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Abstract
The Ahwaz oilfield is located in the Dezful embayment of the Zagros fold-thrust belt in SW Iran. The
oil source rocks predominantly with the argillaceous lithologies include the Kazhdumi, Gurpi, and
Pabdeh formations as well as the basal part of the Asmari Formation. The concentrations of the major,
trace, and rare earth elements (REEs) of these lithologies were determined using x-ray fluorescence
spectroscopy (XRF) and inductively coupled plasma-emission/mass spectrometer (ICP-ES/MS), in
order to infer the geochemical characteristics of the oil source rocks. The North American Shale
Composite (NASC)-normalized major oxides displayed a positive anomaly in CaO, negative anomalies
in other oxides and no anomaly in P2O5. According to the spider diagram of normalized trace element,
there was enrichment in V, Ni, Cu, Cd, Pb, and Th values. In the NASC-normalized REEs pattern, the
oil source rocks mostly display a smooth distribution shape, negative cerium anomaly, and slightly
positive anomaly in the middle rare earth elements (MREEs: Sm-Ho) values. The concentration of V,
Ni, Co, and their ratios suggested a mixed marine and terrigenous source input. The ratios of redoxsensitive elements such as Ni/Co, V/Ni, V/V+Ni, Th/U, and Ce/Ce* suggested that the oil source rocks
were mainly deposited under anoxic condition.
Keywords: Geochemistry, Oil source rocks, Ahwaz oilfield, Zagros, Iran.

Introduction
The oil source rocks are organic matter-rich sedimentary rocks with oil generating potential
(Tissot and Welte, 1984). Type of organic materials, depositional environment, climate change,
and redox condition have been shown to play effective roles in the concentration of trace
elements (e.g., V, Ni, and Co) and REEs in the oil source rocks (Lewan, 1984; Barwise, 1990;
Udo et al., 1992; Akinlua et al., 2010; Wang et al., 2015). Accordingly, REEs, which are
relatively immobile, generally exhibit similar chemical properties from the provenance to the
depositional setting (Henderson, 1984). The oil source rocks have been extensively studied by
rock eval pyrolysis and biomarkers while the geochemical characteristics of the rock matrix
(especially REEs) have been rarely investigated.
The most important feature of the Zagros zone is the occurrence of the supergiant oilfields,
which makes it one of the most prolific region worldwide (Alavi, 2004, 2007). Dezful
Embayment as a part of the Zagros zone has 45 oilfields, some of which e.g., Ahwaz, Mansuri,
Agha-Jari, Rag-e-Safid, and Marun are categorized as supergiant oilfield (Fig. 1). Several oil
source rock formations with various geological ages are deposited in the Ahwaz and other
oilfields in the southwestern Iran, including the Gadvan (Barremian-Aptian), Kazhdumi
* Corresponding author e-mail: masoodalipour@shahroodut.ac.ir
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(Aptian-Albian), Gurpi (Campanian-Masstrichtian), Pabdeh (Paleocene-Oligocene), and the
basal shale of the Asmari (Oligocene-Miocene) formations (Fig. 2; McCord, 1974; Bordenave
and Burwood, 1990; Bordenave and Hegre, 2010). Several studies have been conducted on the
source rock formations in the Ahwaz as well as in the other oilfields of the Zagros fold-thrust
zone (e.g., Bordenave and Sahabi, 1971; Bordenave et al., 1970; Bordenave and Nili, 1973;
Bordenave and Hegre, 2010). The petroleum systems of the Zagros fold belt and offshore Iran
were investigated using pyrolysate data, δ13C and δ34S isotopes of various source rocks and
crude oil samples (e.g., Bordenave and Hegre, 2010; Rabbani and Bagheri-Tirtashi, 2010).
According to the obtained results, the Kazhdumi and Pabdeh formations were found as the main
effective source rocks, which reached the onset of oil expulsion 1 to 10 Myr after the beginning
of the Zagros folding, while the Gadvan and Gurpi formations were found as the subordinate
source rocks in this region (Bordenave and Burwood, 1990, 1995; Bordenave, 2002; Bordenave
and Hegre, 2010; Rabbani and Bagheri-Tirtashi, 2010). The potential of source rocks of the
Darquain field in the Abadan plain of the Zagros Basin was evaluated based on the rock eval
pyrolysis and biomarker data. The results indicated that the early Cretaceous sequences (Garau,
Gadvan, and Kazhdumi formations) have the potential of oil source. These sources
predominantly contain a mixture of marine with less amount of terrigenous organic matter.
Biomarker characteristics also suggested that the organic matter was deposited in a marine
environment under reducing conditions (Zeinalzadeh et al., 2017).

