumi 
Formations suggests an open marine depositional setting for 
both of them. However, this cross-plot represents a more 
significant contribution of marine algae rather than terres-
trial higher plants for the Kazhdumi Formation compared 
to the Pabdeh Formation. Moreover, a more significant con-
tribution of marine algae can be inferred for the Kazhdumi 
Formation in well 83 by comparison with well 55. Also, 
the cross-plot of C29/C27 steranes ratio against Pr/Ph ratio 
(Fig. 11a) typifies the Pabdeh Formation contains marine 
organic matter deposited under suboxic condition, while the 
Kazhdumi Formation has marine organic matter which in 
well number 55 and 83 deposited under suboxic and anoxic 
conditions, respectively.

C23 tricyclic/C24 tetracyclic terpanes ratio

The nature of the depositional conditions can be further 
confirmed by evaluating of C23 tricyclic terpane/C24 tetra-
cyclic ratio values. High values of C23 tricyclic terpane/C24 
tetracyclic ratio (> 1) suggest marine depositional environ-
ment, while low values (< 1) indicate the terrigenous origin 
of organic matter (Hanson et al. 2000). The high values of 
this ratio (> 1) for both Kazhdumi and Pabdeh Formations 
(2.82 and 1.48 for the Kazhdumi and 1.1 and 1.44 for the 
Pabdeh Formation) denote marine depositional environment 
for them. These values, however, are higher for the Kazh-
dumi Formation (especially in well number 83) which can 
be due to a more significant contribution of marine algae 
rather than terrestrial higher plants concluded from values 
of regular steranes.

Dibenzothiophene to phenanthrene (DBT/P) ratio

The DBT/P ratio has been employed to distinguish between 
shaly and carbonate source rocks. Commonly, values higher 
than one depict carbonate/marl sediments, while values 
lower than 1 show a shaly source rock (Hughes et al. 1995). 
Low concentration of this ratio for the Pabdeh Formation 
(0.66 and 0.58) is indicative of shaly lithology. However, the 
value of this ratio for the Kazhdumi Formation in well num-
ber 55 (0.43) reflects shaly organic facies, while the value 
of this ratio for this Formation in well number 83 (1.57) 
represents carbonate lithology (Fig. 12a).

C35/C34 homohopane ratio

The C35/C34 homohopane ratio is a useful biomarker ratio 
that can be implemented for investigation of the paleo-redox 
condition or paleo-depositional facies characteristics. Values 
higher than 0.8 are indicative of the prevalence of anoxic 
bottom water during deposition of source rocks (Peters et al. Ta
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Table 4   Vitrinite reflectance 
measurements for Kazhdumi 
and Pabdeh Formations

Formation Well No Depth(m) Sample type Min, Ro% Max, Ro% Mean Ro%

Kazhdumi 55 3182 Cutting 0.44 0.99 0.59
Kazhdumi 55 3360 Cutting 0.45 1.12 0.65
Kazhdumi 55 3423 Cutting 0.45 1.12 0.68
Kazhdumi 55 3531 Cutting 0.47 1.25 0.71
Kazhdumi 83 2720 Cutting 0.42 0.97 0.63
Kazhdumi 83 3040 Cutting 0.58 1.2 0.68
Pabdeh 55 2000 Cutting 0.25 0.44 0.38
Pabdeh 55 1740 Cutting 0.28 0.49 0.32

Fig. 4   a Cross-plot of TOC against S2 ( modified from Peters and Cassa 1994) and b TOC versus genetic potential (S1 + S2) (after Waples 1985) 
illustrating the petroleum potential of the formations

Fig. 5   a Cross-plot of S1 against S2 representing the petroleum potential of possible  source rocks and b cross-plot of total organic carbon (TOC) 
versus free hydrocarbon values (S1) showing hydrocarbon saturation of possible source rocks (modified after Sarı et al. 2012)
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2005). The C35/C34 homohopane ratio for the Pabdeh Forma-
tion (0.78 in well number 55 and 0.84 in well number 83) 
suggests deposition of this Formation under anoxic-suboxic 
condition (Fig. 12b). In contrast, the obtained values for the 

Kazhdumi Formation (0.45 in well number 55 and 0.64 in 
well number 83) denote suboxic condition during deposi-
tion of this Formation (Fig. 12b). Therefore, the paleo-redox 
condition inferred from the C35/C34 homohopane ratio is not 
consistent with that of deducted from the Pr/Ph ratio. This 
difference may be due to the impact of other factors on the 
Pr/Ph ratio discussed earlier. Therefore, it can be inferred 
that the C35/C34 homohopane ratio is more reliable than the 
Pr/Ph ratio.

C29/C30 hopanes ratio

This ratio is high (relatively 0.7 or higher) in carbonate and 
evaporite source rocks, whereas low values (0.4–0.75) speak 
for terrigenous or shaly source rocks (Zumberge 1984; Peters 
and Moldowan 1993). This ratio for the Kazhdumi Forma-
tion in well number 55 (0.52) and well number 83 (1.18) 
typifies shaly and carbonate organofacies, respectively. Like-
wise, this ratio for the Pabdeh Formation represents different 
shaly and carbonate lithology (Fig. 12b).

Ts/Tm ratio

This ratio depends on both lithology and thermal matu-
rity (Moldowan et al. 1986). Carbonate formations dem-
onstrate uncommonly low values of the Ts/Tm ratio. Also, 
this ratio rises as thermal maturity advances (Waples 1991; 
Peters and Moldowan 1993). Moreover, the Ts/Tm ratio val-
ues lower than 0.6 (Peters et al. 2005) or 0.5 (Mello et al. 
1988) typify clay-poor anoxic marine carbonate depositional 

Fig. 6   a Cross-plot of hydrogen index (HI) against pyrolysis Tmax 
for the analyzed samples, illustrating kerogen and hydrocarbon gen-
eration type (modified after Yandoka et al. 2016) and b cross-plot of 

TOC versus S2/S3 in order to determination of the hydrocarbon gen-
eration types (after Maravelis et al. 2017)

Fig. 7   Plot of OI versus HI, illustrating the better preservation of 
organic matter for the Kazhdumi Formation
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environments. Considering the same level of the maturity 
for the Kazhdumi Formation in both studied wells, approxi-
mately considerable different values of the Ts/Tm ratio for 
the two samples belong to the Kazhdumi Formation (0.54 
and 1.62) and mark different organic facies, including shaly 
in well 55 and carbonate in well 83 for this Formation cor-
roborating previous outcomes deducted from other lithol-
ogy-related biomarker ratios. Also, the low values of the 
Ts/Tm ratio for the Pabdeh Formation (0.43 to 0.38) typify a 
clay-poor anoxic depositional setting. However, the higher 
values of the ratio for the Kazhdumi Formation relative to 
the Pabdeh Formation can be a sign of higher maturity of 
the Kazhdumi Formation (Fig. 13a).

C27 diasterane to C27 regular sterane ratio

This ratio is both lithology and maturity sensitive. With 
increasing the thermal maturity and clay content, the C27 
diasteranes would be increased (Dembicki 2016; Peters 
et al. 2005). The obtained values of this ratio for the Pabdeh 
Formation (0.05 and 0.08) can be related to its low ther-
mal maturity or carbonate (clay free) facies. By contrast, 

the higher values of this ratio for the Kazhdumi Formation 
(0.15 and 0.17) suggest its higher level of thermal maturity 
or higher clay content compared to the Pabdeh Formation. 
However, it should be noted that the Kazhdumi Formation is 
located in the range of the carbonate source rocks (Fig. 13b).

Thermal maturity

Thermal evolution of organic matter plays a crucial role in 
hydrocarbon generation; thus, the assessment of organic 
matters thermal maturity is of high importance (Hosseiny 
et al. 2016). Tmax, representing the temperature (in ℃) at 
which the S2 peak is maximum (Dembicki 2016), is the first 
Rock–Eval parameter for evaluation of thermal maturity.

In general, typical Tmax values for the top and bottom of 
the oil window are almost 435–445 and 470 ℃, respectively 
(Espitalié, 1986). It should be noted, in order to calculate 
reliable Tmax values, S2 contents must be higher than 0.2 (mg 
HC/g rock) (Peters 1986). All of the studied samples in this 
research possess S2 values higher than 0.2; hence, Tmax con-
sidered as a reliable thermal maturity-related indicator. Also, 
production index (S1/S1 + S2) is an alternative parameter to 

Fig. 8   Geochemical log of the Kazhdumi Formation in well number 55 (a) and 83 (b). 1: Increasing petroleum potential, 2: decreasing petro-
leum potential, 3: decreasing anoxic condition, 4: increasing anoxic condition, 5: increasing oxic condition and 6: decreasing oxic condition
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Fig. 9   Geochemical log of the Pabdeh Formation in well number 55 (a) and 83 (b). 1: Increasing petroleum potential, 2: decreasing petroleum 
potential, 3: decreasing anoxic condition, 4: increasing anoxic condition, 5: increasing oxic condition and 6: decreasing oxic condition

Fig. 10   Ternary diagrams of aromatic, saturate and polar fractions 
extracted from bitumen embedded in  source rocks in order to deter-
mine a chemical composition of bitumen in the analyzed source rocks 

(Tissot and Welte 1984) and b maturation of the analyzed source 
rocks (modified after Peters et al. 2005)



1503Journal of Petroleum Exploration and Production Technology (2022) 12:1489–1507	

1 3

Fig. 11   a Cross-plot of C29/C27 steranes ratio against Pr/Ph ratio for investigation of depositional setting (modified after Peters et al. 2005) and b 
ternary diagram of C27, C28 and C29 regular sterane concentrations (Huang and Meinschein 1979)

Fig. 12   a Plot of DBT/P ratio against Pr/Ph ratio (Hughes et  al. 1995) and b cross-plot of C29/C30 hopanes against C35/C34 homohopanes 
(modified after Peters et al. 2005) illustrating the depositional environment of candidate  source rocks

Fig. 13   a Cross-plot of Ts/Tm versus C29/C30 hopanes and b cross-plot of C29/C30 hopanes against C27 Dia/Dia + regular steranes speaking for 
lithology of  source rocks (modified after Peters et al. 2005)
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thermal maturity assessment. Values higher than 0.1 and 
0.4 indicate mature and super-mature phases, respectively 
(Peters and Moldowan 1993).

Based on the plot of Tmax against PI (Fig. 14a), the Kazh-
dumi Formation falls in the oil generation window show-
ing it has reached sufficient thermal maturity to generate 
hydrocarbon. By contrast, the Pabdeh Formation considered 
as an immature source rock. According to this figure and 
production index values, the Kazhdumi Formation in well 
number 83 by comparison with well number 55 has higher 
production index and hence regarded as a more productive 
Formation.

Generally, as a result of the gradual increase of the heat-
ing history and geothermal gradient for organic matter with 
a rise in depth, the thermal maturity of organic matter would 
steadily change from immature to mature stage. Accordingly, 
the higher thermal maturity is for the organic matter or for-
mation buried in deeper horizon (the Kazhdumi Formation), 
and lower maturity is for the organic matter and formation 
buried in shallower horizon (the Pabdeh Formation) (Lerch 
et al. 2016; Peters et al. 2005).

Vitrinite reflectance (Ro%) is the most effective, reliable 
and widely employed parameter to determine the thermal 
maturity of organic matter in formations (Dow 1977; Baban 
and Ahmed 2014; El Diasty 2015; Zhang and Li 2018). In 
general, mean vitrinite reflectance value at the top of oil 
window is 0.6% (Tmax = 435 ℃), and at the peak of the oil 
window is in the range of 0.65 to 0.9 (Tmax = 445 to 450 ℃) 
(Tissot and Welteh 1978; Peters and Cassa 1994). Based on 
the plot of Tmax versus Ro% (Fig. 14b), the Kazhdumi For-
mation is considered as a mature source rock and falls in the 
oil window zone. Conversely, the Pabdeh Formation situated 
out of this zone and considered as an immature source rock. 
Also, it is interesting to note that for the Kazhdumi Forma-
tion in well number 55, mean reflectance value of the one 

sample at a depth of 3182 m is 0.52%, while another sample 
in well number 83 at a lower depth (3040 m) has higher 
mean reflectance value (0.68%) (Fig. 15). This condition 
can stem from some factors, including measurement error, 
misidentification, caving, suppression, change in geothermal 
gradient and faulting (Dembicki 2016). However, figuring 
out the cause of different values of mean vitrinite reflectance 
for the Kazhdumi Formation in studied two wells requires 
more investigation using geological data.

Moreover, carbon preference index (CPI) proposed by 
(Bray and Evans 1961) is utilized as a thermal maturity 
index. High values of CPI (> 1) are indicative of low thermal 
maturity, while CPI values almost 1 in source rock extracts 
and crude oils represent a high level of the thermal matu-
rity (El Diasty et al. 2016; Peters et al. 2005). CPI values 
for the Kazhdumi Formation (0.99 in well number 55 and 
1.02 in well number 83) indicate high thermal maturity, 
while high values for the Pabdeh Formation (1.35 in well 
number 55 and 1.53 in well number 83) suggest low ther-
mal maturity. Also, in this research, steranes and hopanes, 
which are important maturity-related biomarkers (Peters and 
Moldowan 1993), were applied to evaluate the thermal matu-
rity of samples. Isomerization at C-20 in the C29 5α, 14α, 
17α (H)-steranes causes 20S/(20S + 20R) to rise from 0 to 
approximately 0.5 (equilibrium = 0.52–0.55) with increasing 
maturity (Seifert and Moldowan 1986). Furthermore, the 
C32 17α (H), 21β (H) 22S/22S + 22R homohopane ratio has 
been implemented widely as a biomarker sign of thermal 
maturity (Moldowan et al. 1990). During maturation, this 
ratio rises from 0 to roughly 0.6 (equilibrium = 0.57–0.62) 
(Peters et al. 2005). According to the plot of C29 sterane ββ/
ββ + αα versus C29 sterane 20S/20S + 20R (Fig. 16a), and 
C32 hopane 22S/22S + 22R against C29 sterane ββ/ββ + αα 
(Fig. 16b), the Kazhdumi Formation falls in the peak mature 
zone. In stark contrast, however, the Pabdeh Formation falls 

Fig. 14   a Plot of Tmax against production index (PI) (modified after Al-Ameri and Zumberge 2012), and b vitrinite reflectance (Ro %) against 
Tmax (modified after Espitalie et al. 1985)
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in the immature zone which confirms the low level of ther-
mal maturity deducted from Tmax and obtained mean vitrin-
ite reflectance values.

Conclusion

In conclusion, geochemical investigation of the Kazhdumi 
Formation as a possible source rock in Gachsaran Oilfield 
indicates that this formation with a “fair” to “good” capabil-
ity of hydrocarbon generation predominately contains type 
II–III kerogen. The geochemical data/results/outcome shows 

that there is a close correlation between different parameters 
and the relationship between the petroleum potential and 
redox variation, especially in well number 55. According to 
this log, with increasing the anoxic condition, the petroleum 
potential would be increased for the Kazhdumi Formation.

However, facies and depositional environment-related 
biomarkers, including steranes and hopanes, suggest dif-
ferences in lithology and depositional environment of the 
Kazhdumi Formation in well numbers 55 and 83. The Kazh-
dumi Formation in well number 55 has a shaly facies and 
deposited in a marine setting under oxic conditions, whereas 

Fig. 15   Cross-plot of mean 
vitrinite reflectance values 
versus depth for the Kazhdumi 
Formation

Fig. 16   a Cross-plot of C29 sterane ββ/ββ + αα versus C29 sterane 20S/20S + 20R and b C32 hopane 22S/22S + 22R against C29 sterane ββ/ββ + αα 
to determine thermal maturity of rock samples (modified after Peters et al. 2005)
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this formation in well number 83 has carbonate lithology and 
deposited in a marine setting. In general, from data accom-
plished through instruments, it can be concluded that the 
Kazhdumi Formation in well number 83 had a better condi-
tion for the preservation of the organic matter and hence 
has more petroleum potential. Based on Tmax, production 
index (PI), Ro%, CPI as well as C29 steranes and C32 hopanes 
values, the Kazhdumi Formation is mature and falls in the 
oil window.

Geochemical assessment of the Pabdeh Formation sug-
gests that this formation has a “poor” to “good” petroleum 
potential and contains a variety of kerogen types, including 
type II, type II-III, type III and even for one sample type 
IV, indicating deposition of this formation under different 
depositional conditions. A poor correlation between TOC 
and other Rock–Eval-derived petroleum potential indicators 
for the Pabdeh Formation at a depth of more than 2100 m 
may demonstrate the inert organic matter and mineral matrix 
effects at this depth interval. Moreover, biomarkers suggest 
that the Pabdeh Formation has a mixed or marly lithology 
(carbonate-shale) deposited in a marine setting under a sub-
oxic–anoxic condition. Maturity-sensitive parameters such 
as Tmax, Ro%, and maturity-distinctive biomarkers show that 
this formation is immature.
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