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Abstract

Organic geochemical investigations using thin layer chromatography-flame ionization detection (TLC-FID), Gas
Chromatography (GC), Gas Chromatography-Mass Spectrometry (GC-MS), API gravimetry, elemental analysis, and
isotope-ratio mass spectrometry (IR-MS) were carried out on eleven oil samples from the Sarvak reservoir in the
Abadan Plain (SW Iran). Oil chemical composition, source, thermal maturity, age, lithology, and depositional en-
vironment of these oils’ source rock were determined in this study. Moreover, Sarvak oils are mainly naphthenic
and paraffinic type. Their API degree between 16.2 and 20.14 and about 4.6% sulfur content indicate heavy and
sulfur-rich oils. The results of the study of biomarkers, stable carbon isotope composition, trace elements, aromatic
and sulfur content indicated that all oil samples are related to a marine-carbonate source rock with strongly anoxic
conditions. The absence of oleanane in all oil samples, the variation of Pr/Ph versus 3*C of the whole oil, and C,/
C,, steranes versus geological age proved that these oils had been produced earlier than the Late Cretaceous. Fur-
thermore, the distribution of n-paraffins, calculation of Rc (%) from aromatic compounds, CPI (Carbon Preference
Index) from gas chromatograms, and biomarker maturity indices indicated that the Sarvak oils are mature. Although
the Sarvak oils are heavy, they show approximately maturity of peak oil-generative window, which represents a chal-
lenge in this study. It is guessed that the high sulfur content and low API gravity in the Sarvak reservoir oils are due
to the presence of sulfur-rich organic matter (type IIS kerogen) in the source rock.
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Introduction

Petroleum geochemistry is the practical application of
organic geochemistry to the exploration and production
of petroleum [1]. The Petroleum geochemical study of
hydrocarbon reservoirs requires biomarker and non-
biomarker parameters. The main purpose of the reservoir
geochemistry is to identify the origin of oil, its maturity
and biodegradation, heterogeneity of reservoir fluid,
and reservoir connectivity. The other purpose of the
reservoir geochemistry is to identify the compartments,
which will lead to improved productivity, enhanced
oil recovery, development of an oil field and reducing
exploration risk [2,-4]. The crude oil inversion technique
uses the crude oil’s geochemical characteristics to
provide clues about the nature of the source rocks
that generated it [5]. Biomarkers are among the most
effective means of studying crude oil inversion. The
importance of biomarkers study has recently been well

recognized in the petroleum industry because it presents
valuable information about the type of organic matter,
environmental conditions during deposition (diagenesis),
thermal maturity of crude oil or source rock, biological
degradation, lithology of the source rock, and age of
generated oils for geologists and petroleum engineers.
Furthermore, combining biomarker and non-biomarker
parameters can be used in better interpretation to resolve
problems in exploration, development, and production
[6]. The depositional environment and thermal maturity
based on biomarker distributions have also been widely
interpreted in 2005 by Peters et al [6]. The study of trace
elements (especially nickel and vanadium) and stable
carbon isotopes in crude oil inversion studies are widely
applied and successfully used [7-10]. This study main-
ly focuses on the crude oil inversion technique to un-
derstand the source rock’s characteristics that generated
Sarvak oils in the studied oil field in the Abadan Plain,
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southwest Iran.

Geological Setting And Stratigraphy

The studied oilfield is located in the Abadan Plain (passive
margin of Arabian Plate), as seen in Figure la. This area is
located in the southwest of the Zagros fold-thrust belt, and it
is surrounded by the Dezful Embayment, the Persian Gulf,
and the Iran-Iraq boundary [11-13]. The Abadan Plain is a
part of the Mesopotamian Basin, and its structural features
are different from the Dezful Embayment [14].

Several studies have been undertaken on the potential source
rocks in the Mesopotamian Basin and Abadan Plain [14-
18]. The three main source rocks with extensive expansion
in the Abadan Plain are Jurassic to Cretaceous units, which
include Kazhdumi (Albian shale and marls), Garau (Lower
Cretaceous carbonates), and Sargelu (Middle Jurassic
carbonates) formations [15- 21].

The Cretaceous Sarvak Formation is one of the most important
reservoirs in the Zagros Fold Belt in Iran’s southwest [20].
The Sarvak Formation, as a member of the Bangestan group,
is composed mainly of limestone with partially dolomitic
layers. In the study area, the Sarvak Formation is located
on the Kazhdumi Formation, and its upper contact is Laffan
Shales (in Khuzestan), which is known as a cap rock for the
Sarvak reservoir. In Figure 1b, a Cretaceous stratigraphic
column of the Sarvak Formation in the studied area is
shown [22]. This formation is applied to interpret deposition
in a shallow-marine setting during the Cenomanian-
Turonian. The depositional environment of this formation
is a carbonate ramp [23]. This formation includes two main
facies: (1) shallow marine (neritic) facies with limestones
containing large foraminifera, gastropods, pelecypods, and
rudist, (2) basinal (pelagic) facies or oligostegina facies
rich in micritic and argillaceous limestone [24]. Moreover,
the Sarvak Formation is affected by uplifting in the Late
Cretaceous (Turonian), which resulted in extensive erosion
and karstification. The karstification process increased the
quality of this reservoir. In addition to karstification, the other
processes, such as dolomitization, fracturing, dissolution,
micritization, recrystallization, and cementation, affected the
reservoir quality of the Sarvak Formation in the studied area
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[25]. The oil intervals primarily include the Sar-8 in SEQ-4
and the Sar-3, 4, 5, 6 in SEQ-5. Sar-1 and Sar-2 zones are the
dense regional interlayers of marl, mudstone, and shale, and
the Sar-7 is mud/wackestone containing poor oil [19].

Materials and Methods

Samples and Methods

Eleven liquid hydrocarbons from drill stem test (DST), repeat
formation test (RFT), and also nineteen core plugs extract
samples were obtained from six wells in one of the oil fields
of SW Iran. All samples were from Sar-2, 3, 5, 6, 7 zones of
the Sarvak reservoir with Cretaceous age.

In this study, the crude oil inversion technique was used.
This technique is a modern approach that uses certain
aspects of crude oil’s geochemical properties to indicate
some of the characteristics of its source rock, such as
kerogen type, depositional setting, lithology, maturity, and,
in some cases, the geologic age [1]. Based on this method,
geochemical information obtained from crude oil, such as
gas chromatographic data, stable carbon isotope composition
(6"3C), biomarkers, and metal elements (nickel and
vanadium), has been used to interpret the conditions and type
of depositional environment of source rock for the Sarvak
reservoir oil samples.

The oil samples were analyzed using gas chromatography-
flame ionization detector (GC-FID), gas chromatography-
mass spectrometry (GC-MS), thin-layer chromatography-
flame ionization detector (TLC-FID), and isotope-ratio mass
spectrometry (IR-MS) instruments.

All core plugs were cleaned with water and dried at the
laboratory temperature (25°C). The bitumen was extracted
from core plugs by a 50 ml solvent containing a mixture of
90% dichloromethane (DCM) and 10% methanol (MeOH).
First, asphaltenes from live oil and extracted bitumen
were precipitated in the laboratory using normal hexane
followed by filtration. Then using column chromatography,
the deasphalted oil was fractionated to saturate, aromatic,
and polar (NSO) by eluting with n-hexane, benzene and
methanol, respectively.

Laffan Fm.

Rudist-bearing
Massive Limestone

Rudist Limestone

Chalky Limestone

Massive Limestone
with Fe-Si nodules

Sarvak Formation

Argillaceous
Limestone

Kazhdumi Fm.

Fig. 1 a) Map of Zagros structural divisions and geographical location of the studied area (Abadan Plain), b) The sedimentary sequence of

the Sarvak Formation [22].
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The whole oil was separated into saturated, aromatic, and
polar compounds (resins + asphaltenes) by latroscan MK-5
thin-layer chromatography-flame ionization detection (TLC-
FID) instrument equipped with a flame ionization detector
(FID).

Gas chromatography analysis carried out using a Hewlett-
Packard 5890 gas chromatograph equipped with a 30 m x
0.25 mm capillary column bearing 0.25 um film thickness
and a flame ionization detector (FID). The oven temperature
was programmed for 40 to 300 °C at 5 °C/min, with a final
holding temperature at 300 °C for 30 min.

Gas chromatography-mass spectrometry (GCMS) of
saturated and aromatic fractions was carried out on a
Micromass ProSpec instrument equipped with a 60 m x 0.25
mm capillary column bearing 0.25 pm film thickness. The
column oven was programmed from 50 to 350 °C at 2 °C/
min, and then it was held for 30 min at 300 °C. The saturated
and aromatic hydrocarbon biomarkers were calculated from
peak heights on the mass chromatograms.

To obtain stable carbon isotope ratios in this study, a
Horizon 2-IRMS instrument which is connected to the gas
chromatography apparatus described above, was used by us.
In this analysis, the gas column and temperature program
used were similar to those in GC-MS analysis.

Helium (He) was selected as the carrier gas in all of the
instruments in this study.

Results and Discussion
Characteristics of Bulk Oil

In this study, the bulk oil is divided into four fractions: saturate
and aromatic (hydrocarbons), resin, and asphaltene (NSO
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components). The percentage of oil components obtained
from Iatroscan analysis (TLC-FID) for several wells in the
studied field is shown in Table 1. As shown, the oils have
relatively high polar compounds (resin and asphaltene) and
relatively low saturating fraction values, except well B, which
has a high saturate fraction (maturity parameters indicate that
the oil samples from this well have the highest maturation).
The Tissot and Welte ternary diagram (1984) have also been
used to determine the type of oil group (family), as seen in
Figure 2 [26]. This diagram illustrates that samples of oil from
the Sarvak reservoirs are mostly naphthenic and paraffinic.
According to Table 2, the oil samples of the Sarvak reservoir
in the studied field have an API degree between 16.2 and
20.14. On the other hand, the sulfur content of samples has
an average of 4.6%, which is relatively high. Therefore, high
values of polar compounds and sulfur content and low API
indicate heavy oils. A low API degree and a high percentage
of sulfur in crude oil can represent biodegradation or low
maturation [27]. However, the oil samples of the Sarvak
reservoir in this field have not been probably affected by
biodegradation (due to the presence of n-alkanes in the C,
to C,, range, the absence of unresolved complex mixture-
UCM, and also, low Pr/nC , and Ph/nC , ratios in the gas
chromatograms of the Sarvak reservoir oil samples in
this study [6]). The maturity parameter indices (such as
biomarkers or aromatic compounds) represent the maturity
of peak oil generation for the Sarvak reservoir oils in this
study. Therefore, high sulfur content and low API degrees of
oils probably indicate that those are generated from marine-
carbonate source rock under anoxic conditions and contain
type II-S kerogen [28].

Table 1 Results of Iatroscan TLC-FID analysis for the oil samples of the Sarvak reservoir. Polar: Resin + Asphaltene (all of the values in

this table are the average of several oil samples from each well).

Well Saturate (%) Aromatic (%) Resin (%) Asphaltene (%) Polar(%)
A 36.86 18.57 36.29 8.27 44.56
B 60.27 4.41 28.06 7.26 35.32
D 42.71 6.04 47.42 3.82 51.24
E 28.62 10.95 54.12 6.31 60.43
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Fig. 2 Ternary diagram of various crude oil components which is used to represent the type of oil family related to the oil samples of the
Sarvak reservoirs. The samples are mainly in the naphthenic and paraffinic zones (diagram from [26]).
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Table 2 Bulk property and chemical composition of the crude oils from the Sarvak reservoir in one of the oil fields of southwest Iran. S, Ni,

and V stand for Sulfur, Nickel, and Vanadium, respectively.

Well Samples ID Interval (m) API gravity S(Wt.%) Ni(ppm) V (ppm) V/Ni V/(V+ Ni)
B S01 2762-2778 19.94 0.27 48 124 2.5 0.72
B S03 2762-2778 - - - - - -
B S04 2800-2820 18.10 - - - - -
C S02 2928-2938 16.20 5.1 37 182 4.9 0.84
C S05 2928-2938 - - - - - -
C S06 2806-2821 17.30 4.6 36 112 3.1 0.75
C S07 2806-2821 - - - - - -
D S08 2654-2664 18.50 5 38.01 107.28 2.8 0.73
D S09 2765-2778 20.14 3.24 25 81 3.24 0.76
E S18 3024-3035 19.50 - - - - -
F S21 2692-2725 19.50 5.44 29.1 98.82 33 0.77
Well Samples ID Interval (m) API gravity S(Wt.%) Ni(ppm) V(ppm) V/Ni V/(V+ Ni)

B S01 2762-2778 19.94 0.27 48 124 2.5 0.72
B S03 2762-2778 - - - - - -
B S04 2800-2820 18.10 - - - - -
C S02 2928-2938 16.20 5.1 37 182 4.9 0.84
C S05 2928-2938 - - - - - -
C S06 2806-2821 17.30 4.6 36 112 3.1 0.75
C S07 2806-2821 - - - - - -
D S08 2654-2664 18.50 5 38.01 107.28 2.8 0.73
D S09 2765-2778 20.14 3.24 25 81 3.24 0.76
E S18 3024-3035 19.50 - - - - -
F S21 2692-2725 19.50 5.44 29.1 98.82 33 0.77

Gas chromatography (GC)
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the oil generated from terrigenous organic matter (vascular
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in the gas chromatograms [29].
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Fig. 3 Two representative gas chromatograms of whole oil (sample
S05 and S09 from well C and D, respectively) related to the Sarvak
reservoir in the studied field (Pr: Pristane, Ph: Phytane).
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Also, the bimodal distribution of n-paraffins in gas
chromatograms is mainly related to waxy terrigenous oils.
However, the unimodal distribution of n-paraffins shows the
oils which are generated from marine source rocks. It should
be noted that often immature oils can also show bimodal
properties [1,6].

As shown in Figure 3, all gas chromatograms of the Sarvak
reservoir oils have a certain range of light to moderate (C,
to C,,) n-alkanes. Due to the very low presence of heavy
n-alkanes (nC,<) in gas chromatograms and the more
abundance of n-alkanes with less than 25 carbon numbers
(nC,;>), as well as almost the lack of bimodal distribution of
n-alkanes, it can be stated that the all the Sarvak reservoir oils
are essentially originated from marine organic matters.
TAR or terrigenous/aquatic ratio is one of the best parameters
for recognition of terrigenous versus aquatic organic matter
input from some peaks of n-alkanes by gas chromatograms.
This parameter is calculated from Equation 1:

TAR =(nC,, +nCy +nCy))/(nC s +nCy, +nC,,) (1

The calculated TAR in this study indicates very low values
(average: 0.14 in Table 3) and proves that the Sarvak reservoir
oils in the studied field are essentially from marine sources [30].

Table 3 Parameters calculated from GC-FID chromatograms of the
crude oils from the Sarvak reservoir, CPI: Carbon preference index.
TAR: Terrigenous aquatic ratio.

Well Samples ID CPI TAR
B S01 0.98 0.14
B S03 0.96 0.15
B S04 0.97 0.28
C S02 1.03 0.14
C S05 0.97 0.15
C S06 0.95 0.07
C S07 0.98 0.06
D S08 1.01 0.15
D S09 0.98 0.14
E S18 0.97 0.15
F S21 1 0.15

Acyclic Isoprenoids (Saturated Biomarkers)

This group of biomarkers has a linear structure built up of
Isoprene units. Two important types of acyclic isoprenoids,
which are very useful in detecting source rock conditions, are
pristane and phytane [28].

An increase in pristane relative to phytane indicates that the
source rock is deposited in an oxic environment (such as the
peat bogs) and vice versa. The phytane increase relative to
pristane represents a source rock with an oxic depositional
environment [28.31]. Peters et al. suggested that the high
ratio of pristane to phytane (more than 3) indicates the
continental (terrigenous) organic matter input and the source
rock with oxic conditions, while low values of this ratio
(less than 0.8) represent the marine carbonate depositional
environment and an oxic conditions [6]. As shown in Figure
3, all gas chromatograms of the analyzed Sarvak reservoir
oils display low pristane values relative to phytane (Pr/Ph:
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0.566 to 0.908 in Table 4). Therefore, the slight even/odd
n-alkane predominance and the low Pr/Ph values suggest
likely the abundance of algal organic matter and type II-S
kerogen deposited under reducing conditions.

A useful plot of the Ph/nC ¢ against Pr/nC , was presented
by Talukdar et al. in 1993 and Hunt in 1996 [28,32]. In this
plot, valuable information about the source rock, including
its reduction or oxidation, type of kerogen, the relative levels
of maturity, and biodegradation of the oil can be obtained.
This plot has been used for the Sarvak reservoir oils (Figure
4). In this figure, the oil samples are all located in the range of
marine source rock under reducing conditions, and they are
rich in type II kerogen.

Terpenes

In this study, terpenes were monitored using m/z 191 mass
chromatogram by GC-MS instrument. Hopanes, as one of the
types of terpenes, are a subset of triterpenes with five carbon
rings, and they are found in the cell membrane of prokaryote
organisms such as bacteria. Therefore, the abundance of these
biomarkers in crude oil shows that the amounts of bacterial
source input have been high [6,28]. The most important
hopanes in crude oils include Bisnorhopane, Trisnorhopane,
Gammacerane, and Oleanane.

C,,/C,, hopane ratios for Sarvak reservoir oil samples are
values ranging from 1.440 to 1.211 (average: 1.304). The
high values of C,/C,, hopanes (greater than 1) indicate
strongly reducing conditions [6]. Also, it was found out by
Connan et al. in 1986 that C,/C, hopane ratios for carbonate
environments are more than 0.8 [33]. The Sarvak oils have
C,,/C,, hopane ratios from 1.125 to 1.208 (average: 1.164).
Therefore, high values of C,5/C,, and C,/C, hopane ratios
in the oil samples represent a source rock that is deposited in
a carbonate environment under strongly anoxic conditions.
To better understand the above description, a cross-plot of
C,,/C,, hopanes versus C,./C,, hopanes has been drawn, as
seen in Figure 5.

One of the important parameters for evaluating oil and source
rock maturity is Ts/(Ts+Tm) Trisnorhopane ratio [28]. The
full names of Ts and Tm are trisnorhopane-18a(H)-22,29,30
and trisnorhopane-17a(H)-22,29,30, respectively.  Ts/
(Ts+Tm) appears to be sensitive to clay-catalyzed reactions.
For example, oils from carbonate source rocks have low Ts/
(Ts+Tm) ratios compared to those from shales [33]. The Ts/
(Ts+Tm) in this study is between 0.146 to 0.173 (average:
0.16). Since the Sarvak reservoir oils in this field have a
marine-carbonate source rock, the low Ts/(Ts+Tm) ratios
in this study could be due to marine-carbonate minerals and
the absence of clay-catalyzed reactions in the source rock.
However, increasing thermal maturity can also reduce this
ratio. Oleanane index (oleanane/oleanane +C, hopane) as one
of the most suitable source indicators is used for identifying
the origin of the oils with deltaic sedimentary environments
and the amounts of organic matter inputs of terrestrial plants
to the environment, especially the Angiosperms, which
are associated with Upper and younger Cretaceous. The
oleananes are probably derived from the five-ring triterpenes
secreted from angiosperms [35].

According to Table 4, the oleanane index for all samples is
equal to 0.00.
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oils in the studied field. As can be seen, the oil samples have been
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type II kerogen [28,32].
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Table 4 GC-MS data as calculated from mass chromatogram peaks of the crude oils from the Sarvak reservoir in the studied area (Iso-

prenoids, Terpenes, and Steranes).

Isoprenoids Steranes (m/z 217) Terpanes (m/z 191)

Sam- Bp/ C H y

. [20S/20S+R 2 Ol/ [Hopane,

el le]e)s pri/phjpri/nC,(ph/nC |C,, (%)|C,, (%)|C,, (%)|C,/C,, SSFIZ/ia aoo C, (X.(grﬁ p TsTﬁl/"m CC”/ %5/ 2}21(5);2155;1{ G/c,, |C,, Sterane

sterane sterzzigne v " pane

B | SO1 |0.59 | 0.178 | 0.332 | 0.312 | 0.274 | 0.414 | 0.66 | 0.093 0.556 0.637 | 0.173 [1.177| 1.44 | 0.581 0.013 | 0 | 091
B | S03 |0.566| 0.171 | 0.339 | 0.309 | 0.27 | 0.421 | 0.641 | 0.096 | 0.537 0.642 | 0.172 [1.184|1.355| 0.577 [0.013| 0 | 0.89
B | S04 |0.618| 0.179 | 0.324 | 0.297 | 0.271 | 0.431 | 0.629 | 0.094 | 0.523 0.641 | 0.17 [1.192]|1.386| 0.578 | 0.013 | 0 | 0.91
C | S02 [0.623| 0.157 | 0.3 | 0.319 | 0.264 | 0.417 | 0.635 | 0.074 | 0.536 0.633 | 0.146 [1.133]|1.234| 0.573 0.013 | 0 | 0.85
C | S05 [0.599] 0.145 | 0.283 | 0.301 | 0.24 | 0.459 | 0.522 | 0.075 0.53 0.624 | 0.147 [1.131]|1.214| 0.575 0.013 | 0 | 0.87
C | S06 [0.908]| 0.287 | 0.372 | 0.297 | 0.258 | 0.445 | 0.581 | 0.095 0.489 0.613 | 0.148 [1.125|1.213| 0.574 [ 0.012| 0 | 0.86
C | S07 [0.89]0.278 | 0.367 | 0.321 | 0.245 | 0.433 | 0.566 | 0.092 | 0.501 0.625 | 0.149 [1.127|1.211| 0.574 [ 0.012 | 0 | 0.86
D | S08 |0.591| 0.176 | 0.342 | 0.324 | 0.252 | 0.424 | 0.594 | 0.094 | 0.533 0.64 0.17 |1.208| 1.39 | 0.577 | 0.013| 0 | 0.92
D | S09 |0.597| 0.165 | 0.306 | 0.316 | 0.261 | 0.423 | 0.616 | 0.079 0.53 0.637 | 0.162 [1.181] 1.4 0.578 [0.013 ] 0 | 091
E [S18[0.63| 0.16 | 0.294 | 0.314 | 0.247 | 0.438 | 0.564 | 0.069 | 0.546 0.639 | 0.16 |[1.148|1.243| 0.572 [ 0.012 | 0 | 0.87
F | S21 (0.572| 0.162 | 0.333 | 0.278 | 0.274 | 0.448 | 0.612 | 0.082 | 0.553 0.64 | 0.167 |1.206(1.262| 0.577 0.01 | 0| 0.88

Pr: Pristane. Ph: Phytane.

C,, (%): C,,/ C,,+C,+C,, regular sterane.
G/C,;: Gammacerane/C30 hopane

Tm: C,, 17a(H)-22,29,30-trisnorhopane.

Therefore, due to the absence of oleanane in all samples
of the Sarvak reservoir in this field, it can be said that the
oils of this reservoir are derived from a source rock older
than the Upper Cretaceous and Tertiary, which the source
rock does not have terrigenous plants organic matter input,
such as angiosperms (flowering plants) and younger than the
angiosperms. However, it should be noted that the absence
of oleanane does not always prove that crude oil is generated
from Cretaceous or older rocks [6].

Gammacerane indicates a stratified water column in marine
and non-marine source rock depositional environments
resulting from hypersalinity at depth [36]. An increase in
salinity of the depositional environment results in a high
concentration of gammacerane. Among biomarker data,
as seen in Table 4, gammacerane index (gammacerane/
gammaceranetC30hopane) is very slight (average: 0.01). It
may indicate the low salinity of the source rock depositional
environment of the Sarvak reservoir oils.

C,/C,,: C,/C,, hopane.
Ts: C,, 18a(H)-22,29,30-trisnorneohopane.
C,/C,,: C,/C,, hopane.

C,; (%): C,y/ C,+C+C,, regular sterane
Ol/C,: Oleanane/Oleanane + C,0 hopane
C,, (%): C,/ C,,+C,+C,, regular sterane.

Steranes and Diasteranes

Steranes and diasteranes are displayed in the m/z 217
mass chromatograms. C_, Che and C,, steranes are most
commonly found in algae, marine organisms, and higher
plants, respectively [37]. These biochemical molecules are
derived from eukaryotic organisms [38]. The restructuring of
the steranes also causes diasteranes.

Using ternary diagrams of the C,, C,, and C,, regular
steranes, the source rock’s characteristics can be determined
based on the type of organisms generating oil and sedimentary
environment [28,37,39.40]. In Figure 6 (a, b and ¢), an
example of ternary diagrams of C,, C,, and C, regular
steranes for oil samples from the Sarvak reservoir is shown.
In these three diagrams, all oil samples from this reservoir
are limited to the marine-carbonate environment, and they
are rich in planktonic organic matter.
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Fig. 6 Determination of relationships between sterane homologs
(C,,, C,, and C,)) for the study of organic matter input and
depositional environment of source rock for the Sarvak reservoir oil
samples in the studied oil field. a: Ternary diagram of C,, C,,, and
C,, regular steranes show the type of oil-generating microorganisms
[37] and b, c: Ternary diagrams of C,, C,., and C,  regular steranes
show the type of depositional environment of the source rock (both
diagrams indicate marine depositional environment for the source
rock of Sarvak oils) [37, 40].

As shown in Table 4, the abundance of C,, regular steranes
is higher than that of C, and C,, regular steranes. Although
more abundance of C,, regular steranes in crude oils indicate
a strong land plant terrestrial contribution, the abundance of
C,, regular steranes in this study cannot express the origin
of oil from land plants. Because, according to the previous
studies, [41-43], the abundance of C, regular steranes in
marine and pelagic carbonate source is mainly due to C,,
sterols secreted from the microalgae (e.g. diatoms). By
considering all oil samples in this study, it is found out that
the source is marine-carbonate; also, all oil samples have
low TAR values (Table 3); therefore, these oils are probably
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related to deep-marine microorganisms.

There is a general increase in the relative content of C,
steranes, and also, there is a decrease in C, steranes in marine
petroleum through geologic time [6,40,44]. C/C 9 steranes
are less than 0.5 for Lower Paleozoic and older oils, 0.4 —
0.7 for Upper Paleozoic to Lower Jurassic oils, and greater
than ~0.7 for Upper Jurassic to Miocene oils [44]. Average
value of C,,/C,, sterane ratio for Sarvak oil samples is 0.601
(minimum= 0.52 to maximum= 0.66) (Table 4). This value
indicates that the oils are related to Upper Paleozoic to Triassic
and Lower Jurassic. Figure 7 shows that the variation of the
C,/C,, sterane ratio versus geological time, together with
the oil-producing microorganisms for the Sarvak reservoir
oils, is illustrated. As can be seen, the C . /C , ratio covers the
range of dinoflagellates and coccolithophorids (Shaded area).
Also, this range intersects a hypothetical curve in Jurassic,
Triassic, and Permian. It corresponds to the absence of an
oleanane biomarker in the Sarvak oil samples.
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Fig. 7 Relationship between the geological age and C,/C, steranes
for oils from marine organic matter source [44]. The shaded area is
related to C,,/C,, sterane ratios for Sarvak reservoir oils.
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Carbonate source rocks tend to have lower amounts of
diasteranes [6]. As a result, low values of diasteranes/
diasteranes + sterane ratios sometimes indicate carbonate
environments. Moreover, diasteranes/ diasteranes + sterane
ratios in oil samples from the Sarvak reservoir range from
0.069 to 0.096, with an average of 0.085 that represents very
low values (Table 4), indicating marine-carbonate source
rock for the studied oils.

Therefore, it seems that the very low values of diasterane/
diasterane + sterane and Ts/Ts+Tm ratios in this study have
not been affected by the maturation of oil.

Elemental Analysis (Trace Eelements)

Nickel and vanadium are inherited from the source rocks in
Porphyrin molecules. Therefore, the final crude oil contains
information about the source rock’s Ni/V ratio [ 1]. The crude
oils from the marine carbonate source rock include a low
Ni/V ratio, low wax, and high sulfur content. Vanadium, more
than a nickel in such environments, can be due to reducing
conditions of source rock, which this state of vanadium in the
structure of porphyrin is more stable than a nickel. The oils
generated from terrigenous organic matter (lacustrine) have
high wax, low sulfur content, and high Ni/V ratios [28]. In
Figure 8, the V/(V+Ni) against sulfur content (wt.%) for oil
samples from the Sarvak reservoir is demonstrated. The oil
samples in this plot belong to the marine carbonate source
rock deposited under anoxic conditions [45].
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Fig. 8 Cross-plot of sulfur content (%) versus V/(V + Ni) of the
analyzed samples in ppm for Sarvak reservoir oils in the studied
field. The samples are related to a marine carbonate source rock that
was deposited under anoxic conditions [45].

Changing the vanadium to nickel ratios is also possible to
determine the type of depositional environment and oxic or
anoxic conditions of source rock. It means that the ratios of
V/Ni more than 3 represent anoxic conditions. V/Ni ratios
between 1.9 and 3 represent sub-oxic conditions, and V/Ni
less than 1.9 account for the completely oxic environments
[46]. The V/Ni ratios of analyzed oil samples from the Sar-
vak reservoir range from 2.5 to 4.9 (average: 3.3 in Table 2),
indicating that the source rock of these oils deposited in a
sedimentary environment under mainly reducing conditions.
Stable Carbon Isotope Composition (6*C)

One of the most important means in the study of crude oil
inversion is the carbon isotope ratio (3'3C) of oil samples [7].
By calculating a parameter called “Canonical Variable” (CV)
and plotting it against Pristane/Phytane ratio, the source rock
conditions for oil samples can be determined. The values of
CV can be calculated from Equation 2 [47]:

2)

CV for waxy terrigenous oils is more than 0.47 (CV> 0.47).
This value is less than 0.47 (CV <0.47) for marine and non-
waxy oils [47]. In Table 5, stable carbon isotope composition
and calculated CV for the Sarvak reservoir oils are shown. In
Figure 9, CV values have been plotted against the Pristane/
Phytane ratio. This plot indicates that the oil samples are
completely related to the marine source rock with anoxic
(reducing) conditions.

Using the graph of carbon isotope ratio (8'*C) of whole
oil against Pristane/Phytane ratios can also be determined
the age and depositional environment of source rock [48].
Figure 10a illustrates this graph for oil data from the Sarvak
reservoir in the studied field. All samples are located in the
Mesozoic carbonate source rock range.

CV =-2.53 6"C saturate +2.22 o"°C aromatic —11.65

Table 5 Stable carbon isotope ratios (3"°C) and CV values for three
representative Sarvak reservoir oil samples.

Well | SamplesID (“/ii;gat (‘Yil;gro \?\;;%l(e%;i)l cv
C S02 -27.23 | -27.78 -27.39 -4.43
C S06 -27.35 | -27.75 -27.33 -4.06
D S08 -27.47 | -27.72 -27.48 -3.69

Canonical variable.

Sat stands for Saturate, Aro stands for Aromatic, and CV stands for

46

Journal of Petroleum Science and Technology 10 (2020) 3-52

Terrestrial oil
(Oxidizing)

Canonical Variable (CV)

Marine oils
(Reducing)

haat)

S06|
502

® wellC
© WellD

0

T

T T
PriPh

3

Fig. 9 Cross-plot of calculated CV values versus Pr/Ph ratios for
Sarvak reservoir oil samples. As can be seen, these oils have a
marine source rock with reducing conditions [47].
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Fig. 10: a) Cross-plot of Pr/Ph ratio versus 8"°C of whole oil that
shows a marine-carbonate environment for the source of Sarvak
reservoir oils in the studied field [48]. b) Stable carbon isotope
ratios (in per mile) for saturated versus aromatic hydrocarbons. This
plot demonstrates that the source rock for Sarvak reservoir oils is
derived from mainly marine organic matter (modified after [47]).

The carbon isotope ratio of saturated and aromatic oil
fractions has well introduced its efficiency for studying source
rocks. Sofer (1984) determined Two types of sedimentary
environment for source rocks by plotting the carbon isotope
ratio of these two hydrocarbon fractions against each other
in 1984 [47]. This plot is used for the Sarvak reservoir oils
(Figure 10b). In this plot, oil samples are located in the
marine source rock area.

Thermal Maturity

Maturity From Normal Alkanes And Isoprenoids

Distribution of n-paraffins in over mature oils in the gas
chromatograms is mostly unimodal. In this case, the
distribution of n-alkanes moves toward the lighter part
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of the oil, and it becomes unimodal [1]. In most cases, such
as oils with low maturity, waxy terrigenous oils also have a
bimodal gas chromatogram. In order to differentiate them,
other parameters, such as biomarkers, are used [1,6]. In the gas
chromatograms of Figure 3, the peaks related to heavy n-alkanes
are very low. Therefore, the more abundance of hydrocarbons
in these two gas chromatograms is related to light to medium
n-alkane peaks (C, to C,), representing mature oils.
As can be seen in the gas chromatograms of Figure 3, a
slight abundance of n-alkanes with an even number of
carbons relative to those with an odd number of carbons is
mainly predominant. By increasing maturity, the abundance
of n-alkanes with an even number of carbons will increase.
However, the oils with lower maturation have an odd number
of carbons predominance in n-alkanes [49].
Bray and Evans (1961) obtained a carbon preference index
(CPI) for the range of C,, to C,, by studying the present
sediments and crude oils [50]. It is calculated from Equation
3):
Pl 05 >'C,, to Cy, Odd n - Paraffins Y C,,to Cy; Odd n — Paraffins
ZCZZ to C,, Even n — Paraffins ZCm to C,, Even n — Paraffins

Oils with lower maturation or immature source rocks have
a CPI more than 1, and oils with over maturation or mature
source rocks have a CPI about 1 [49].

As shown in Table 3, the calculated CPI for oil samples is
about 1. It indicates that the maturation of Sarvak reservoir
oils is relatively high.

Aromatic Hydrocarbon Maturity Parameters
Methylphenantrene index (MPI-1) derived from thermal
extract GC-MS for the Sarvak reservoir core samples is 0.71
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to 0.82, indicating a high maturation level.
Vitrinite reflectance (%Rc) was calculated from MPI-1 and
MDR (as seen in Table 6) according to Equations 4 and 5 [51]:

%Rc =0.6 MPI -1 + 0.4
Where MPI =1 =1.5 (3= MP +2—~MP)/(P +9—MP +1-MP).

“4)
%Re =06 MP[ -1 + 0.4
Where MPI 1 =1.5 (3~ MP +2~MP)/(P +9~MP +1- MP).

©)
The calculated vitrinite reflectance (%Rc) based on MPI-1
values for the studied samples is in the range of 0.86 to 0.89
(average: 0.86), and the %Rc based on MDR is in the range
of 0.64 to 0.69 (average: 0.66), indicating a high level of
thermal maturation (approximately peak oil window).
All extracts of core samples in this study have MDR
(4-MDBT/1-MDBT) between 1.9 and 2.47 (Table 0),
indicating relatively high sulfur contents. High values of MDR
correspond with a marine-carbonate source under strongly
anoxic conditions. However, biodegradation may also have
resulted in sulfur enrichment, as benzothiophenes and high
molecular weight hetero-compounds are resistant to bacterial
degradation [26]. In Figure 11, a cross-plot of MDBT/MP
against Pristane/Phytane for the Sarvak reservoir oils in this
field is shown. As shown, all samples related to marine-
carbonate depositions, and they were rich in sulfur. Lower
values of pristane relative to phytane additional high values of
MDBT in this study (Table 4 and 6) prove the presence of H,S
gas caused by sulfate-reducing bacteria and rich sulfur organic
matter (modified from [52]), [53].

Table 6 Aromatic compounds and parameters calculated from GC-MS chromatograms for the Sarvak reservoir oils.

Well MPI-1(m/z 192) (MDR)(m/z 198) MDBT/MP %Rc (based on MPI-1) %Rc (based on MDR)
A 0.800 2.472 3.09 0.88 0.69
B 0.774 2.081 2.68 0.86 0.66
D 0.714 1.903 2.66 0.82 0.64
E 0.826 2.414 2.92 0.89 0.68
Well MPI-1(m/z 192) (MDR)(m/z 198) MDBT/MP %Rc (based on MPI-1) %Rc (based on MDR)
A 0.800 2.472 3.09 0.88 0.69
B 0.774 2.081 2.68 0.86 0.66
D 0.714 1.903 2.66 0.82 0.64
E 0.826 2414 2.92 0.89 0.68
Well MPI-1(m/z 192) (MDR)(m/z 198) MDBT/MP (Re (based on MPI-1% (Re (based on MDR%
A 0.800 2.472 3.09 0.88 0.69
B 0.774 2.081 2.68 0.86 0.66
D 0.714 1.903 2.66 0.82 0.64
E 0.826 2414 2.92 0.89 0.68
Well MPI-1(m/z 192) (MDR)(m/z 198) MDBT/MP (Re (based on MPI-1% %Rc (based on MDR)
A 0.800 2.472 3.09 0.88 0.69
B 0.774 2.081 2.68 0.86 0.66
D 0.714 1.903 2.66 0.82 0.64
E 0.826 2414 2.92 0.89 0.68

(PM-1 + PM-9 + P) /(PM-2 + PM-3) x 5.1 = (xedni enertnanehplyhtem) 1-IPM .enertnanehplyhtem :PM

enehpoihtoznebid lyhtem :TBDM

TBDM-1 /TBDM-4 = (oitar enehpoihtoznebid lyhtem) RDM
4.0 + 1-IPM x 6.0 = (1-IPM no desab) cR%

15.0 + RDM x 370.0 = (RDM no desab) cR%
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Saturated Hydrocarbon Maturity Parameters

To evaluate thermal maturity of the Sarvak reservoir oils,
some parameters based on saturated hydrocarbons, for
example, C,; sterane BR/(BB+aw), C, sterane 20S/20S+20R,
Ts/Ts+Tm trisnorhopane, C,, 225/(225+22R) homohopanes
have been used [54,55]. The stability of BB configuration
relative to ao and 20S configuration relative to 20R in C,,
steranes becomes higher during thermal maturation. Therefore,
by increasing thermal maturity, the ratio of Bp/(Bp+ac) and
20S/20S+20R will increase [6]. Homohopanes (C, -C,,) occur
in the 17B(H) configuration in immature sediments with only
the 22R epimer. During the diagenesis stages, this epimer is
gradually converted to a mixture of 22S and R with increasing
maturity [28]. As aresult, with an increase in crude oils’ thermal
maturity, the ratio of 22S/(22S+22R) also increases. Also, 22S
is a geological epimer, and 22R is a biological epimer [56].
The values of C, sterane BP/(Bp+aa) and C, sterane
20S/20S+20R for the Sarvak oil samples are in the range
of 0.613 to 0.642 and 0.489 to 0.556, respectively, as seen
in Table 4. In Figure 12, the variation of BB/(Bp+aa) versus
20S/20S+20R in C,, steranes for Sarvak reservoir oil samples
in the studied field is shown. As can be seen, all samples
represent relatively high maturity. In this diagram, a high-
resolution section is obtained where the maturity trend of the
Sarvak oil samples can be observed. The lowest maturation
is related to well C.
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Fig. 12 Cross-plot of C,, sterane BB/(BB+aa) versus C,  sterane
20S/20S+20R. Determining the thermal maturity range with the
Biomarker maturity parameters [57]. A zoomed portion of the figure
details the thermal maturity trend of Sarvak reservoir oil samples in
the studied field.

Also, the C,, homohopane 225/(22S+22R) ratios for the
Sarvak oil samples are in the range of 0.572 to 0.581, as seen
in Table 4. Figure 13 is a cross-plot of C,, homohopane 225/
(228+22R) versus C,, sterane BB/(BB+on) that was presented
by Peters and Moldowan in 1993 [57]. The plot has been
used for the Sarvak reservoir oil samples. As can be seen in
this plot, this reservoir’s oils indicate the maturity of the peak
oil generation stage. Based on this plot, oil samples from
well C have the lowest maturity, and well B samples have the
highest maturity.

Possible Origin of the Sarvak Reservoir Oils

So far, the economic accumulation of oil in the Abadan Plain,
from the Gadvan and Kazhdumi source rocks, has not been
reported [21].
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Fig. 13 Cross-plot of C,, Sterane Bp/(BB+aa) versus C,,
Homohopanes 22S/(22S+22R) for Sarvak reservoir oil samples
[57]. As shown in this figure, the Sarvak reservoir oil samples are in
this plot’s peak oil window area. In the high-resolution section, the
maturity of oils has been shown.

By observing rock-Eval pyrolysis of Kazhdumi Formation
in the Abadan Plain, it was found out by Zeinalzadeh et al.
in 2018 that this formation has very good TOC contents, and
it is fair to good genetic potential. In addition, it was shown
that the Kazhdumi Formation with relatively low Tmax and
PI is at the thermally immature to early oil generation stage.
It is also worth noting that all these parameters are given in
Table 7 on average [21].

According to the study which has been carried out by
Habibnia et al. in 2015, the variation of S1+S2 and TOC
parameters for Kazhdumi Formation has indicated that this
formation is assessed as a good source rock for hydrocarbon
generation in the Azadegan oilfield. By examining Tmax
and HI parameters, it was also shown that this formation has
a mixture of type II/III kerogen; therefore, it is not mature
enough to generate hydrocarbon. It has not yet entered into
the oil generation window [58]. This is largely following
the findings of Koraei et al. in 2017 [59]. The values of the
mentioned parameters are shown in Table 7 on average.
Therefore, although the Kazhdumi Formation has a good
potential for the generation of hydrocarbon in the Abadan
Plain, due to insufficient maturity, its role in the high
production of hydrocarbon for the Sarvak reservoir is unclear.
Elemental analysis results of the Garau and Sargelu formations
in the Darquain oilfield (Abadan Plain) reveal 11.6 and 7.4 to
9.6 (average: 8.5) wt.% sulfur content for these formations,
respectively, which it allows us to classify these as source
rocks containing high-sulfur type II-S kerogen [21,60].
Relatively high values of TOC, HI, and Tmax from the Rock-
Eval pyrolysis for the Garau and Sargelu formations (Table
7) classify those as good to excellent potential source rocks
with maturity in peak oil generation in the Abadan Plain
[16,17,21,61]. All of the above for the Garau and Sargelu
formations are consistent with the maturity of peak oil-
generative window and high sulfur content (4.6 wt.%) of the
Sarvak oil samples in this study.

As can be seen in Table 8, organic geochemical data obtained
from the Sarvak reservoir oil samples are almost correlatable
with organic geochemical data obtained from the Garau and
Sargelu source rocks in most cases.
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Table 7 Some Rock-Eval pyrolysis data related to the Sargelu, Garau, and Kazhdumi formations in the Abadan Plain (all of the values in
this table are the average of the data obtained from several samples of each formation) [16,17,18,21,61,58,59].

) Rock-Eval pyrolysis data
Formation
TOC (%) S, (mg/g) S, (mg/g) T (€O HI (mg/g) V% PI
Sargelu 1.8 0.84 2.26 445 155 0.80 0.30
Garau 1.6 1.76 4.06 443 220 0.90 0.28
Kazhdumi 2.1 0.57 4.92 429 247 0.57 0.16

TOC: Total Organic Carbon, T __: Maximum Temperature, HI: Hydrogen Index, Vr%: Vitrinite reflectance, PI: Production Index (S /S +S,)

Table 8 A comparison between organic geochemical important data related to the Sarvak reservoir oils and Sargelu, Garau, and Kazhdumi
source rocks in the Abadan Plain (all of the values in this table are the average of the data obtained from several samples of each formation)

[16,17,18,21,62].
Organic geochemical data (GC and GC-MS)

Formation Ts/ C C C $13C 81°C
CPI | TAR | Pr/Ph | Pr/nC , | Ph/nC G/C 2 2 s | C /C Aro | MPI-1 | V%

1 S TetTm | % | 5og/R [208/R | BR/oc | 20 30 | Sat(%o) )

00
Sarvak [0.99]0.14 | 0.65 0.18 0.32 0.16 | 0.01 | 0.57 | 0.53 | 0.63 1.16 -27.35 |-27.75| 0.77 | 0.86
Sargelu |0.98]0.15| 0.7 0.42 0.5 040 | 0.02 | 0.56 | 0.52 | 0.58 1.32 -27.27 |-2647| 0.74 | 0.80
Garau |1.04]0.14| 0.59 | 0.47 0.68 0.55 0.11 | 0.59 | 0.44 | 0.53 1.12 -28.40 |-28.00( 0.71 | 0.90
Kazhdumi | 1.02| - | 0.52 0.43 0.54 0.40 - 0.54 | 0.35 | 0.37 0.84 - - 0.70 | 0.57
Pr: Pristane. Ph: Phytane, Vr%: Vitrinite reflectance, Ts: C,, 18a(H)-22,29,30-trisnorneohopane

G/C,;: Gammacerane/C30 hopane,
C,/C,: C,/C,, hopane,
C,, Bp/aa: C,, Sterane /Bf+aa,

9
Sat: Saturate,

In Table 8, biomarker maturity parameters (i.e. C,, Bp/a0, C,,
20S/R and C, 225/22R) for the Kazhdumi Formation indicate
the lower values in comparison with the other formations.
It is consistent with the low values of Vr%, Tmax, and PI
for this formation in Table 7 (according to Hunt in 1996, by
decreasing maturity of organic matter, these parameters will
be gradually decreased [28]).

For a better comparison of the organic geochemical data in
Table 8, some important parameters in this table were drawn
on the star diagram, as seen in Figure 14,

MPI-1

C,,225/R

C,,205/R

Sarvak
Sargelu
Garau —_——
Kazhdumi

¢, Blaa

Fig 14 Star diagram of several important geochemical parameters
from Sarvak, Sargelu, Garau, and Kazhdumi formations.

All curves in this diagram show the same trend except the
Kazhdumi Formation, with a slight difference from the
others.

Therefore, the results of the interpretations and comparisons

Tm: C,, 17a(H)-22,29,30-trisnorhopane,
C,, 225/R: C,, Homohopane 22S/22S+22R,
C,, 20S/R: C,, Sterane 20S/20S+20R,

TAR? zl"errigenous/Aquatic Ratio
CPI: Carbon Preference Index
Aro: Aromatic

MPI-1: Methylphenantrene index

made above could largely reflect that the source(s) of the
Sarvak reservoir oils in this study could be from the organic-
rich parts of the Sargelu and/or Garau formations.

Conclusions

«In this paper, based on the fractions obtained from the Thin-
layer chromatography analysis, it was found out that the
composition of all oils from the Sarvak reservoir is mostly
naphthenic and paraffinic. Due to the high sulfur content and
low API gravity, these oils were considered relatively heavy.
*Using saturated and aromatic biomarker data, carbon isotope
ratio (C'9), trace elements (nickel and vanadium), sulfur
content (wt.%), and distribution of normal paraffin obtained
from gas chromatograms, it was determined that the Sarvak
reservoir oils in the study area have a marine-carbonate
source rock deposited under anoxic conditions.

*The study of carbon isotope ratios (C'38) represented that
the Sarvak oils have a Mesozoic source rock. Also, C, /C,,
sterane ratio represents upper Paleozoic and Lower Mesozoic
oils. These two pieces of evidence are consistent with the
absence of oleanane in Sarvak oils that prove these oils did
not derive from upper Cretaceous and Tertiary source rocks.
*The maturation of petroleum was determined by the
distribution and frequency of normal paraffin via the
gas chromatograms and biomarkers as thermal maturity
indicators, including C,, sterane BB/(Bp+ow), C,, sterane
20S/20S+20R, Ts/Ts+Tm trisnorhopane, and C,, 22S/
(22S+22R) homohopanes. The results of this evaluation
suggest that all oil samples of the Sarvak reservoir have
relatively high maturity.
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In this study, the low Ts/Ts+Tm and diasterane/diasterane +
sterane values are mainly due to carbonates in the source rock
of the Sarvak reservoir oils, not due to their low maturity.
*Despite the heavy and rich sulfur content of the Sarvak
reservoir oils, the oil maturity is relatively high. This
indicates a contradiction as the crude oil's thermal maturity
increases, the sulfur content decreases, and the API increases.
According to the high content of sulfur and the detection of
carbonate source rock in this study, this was attributed to the
presence of sulfur-rich kerogen (type II-S). However, for
taking a closer look at this issue, more data from crude oil
are required.

*Based on previous studies, the Garau and Sargelu formations
are known as two important source rocks in the Abadan Plain
with maturity in the peak oil generation stage and good-
excellent hydrocarbon generation potential. Ultimately,
comparing the most important organic geochemical data of
these two formations with Sarvak oil samples in this study
shows that the Sarvak oils are derived probably from organic-
rich parts of the Sargelu and/or Garau formations.
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Nomenclatures

CPI: Carbon preference index

DST: Drill stem test

RFT: Repeat formation test

GC: Gas chromatography

GC-MS: Gas chromatography-mass spectrometry
IR-MS: Isotope-ratio mass spectrometry
TLC-FID: Thin layer chromatography
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