Figure 1. The geographic location of the Ahwaz oilfield and adjacent oilfields in the Dezful
Embayment, Southwest of Iran
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Figure 2. Schematic stratigraphy and source, reservoir, seal relationships for the Ahwaz oilfield (Safi,
2019)

The geological and geochemical studies on the rock samples from drilling cores have shown
that the basal shale of the Asmari Formation in the Ahwaz oilfield has also oil generation
potential (Heidari-Fard et al., 2017). Furthermore, the geochemical investigation of both V and
Ni elements has already been done on crude oil samples of the Bibi-Hakimeh, Mansuri, AbTeymour, and Ahwaz oilfields. V and Ni concentrations and their ratios in rocks have been used
to determine the paleoenvironmental conditions (Heidari-Fard, 2002, Valinejad-Khiaban, 2015;
Mehrabi-Rashnou, 2017). Despite studies performed on source rock formations in the Zagros
fold-thrust belt, including geological, rock eval pyrolysis, and biomarker, there is no data on
the geochemical evaluations of trace and rare earth elements of the oil source rocks in the
Ahwaz and other oilfields of Zagros.
In this research, we presented the major, trace, and rare earth elements data of the Kazhdumi,
Gurpi, Pabdeh, and Asmari formations from five boreholes in the Ahwaz oilfield. This research
aimed to apply the trace and rare earth elements geochemistry for the assessment of provenance,
tectonic setting, depositional environment, and paleo-redox conditions of the oil source rocks
in the Ahwaz Field.
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Geological setting
The study area is located in the Zagros Basin, south and southwestern Iran. The NW-SE
trending Zagros fold-thrust belt distance is extended from the NE Turkey through South Iran
(Falcon, 1974; Haynes & McQuillan, 1974). Moreover, the thickness of the stratigraphic rock
units in Zagros reaches more than 10 km (Alavi, 2004; Sherkati & Letouzey, 2004). The Zagros
Orogeny occurred as a result of the Neotethys closure during the collision of the Arabian Plate
and Iran microcontinents from the latest Cenomanian to late Eocene-Oligocene (Takin, 1972;
Berberian and King, 1981; Agard et al., 2005; Ballato et al., 2010; Agard et al., 2011;
Navidtalab et al., 2016; Navidtalab et al., 2020). The Zagros fold–thrust belt is subdivided into
five tectono-stratigraphic domains including Fars, Dezful EmbaymentIzeh, Abadan plain and
Lurestan (Stöcklin, 1968; Falcon, 1974; Berberian and King, 1981; Motiei, 1993). The Ahwaz
oilfield is situated in the Dezful Embayment (Fig. 1). The main source rocks such as the
Kazhdumi, Gurpi, Pabdeh, and the basal shales of the Asmari formations, playing an important
role in the charge of oil reserves in the Ahwaz and other oilfields of the Dezful embayment
(Bordenave and Burwood, 1990; Bordenave and Huc, 1995; Heidari-Fard et al., 2017). The
Kazhdumi Formation consists of dark grey, black bituminous calcareous shale, and marl with
dark argillaceous limestone. In addition, the Gurpi Formation lies over an erosional
disconformity on the top of the Ilam Formation, which gradually changes to the purple shales
of the overlying Pabdeh Formation. The Gurpi Formation consists of purple, blue, green, and
bituminous marl and shale with some cherty limestones and argillaceous limestones. The
Paleocene-Oligocene Pabdeh Formation composed of dark-gray, green, and blue marl and shale
with argillaceous limestone (James and Wynd, 1965). Notably, the Asmari Formation with
Oligocene-Miocene age consists of cream-brown limestone, argillaceous limestone, sandy
limestone, limy sandstone with dark grey calcareous shale and marl at the base. The basal part
of the Asmari Formation in the Ahwaz Field is mainly composed of dark grey calcareous shale
and marl (McCord, 1974). Fig. 2 shows a schematic stratigraphy, geological descriptions, and
source, reservoir, and seal relationships along with log characteristics of the Ahwaz oilfield.
Materials and methods
A total of 13 rock samples were collected from the oil source rocks in five wells of the Ahwaz
oilfield named AZ-67, AZ-101, AZ-220, AZ-234, and AZ-296. The details of all these samples
are presented in Table 1. All samples were collected and then stored in plastic bags. Thereafter,
the samples were crushed for geochemical analyses and then powdered to less than 200 mesh.
Table 1. Concentrations of major oxides (wt.%) in 13 samples from the oil source rocks in the Ahwaz
oilfield by X-Ray Fluorescence (XRF) method
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The x-ray fluorescence spectroscopy (XRF) was used to determine the whole rock major
oxides, including SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, TiO2, P2O5, MnO, SO3, and
L.O.I. The detection limit of XRF method (XF700 equipment and fusion procedure) for all
major oxides, SO3 and L.O.I., was as 0.01, 0.002, and 0.1%, respectively. Furthermore, the
major, trace, and rare earth elements, including Si, Al, Fe, Mg, Ca, Na, K, Ti, P, S, Ag, As, Ba,
Be, Bi, Cd, Co, Cr, Cs, Cu, Ga, Hf, In, Li, Mn, Mo, Nb, Ni, Pb, Rb, Re, Sb, Sc, Se, Sn, Sr, Ta,
Te, Th, Tl, U, V, W, Y, Zn, Zr, and REEs were determined by Ultra Trace ICP-ES/MS
(MA250). A 0.25 g split is heated in HNO3, HClO4, and HF for fuming and drying. The residue
was dissolved in HCl and then all the elements were analyzed by this instrument. The detection
limit of ICP-ES/MS for all elements are presented in Tables 3 and 4. Both of the XRF and ICPES/MS analyses were performed at the ACME Labs in Canada. The precision of these
analytical techniques was calculated by Thompson and Howarth method (1978) using the
results of duplicate samples. As well, all elements showed the error values ≤10% at the 95%
confidence level.
Results
Major elements geochemistry
The whole rock major oxides, i.e., SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, TiO2, P2O5,
MnO, SO3, and L.O.I. were measured for 13 samples from the source rocks in the Ahwaz
oilfield (Table 1). Among the major oxides, Na2O, CaO, MgO, K2O, and to some extent SiO2,
Fe2O3, MnO, and P2O5 are mobile, while Al2O3 and TiO2 are immobile. The CaO, SiO2, and
Al2O3 are the most abundant major oxides in the rock samples of the Ahwaz oilfield,
respectively. The CaO content ranges from 4.81% (AZ-07; base of the Asmari Formation) to
44.15% (AZ-08; calcareous shale of the Gurpi Formation). The SiO2 content varies from 6.39%
(AZ-01; limestone of the Kazhdumi Formation) to 51.37% (AZ-07; calcareous shale and marl
of the base of the Asmari Formation). The L.O.I. varies from 11.76% (AZ-07; base of the
Asmari) to 39.40% (AZ-01; the Kazhdumi Formation). It is important to mention that the L.O.I.
in the studied samples is affected by both calcareous and organic matters. The Al2O3 content
varies from 1.66% (AZ-01) to 18.25% (AZ-03) in calcareous shale and marl of the Kazhdumi
Formation. The Fe2O3 content varies from 0.81% (AZ-01) to 6.77% (AZ-03) of the Kazhdumi
Formation, and MgO content ranges from 0.55% (AZ-06; marly shale of the Gurpi Formation)
to 4.91% (AZ-10; sandy limestone of the Asmari Formation). The K2O content varies from
0.53% (AZ-11; siliceous calcareous shale of the Pabdeh Formation) to 3.16% (AZ-07; base of
the Asmari Formation), and Na2O content ranges from 0.30% (AZ-11) to 1.30% (AZ-08) in
calcareous shale of the Pabdeh Formation. The amount of SO3 also increases from limestone to
calcareous shale. P2O5 (0.09 to 2.27%), TiO2 (0.09 to 1.00%), and MnO (0.02 to 0.05%) have
very low concentrations in the samples, and their values is high in calcareous shale and
limestone (Table 1).
In order to study the geochemical characteristics of the source rocks from the Ahwaz oilfield,
the concentrations of major oxides in the selected samples from the Kazhdumi, Gurpi, Pabdeh,
and basal shale of the Asmari formations were normalized to those of from the North American
Shale Composite (NASC: Gromet et al., 1984). The results show that the amount of CaO in all
samples is higher than NASC, P2O5 value is close to NASC, and the contents of other oxides
are lower than NASC (Figs. 3a-d). In addition, the distribution pattern of elements in shale of
the Kazhdumi Formation is similar to basal shale of the Asmari Formation (Figs. 3a, d).
The Si value and Al/Si ratio reflect high quartz, clay, and feldspar content (Potter, 1978; Li
et al., 2018). The Al/Si ratio in the oil source rocks of the Ahwaz Field ranges from 0.06 in
calcareous shale to 0.46 in argillaceous limestone and calcareous shale (Table 2).
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The Ca/Si ratio in the source rocks varies from 0.17 in shale to 11 in limestone and
argillaceous limestone, indicating high possible calcareous content compared to quartz and clay
minerals in these rocks (Table 2). In the Al2O3-SiO2-CaO ternary diagram (He et al., 2016),
most of the studied samples from the Ahwaz Field are located in the carbonate-rich corner (Fig.
4a). In the Log (TFe2O3/K2O) vs. Log (SiO2/Al2O3) diagrams (Herron, 1988), the selected
samples fall in the shale area, and few samples show wacke and litharenite due to the high
siliceous content (Fig. 4b). There is no typical shale in the study area and based on < 10%
Al2O3, the selected samples are marl to argillaceous limestone.
Table 2. Concentrations of major (wt.%) and trace (ppm) elements in 13 samples from the oil source
rocks in the Ahwaz oilfield by ICP-ES/MS method
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Table 2. Continuation of Table 2

Figure 3. NASC-normalized major oxides patterns of the oil source rocks in the Ahwaz Field. (a) Pabdeh
Formation, (b) base of the Asmari Formation, (c) Kazhdumi Formation, and (d) Gurpi Formation

Figure 4. (a) Ternary diagram showing relative proportions of major elements in oil source formations at the
Ahwaz field (He et al. 2016), (b) lithology classification of rock samples from the study area (Herron 1988)
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Trace elements geochemistry
The concentration of trace elements in the studied samples from the oil source rocks of the
Ahwaz Field are presented in Table 2. The concentration of trace elements was normalized to
the upper continental crust (UCC; Taylor and McLennan, 1985; Fig5). The Th value of the
shale and marl of the Kazhdumi Formation (in well AZ-03) is quite similar to the basal shale
of the Asmari Formation (Figs. 5a, b).
The Ni, V, and Co as biophile elements may be applied as a correlation factor in the study of
oil source rocks and paleoenvironmental conditions (Barwise, 1990; Udo et al., 1992; Akinlua
et al., 2007). The concentration of Ni ranges from 37.20 to 55.40 ppm (average 47 ppm), 18.70
to 41.90 ppm (average 30 ppm), 25.60 to 92.50 ppm (average 54 ppm), and 32.70 to 61.30 ppm
(average 47 ppm) in the Kazhdumi, Gurpi, Papdeh formations and the base of the Asmari
Formation, respectively.

Figure 5. The upper continental crust (UCC)-normalized minor and trace elements patterns of the oil
source rocks in the Ahwaz Field. (a) Pabdeh Formation, (b) base of the Asmari Formation, (c) Kazhdumi
Formation, and (d) Gurpi Formation
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The Co concentration ranges from 2.20 to 17.50 (8) ppm for Kazhdumi, 3.70 to 5.80 (5) ppm
for Gurpi, 3.90 to 8.60 (7) ppm for Pabdeh, and 14.70 to 24.00 (19) ppm for the base of the
Asmari Formation. The concentration of V ranges from 69 to 131 (108) ppm for Kazhdumi, 30
to 39 (35) ppm for Gurpi, 38 to 306 (97) ppm for Pabdeh, and 73 to 131 (102) ppm for the base
of the Asmari Formation (Table 2). The distribution of the trace elements (Fig. 6) shows that
vanadium is the most abundant trace element in the source rocks, and its content in the
Kazhdumi and the base of the Asmari is higher than the Pabdeh and Gurpi formations. Nickel
has the same averages in the Kazhdumi, Pabdeh formations, and the base of the Asmari
Formation, and its value is reduced in the Gurpi Formation. Cobalt had the lowest concentration
in all formations, and its value is reduced from the base of the Asmari, Kazhdumi, and Pabdeh
formation to the Gurpi Formation, respectively.
Rare earth elements geochemistry (REEs)
The concentration of rare earth elements (REEs) in samples of the Ahwaz oilfield is presented
in Table 3. The content of ∑REE in samples varies from 22.09 ppm in calcareous shale (AZ11 sample) of the Pabdeh Formation to 226.81 ppm in shale (AZ-07 sample) from the base of
the Asmari Formation with an average of 72.03 ppm, and all samples (exclude AZ-07) have
lower ∑REE concentration than the North American Shale Composite (NASC: 173.21 ppm,
Gromet et al. 1984). This indicates that oil source rock formations in the study area are depleted
in REEs.
Table 3. Concentrations of rare earth elements (ppm) in 13 samples from the oil source rocks in the
Ahwaz oilfield by ICP-MS method

Figure 6. Distribution of nickel, cobalt, and vanadium in the oil source rocks (Pabdeh, base of the
Asmari, Kazhdumi, and Gurpi Formations) from Ahwaz field
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The comparison of REE contents in the studied formations shows that average concentration
of each REEs in the base of the Asmari Formation is relatively higher than the Kazhdumi,
Pabdeh, and Gurpi formations, and the REE values reduced from the base of the Asmari toward
the Kazhdumi, Pabdeh, and Gurpi formations, respectively (Figs. 7a-c). The average content of
LREE (La-Nd) in the Kazhdumi, Gurpi, Pabdeh formations, and the base of the Asmari
Formation is 53.82, 33.30, 39.69, and 160.13 ppm, respectively. The average content of middle
REEs (Sm-Ho) in the Kazhdumi, Gurpi, Pabdeh, formations, and the base of the Asmari
Formation is 8.50, 5.00, 5.87, and 21.95 ppm, respectively. The average content of heavy REEs
(Er-Lu) in the Kazhdumi, Gurpi, Pabdeh, formations, and the base of the Asmari Formation is
2.27, 1.67, 2.11, and 6.25 ppm, respectively (Table 3 and Fig. 7d).
The distribution pattern of NASC-normalized REE for the four formations is shown in figure
8. The smooth pattern of REE indicates poor separation between light and heavy rare earth
elements, so the LREE/HREE ratio in the selected samples varies from 12.63 to 30.61 (average
20.07). In addition, concentrations of REEs in most of samples are lower than NASC. Only the
REE concentrations in the shale and marls of the Kazhdumi (AZ-03) and the base of the Asmari
Formation (AZ-07) show slight enrichment relative to the NASC. In the Ahwaz Field, all
samples from the oil source formations show negative CeN anomalies, and all samples with
Eu/Eu* ≈ 1 have neither positive nor negative EuN anomalies (Table 3, Figs. 8a-d).
Relation of REEs with trace elements
The correlation coefficients between ΣREE and trace elements concentrations are shown in
Table 4. Bivariate statistical analysis based on geochemical data in a logarithmic scale indicates
that there is significant positive correlation (r > 0.70, at the 99% confidence level) between Be,
Co, Cs, Ga, Hf, Li, Nb, Rb, Sc, Ta, Th, Y, and Zr with ΣREE, very poor positive correlation
between Ba, Pb, and Zn with ΣREE, and a negative correlation between Sr, U, and Cu with
ΣREE for the Kazhdumi, Gurpi, Pabdeh formations, and the base of the Asmari Formation of
the Ahwaz Field (Table 4).

Figure 7. The average concentration of REE (ppm) in the oil source formations from the Ahwaz field:
(a) REEs (La-Lu), (b) LREEs (La-Eu), (c) HREEs (Gd-Lu), and (d) LREE (La-Nd), MREE (Sm-Ho),
and HREE (Er-Lu)
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Table 4. Pearson,s correlation coefficient matrix between trace and rare earth elements based on log
geochemical data of oil source rocks (n = 13) in the Ahwaz oilfield

Figure 8. NASC-normalized rare earth elements (REE) distribution patterns for the oil source
formations of Ahwaz field. Normalization values are taken from Gromet et al. (1984)

Discussion
Provenance
The major and trace elements geochemistry provides valuable information about the
provenance of sedimentary rocks. For example, the Al2O3/TiO2 ratio for sediments derived
from the mafic, intermediate, and felsic igneous rocks ranges from 3 to 8, 8 to 21, and 15 to 70,
respectively (Girty et al., 1996; Hayashi et al., 1997; Cullers, 2002). In the Ahwaz oil source
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rocks, the Al2O3/TiO2 ratio ranges from 16 to 49 (average 32), indicates a felsic to intermediate
parent rock (Table 5). In the TiO2 vs. Al2O3 and TiO2 vs. Zr scatter plots (Hayashi et al., 1997),
samples are located in felsic to intermediate igneous rocks (Figs. 9a, b). Trace element ratios,
such as Th/Cr, La/Th, Th/Sc, and Zr/Sc vary in felsic, mafic, and ultramafic source rocks (Floyd
and Leveridge, 1987; McLennan et al., 1993; Armstrong-Altrin et al., 2012). Th/Cr ratio in
sediments derived from the felsic and mafic source rocks ranges from 0.13 to 2.7 and 0.018 to
0.046, respectively (Armstrong-Altrin et al., 2016). Th/Cr ratio in the oil source rock samples
from the Ahwaz oilfield ranges from 0.01 to 0.14, indicating that they may have probably been
derived from the intermediate igneous rocks (Table 5). A scatter plot of La/Th vs. Hf (Floyd
and Leveridge, 1987) suggests an andesitic to felsic parent rocks with some basic rocks (Fig.
9c). The cross plot of Zr/Sc vs. Th/Sc (McLennan et al., 1993) suggests that the studied samples
were derived from felsic to intermediate igneous rocks (Fig. 9d).
Table 5. Selected ratios of major and trace elements of oil source rocks from the Ahwaz Field for
provenance and and palaeoenvironment study

Figure 9. (a) TiO2 vs. Al2O3 diagram (Hayashi et al., 1997), (b) TiO2 vs. