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Abstract

The present study investigated the geochemical characteristics of Shemshak shales as a probable oil source rock
in the Gushfil mine located in the Sanandaj-Sirjan Zone (SSZ), Iran. Trace elements such as nickel, vanadium,
chrome, molybdenum, and cobalt are used as paleoenvironmental indicators. Moreover, the ratio of these elements
shows that oxic to disoxic conditions prevailed during the sedimentation period. The interrelation of these elements
indicates that the upper part of Shemshak Formation of the Jurassic age was deposited in a terrestrial to the marine-
terrestrial influenced environment. The solid bitumen reflectance (BR) documents that the black shales presently are
overmature. Conjugation of BR and the insolubility of organic matter in carbon disulfide illustrates the presence of
pyrobitumen and its subgroup epi- to meso-impsonite, which is also characterized by the absence of any fluorescence
under ultraviolet light. The ratio of light to heavy hydrocarbons proves that the type of solid bitumen before pyro-
bituminization has been a primary-oil solid bitumen, which could migrate through fractures and coarse pores. The
primary-oil solid bitumen might be derived from Kerogen types II and III as documented by fibrous plant fragments,
translucent phytoclasts and pollens. Presently, due to intense degradation, kerogen type IV dominates. The modeling
confirms that a thermal degradation had probably occurred after the deposition of Lower Cretaceous carbonates
when the shales were able to produce bitumen. Ultimately, intense hydrothermal degradation led the solid bitumen to
evolve into pyrobitumen and caused the shales to evolve into a dry gas window.
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Introduction

The siliciclastic strata of the Shemshak Formation have
outcrops in a wide range of Alborz, Central Iran and
Sanandaj-Sirjan Zone (SSZ) [1]. It mainly consists of
fine to coarse sandstones, siltstones, and shales with a
high amount of carbonaceous shales and coal seams with
a high potential for hydrocarbon generation [2-4]. This
formation is deposited in a back-arc extensional tectonic
regime, and it includes marine to terrestrial facies from
Late Triassic to Middle Jurassic [3]. Shemshak strata attain
an enormous thickness of up to 4000 m in Alborz, while
it decreases toward SSZ [1,3]. The Shemshak Formation
is considered the source rock for the Khangiran gas field
in eastern Iran (Koppeh-dagh Zone). The oil and gas
seepages in the Mazandaran area are also attributed to
the organic-rich sediments of the Shemshak Formation,
which are the main source rocks of hydrocarbon in the
Alborz zone [ 5]. Despite the importance of this formation,

only a few studies addressed the organic geochemistry
and petrography of the Shemshak Formation in Alborz
and Central Iran [2.,4-6]. So far, no one has studied
the black shales in the Sanandaj-Sirjan Zone (SSZ).
Also, SSZ has numerous Zn-Pb deposits located in the
Malayer-Esfahan Metallogenic Belt (MEMB). Some
researchers argue that most of these ore deposits have
been formed under the hydrocarbon effect, probably
derived from the Shemshak black shales [7,8]. It means
that hydrocarbon resources are important and play a
fundamental role in metal accumulation. Hydrocarbons
might act as transfer agent to carry metals (especially
zinc) or the thermal maturity of the hydrocarbons can
induce thermal sulfate reduction, which produces H,S
inducing ore formation [9,10]. However, the role of
hydrocarbons in metal deposition cannot be constrained
as long as the hydrocarbon source rock is not clearly
defined in MEMB.
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The present study is carried out on black shales of the Gushfil
mine located in the north flank of the Irankuh mine district
(Figure 1). Irankuh is the biggest Zn-Pb deposit located 20
km southwest of Isfahan in MEMB which is situated within
the SSZ structural plate. In the Gushfil area, black shales of
the Shemshak Formation can be studied in outcrops, and they
are present opposite to the dolostone host rocks along the
Gushfil reverse fault. Our research investigated organic-rich
shales as potential source rocks for hydrocarbons that occur
in the Gushfil mine. The paleo-depositional environment
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of Jurassic black shales is constrained based on the use
of trace elements. Furthermore, organic geochemistry is
addressed, and the palynology of the shales is discussed.
Our research investigates the geochemical properties
(elemental and organic) of black shales and constructs a
one-dimensional model of the burial history. Based on the
latter, the maturation history and hydrocarbon production are
addressed, contributing to a better understanding of these oil
and gas source rocks.
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Fig. 1 Geological setting of our study area. a) Location of the Malyer-Isfahan Metallogenic-Belt (MEMB), Sanandaj-Sirjan Zone and

Gushfil mine. b) Satellite map of the Gushfil mine, and ¢) Cross-section of the Gushfil ore hosting rocks modified after [11]. Position of

cross-section is shown in b).

Geological Setting

The oldest rocks exposed in the Gushfil mine are siltstone
and black shales with sandstone and calcareous interlayers
belonging to Jurassic Shemshak Formation. This study
deals with the shaly part of the Shemshak Formation,
which displays an angular unconformity with Cretaceous
carbonates of the Barremian-Aptian age. The thickness of the
Shemshak Formation in this area is estimated as a maximum
of 1500 meters thick [12], whereby more than half of it is
composed of shales. This formation is deposited in a back-
arc basin of the volcanic arc with a high geothermal gradient
[1,13]. The Shemshak Formation also contains Triassic
rocks, which were not considered in this study. The latter
are exposed in the west of Isfahan (Tiran and Najaf-Abad
regions); however, they were not drilled in Irankuh (south of
Isfahan). Based on the observations of the present study, the
accumulation of organic matter and coals in the drilling cores
belonged to the boreholes drilled from inside the Gushfil pit.
The deposited sediments after Shemshak Formation have a
thickness of approximately 850 m, and they mainly consist of
carbonates containing orbitolina, miliolida and rudist fossils.
Most of these Cretaceous rocks were deposited in a shallow
marine environment. After the Cretaceous, there is a gap in
sedimentation and Irankuh was located in front of a volcanic
arc due to the shift of the magmatic arc towards the Urmia-
Dokhtar zone, which resulted in a lowering in geothermal

gradient. Based on Re-Os dating of pyrites, the hydrothermal
event occurred some 66.5£1.6 Ma ago [11], which links to
zinc-lead ore emplacement in the Gushfil mine.

Materials and Methods

Thirty samples belonging to Shemshak shale Formation
were collected from the Gushfil mine located in the northern
flank of Irankuh. The samples originate from 2 boreholes
drilled inside the Gushfil open pit and from the main tunnel
of the Gushfil mine. They all belong to the upper part of
the Jurassic Shemshak Formation. Samples were randomly
taken perpendicular to the bedding. Ten polished uncovered
thin sections, fifty palynology slides, and nine vitrinite
blocks were prepared for the organic petrographical study.
Thin section samples have been studied using an Olympus
BXS51 fluorescence microscope. The palynology slides were
made after using the HCI/HF digestion method [14] from
4 samples that weighed about 150 grams. The percentage
of solid bitumen reflectance (%BR) was measured with a
Leitz MPV— COMBI reflected microscope attached to a PC-
controlled software (TIDAS PMT IV system). Three samples
were also analyzed for considering the amount of SARA
(Saturate, Aromatic, Resin, and Asphaltene), which it was
performed according to the standard ASTM D2007-03 (2008)
method [15]. The organic matter (OM) was extracted using a
Soxhlet apparatus with chloroform as an organic solvent.
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Ethanol, n-C, and n-C, were used as eluent solvents, and the
measurement error was less than 2%. The solubility of organic
matter into an organic solvent (CS)) was also investigated
in portions of 1 gr OM to 10 cm® CS, with an incubation
time of 24 hours. These experiments were carried out at RIPI
(Research Institute of Petroleum Industry) and the Ferdowsi
University of Mashhad. Furthermore, trace elements have
been analyzed by ICP-OES in nine samples at KU Leuven
(Belgium). The samples from non-mineralized intervals
are faraway from the ores to prevent any possible effects of
hydrothermal overprinting. They were prepared according to
the four-acid digestion method including 3 ml HNO, (65%) +
1 ml HCIO, (70%) + 3 ml HF (48%) + 7ml HCI (37%). The
amount of powder was 100 grams per sample which, after
dissolution, it was diluted to 25 ml with Milli-Q water, after
which trace elements were measured using a Varian 720-
ES machine. The one-dimensional modeling of the thermal
history was carried out using PetroMod software.
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Results and Discussion

The average reflectance of solid bitumen ranges from 1.8
to 2.7 for black shales of Shemshak Formation. This points
to a dry gas to overmatured OM, which does not reflect any
fluorescence light (Table 1). Vitrinite was not observed in
the petrographic study. Therefore, the diagram presented in
reference [16] has been used to equate the results of the solid
bitumen reflectance (BR) to vitrinite reflectance (VR) (Figure
2). This diagram shows the results of BR based on references
[17-24]. The calculated VR maturity of the samples has been
plotted in the range of dry gas generation. It is noteworthy that
these values were used to calibrate the thermal history model
and the related interpretations. Due to the similarity of the
reflection ranges of solid bitumen in the reference [23 ] with the
present study, the exact values considered in the modeling are
obtained from the equation (i.e. Equation 1) linking vitrinite
reflectance to solid bitumen reflectance.

VR = (BR +0.2443)/1.0495 (1)

Table 1 Results of solid bitumen reflectance and calculated vitrinite reflectance.

5 Solid  bitumen  reflectance
0, . e e .
% ( B R%) i%uel:;l;::e ({)/;:grmlte Generation stage | Number of measurements | Standard deviation
S | Min Max Mean
n
1 2.02 2.74 2.32 2.44 Dry gas 19 0.26
2 2.15 2.51 2.33 2.45 Dry gas 12 0.14
3 2.03 2.75 2.36 2.48 Dry gas 10 0.24
4 1.92 2.62 2.22 2.35 Dry gas 14 0.23
5 2.04 2.90 2.47 2.58 Dry gas 15 0.29
6 2.10 2.60 2.35 2.47 Dry gas 9 0.18
7 1.63 2.10 1.84 1.98 Dry gas 14 0.12
8 2.12 2.94 2.68 2.90 Dry gas 8 0.28
9 231 3.19 2.66 2.81 Dry gas 16 0.25
61 e The results of the SARA analysis are given in Table 2.
’ _(,:xj_’. gy The average percentage of asphaltene in the samples is
i o | approximately 35%. The total percentage of NSO components
4 P 1995 (Asphaltene + Resin) is more than 65%. The shale samples
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Fig. 2 Equivalence values of vitrinite reflectance calculated from
the solid bitumen reflectance using the equation in reference [23].

are in the naphthenic domain according to the reference
classification [25].

The concentrations of nickel (Ni), vanadium (V), chromium
(Cr), cobalt (Co), and molybdenum (Mo) from Shemshak
shales are presented in Table 3. Vanadium has the highest
concentration in six samples with an average of 76 ppm,
whereas nickel shows a mean value of 62 ppm. Chromium
and cobalt concentrations have mean values of 38, and 32
ppm, respectively and molybdenum has been detected in
concentrations below 10 ppm (Table 3).

Table 2 Results of SARA (Saturate, Aromatic, Resin and Asphaltene) analysis from Shemshak shales in Gushfil mine.

Hydrocarbon structures
Sample No. . . Asphaltene + Resin(%NSO)
Saturate% Aromatic% Resin% Asphaltene%
1 15.2 14.9 35.7 34.2 69.7
2 15.8 16.6 31.5 36.1 67.6
’ 66.4 33.6 -
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Table 3 Trace elements distribution from bulk shale samples in Gushfil mine.

Sample No. 1 2 3 4 5 6 7 8 9
Ni 37 79 57 62 73 69 66 61 53
v 84 125 24 20 13 127 103 101 89

Concentrations of trace elements | Cr 44 54 13 11 10 63 51 47 45
Co 31 27 28 48 56 24 30 22 25
Mo 1 7 1 0.9 0.7 6 4 8 1

The average solubility of OM into CS, is 25% which points
to the pyrobitumen range with the existence of the sub-types
Epi- and Meso-impsonite (Figure 3). Our palynology studies
indicate different types of organic matter, as presented in
Figure 4. A significant part, approximately 80%, is amorphous
OM displayed as cloudy particles with color ranging from
brown or even dark grey to black. The plant fragments and
palynomorph group can be classified into different types,
including opaque and semi-opaque particles, fibrous woody
debris, translucent phytoclasts and a few spore pollens.
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Fig. 3 Relationship between vitrinite reflectance and solubility in
carbon disulphide (CS,) modified after [17].
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Fig. 4 Organic components in Shemshak shale Formation: a and
b) Woody fragments with fibrous-looking; ¢ and d) Internal frag-
ments of terrestrial plant including a type of pollen and translucent
phytoclasts; ¢) Amorphous OM with square and lath-shaped opaque
particles derived from postdepositional alteration.

Geochemistry of Trace Elements

The trace elements, including V, Ni, Co, Cr, and Mo, can
be used to reconstruct the paleo-environment [26,27].
Many studies have demonstrated that the ratios of V/Ni,
Ni/Co and V/Cr are the important indicators to estimate

paleo-redox conditions which are directly controlled by the
depositional setting [28-29]. The V/Ni ratio increases in a
reducing environment with values > 3, while ratios < 1.9 and
between 1.9 to 3 represent oxic and sub-oxic environments,
respectively [30]. For the upper Shemshak Formation, the V/
Ni ranges between 0.2 and 2.3, which agrees with oxic to sub-
oxic conditions. The concentrations of these two elements
also reflect a terrestrial to the marine-terrestrial environment,
as seen in Figure 5a. The concentration of cobalt in shales
deposited under oxidizing conditions increases with the
nickel concentration. In relatively oxidizing depositional
conditions, the Ni/Co ratio will be less than 5 [31]. It
means that Co is relatively enriched compared to Ni in
oxic environments. The relationship between these two
elements in the shaly samples of Shemshak shows that the
amount of nickel is 3 times higher than that of cobalt, which
is consistent with the results obtained from the V/Ni ratio.
The Mo concentration increases under reducing conditions,
and it is usually more than 5 ppm to about 40 ppm [32-36].
However, Mo in Shemshak shales is present in low amounts
(Mo < 8 ppm), which also supports an oxic and sub-oxic
setting. Chromium (Cr) is another important trace element
to infer the paleo-depositional environment. If the V/Cr ratio
is less than 2, it points towards oxic conditions at the time of
sediment deposition [31]. This range was between 1.3 and 2.2
for Shemshak shales confirming oxic to sub-oxic conditions
(Figure 5b). The results of our study are consistent with the
geochemical results of Shemshak Formation in Dash-Aghol
mine district [37]. According to the study from this deposit,
Shemshak shales were deposited in an oxic environment,
resulting from severe chemical weathering of the source
material [37].

Organic Geochemistry

One of the most common methods to differentiate solid
bitumen from pyrobitumen is the solubility of residual solid
hydrocarbons (RSH) in carbon disulfide (CS,). This method
is known to determine solid bitumen and pyrobitumen sub-
types when VR data are also available [17]. Accordingly,
in Figure 3, it is shown that RSH from the Shemshak
Formation is pyrobitumen, in the range of impsonite. The
maturity of organic matter bears an inverse relationship with
fluorescence [38]. The super-mature organic matter does not
reflect ultraviolet light, which could justify why the shale
samples are dark under fluorescence microscopy.
Pyrobitumen is a by-product of solid bitumen, which is
produced due to intense thermal alterations. Solid bitumen
trapped in the source rock by various heat sources (thermal
gradient, magma infiltration or hydrothermal fluid infiltration)
produces a secondary solid hydrocarbon type known as
pyrobitumen [16,40].
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terrestrial depositional environment for the Shemshak samples, b) Cross-plot of Ni/Co versus V/Cr indicating oxic to sub-oxic condition

for the Shemshak samples.

In general, pyrobitumen shows a vitrinite reflection in the dry
gas range, which it corresponds to the characteristics found
in the Shemshak shale samples. This type of RSH can be
seen in source or reservoir rocks. However, shale samples
with a high level of asphaltene are more prone to generate
pyrobitumen [39]. Porosity size in shales occurs mostly at
nano- to micron scale. As a consequence, the high content
of asphaltene can easily block the migration pathway for
hydrocarbons.

In agreement with the latest classification [40], pyrobitumen
can be produced as a by-product of three different types
of solid bitumen placed in different thermal maturation
stages, as seen in Figure 6. According to field studies and
studies conducted in the Gushfil mine [8,41], migration of
hydrocarbons to Lower Cretaceous dolostones has been
observed in fractures and different types of secondary pores.
Therefore, the origin of pyrobitumen in Shemshak Formation
cannot be an initial-oil solid bitumen, which cannot migrate.
SARA analysis shows that the average asphaltene content is
35%, and the approximate average of saturated hydrocarbons
is 15%. These values indicate asphalts produced from a

primary-oil solid bitumen [16,40]. The primary-oil solid
bitumen has only the ability to migrate through large pores
and fractures. Therefore, part of it remained in the organic-rich
layers of Shemshak shale. The primary-oil solid bitumen, of
which pyrobitumen is a by-product of its secondary thermal
cracking in Gushfil, has originated from the solidification
of hydrocarbons generated before reaching the oil window.
The late-oil solid bitumen usually contains small amounts of
asphaltene (less than 8%) [16,40], and it can migrate even
through micro-pores. This type of solid bitumen does not
correspond to the petrographic observations and the results
of SARA analysis of our studied samples.

The results of palynology mostly show opaque phytoclasts and
amorphous organic matters that demonstrate the presence of
kerogen type IV. This result is in line with Rock-Eval results
of Shemshak shales in the Gushfil mine [42]. Our palynology
studies show the presence of fibrous plant fragments, translu-
cent phytoclasts, and pollens which document that the primary
source of kerogen type IV has been a mix of kerogen type II
and III with a terrestrial to the marine-terrestrial source.
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Fig. 6 Generation stages of pyrobitumen in Shemshak Formation based on the latest classification presented in reference [40].

Burial History Modeling

The source rock modeling aims to constrain better
hydrocarbon generation, hydrocarbon maturity, and also
petroleum migration. From the burial curves (Figure 7), it
can be inferred that the maximum burial depth for Shemshak
shalesis less than 2500 meters. Using the available information
on the thickness and depth of the layers, a hypothetical
well is considered for modeling. The geothermal gradient,
heat flow, age of formation and younger sub-formations,

unconformities, and thickness of erosion were collected from
previous studies [1,6,7,43]. Based on the tectonic setting,
the heat flow is assumed to be 70-80 W/m? when Shemshak
sediments are accumulated. Subsequently, it decreased to
40-35 W/m? in the Upper Cretaceous due to a change in the
geodynamic setting of SSZ, which became placed in front of
a volcanic arc (Fore-arc basin). The geothermal gradient is
assumed to be 30 °C/km during the lower Jurassic, and it is
considered to reach 18 °C/km in the Upper Cretaceous [8].
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related to the hydrothermal activity within the study area).

The software automatically adds the paleo-water depth
and its temperature based on the age of formation and the
latitude and longitude of the study area. The amount of
erosion is calculated at about 350 meters based on younger
sub-formations in the Irankuh anticline. After the Upper
Cretaceous, no sediment was deposited, and so, this period
is regarded as a gap in modelling. The development of the
1D burial history for the Gushfil mine indicates that the
upper part of the Shemshak Formation has not been buried to
depths greater than 2 Km (Figure 7). As can be observable,
the Shemshak Formation could not generate hydrocarbons
before sedimentation of Lower Cretaceous carbonates.
Also, due to the petroleum migration of black shales to
dolostone host rocks [6,8], the thermal source could not have
happened in a syn-sedimentation setting with dolostones of
the Barremian age. The high level of thermal maturity (VR
~2.5%) revealed that our samples were affected not only by
the geothermal gradient, but also another thermal source that
provided a secondary thermal cracking. The present study,
which was conducted in a lead and zinc mine, suggests that
the thermal maturation of organic matter is affected by the
hydrothermal event in this area. As was mentioned above, the
hydrothermal event happened near the Cretaceous-Tertiary
(K-T) transition [11] based on the dating pyrites from the
Irankuh main ore mineralization. Therefore, the model has
been modified according to this time, and the temperature
has been increased to maximum compliance with the vitrinite
reflection data. The hydrothermal temperature is considered
based on the reported temperatures of the fluid inclusions
involved in reference [42], with a maximum of 240 °C and an
average of 170 °C. During this period, Sanandaj-Sirjan was
located in front of a volcanic arc, and it had a low geothermal
gradient. However, the young oceanic crust could have
played a significant role in fluid heating [8] and could have
affected the thermal maturation of organic matter. Before
thermal alteration, the upper part of Shemshak shales had
reached a VR of 0.7%. This value is the minimum reflection
in a primary-oil solid bitumen [40] which, based on our
modeling, could only be provided after the deposition of the
Upper Cretaceous successions. The age of the hydrothermal
flux is consistent with the results presented in the section on
organic geochemistry. The final burial history thus takes the

hydrothermal flux into account, and it is well-matched with
our vitrinite reflectance results.

Conclusions

This study provides inorganic and organic geochemical
analyses to constrain the paleoenvironment setting and
hydrocarbon potential of Shemshak Jurassic shales in the
Gushfil mine located in southwest Esfahan (Iran). The
concentration of trace elements such as vanadium (V), nickel
(Ni), cobalt (Co), chromium (Cr), and molybdenum (Mo)
has been investigated in non-mineralized rock intervals.
The ratios of these elements demonstrate that the paleo-
depositional environment of the Shemshak black shales
has been a terrestrial to the marine-terrestrial environment.
Black shales had been sedimented under oxic to sub-oxic
conditions. Palynology analysis shows that shales could have
generated kerogen type II and III. However, hydrothermal
activity caused conversion to kerogen type I'V. Shale samples
containing pyrobitumen type Epi- to Meso-impsonite. The
existing pyrobitumen was a secondary thermal by-product
that resulted from the hydrothermal activity. This study
indicates that the source of pyrobitumen is a primary-oil
solid bitumen produced after deposition of Lower Cretaceous
carbonates. The pyro-bituminization happened when
Shemshak Formation had reached a vitrinite reflectance
of 0.7%, equivalent to heavy oil production before the oil
window. For further studies, organic geochemistry of Upper
Triassic and Lower Cretaceous sub-formations is suggested.
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Nomenclatures

BR: Bitumen reflectance

OM: Organic matter

RSH: Residual solid hydrocarbons
SSZ: Sanandaj-Sirjan Zone

VR: Vitrinite reflectance
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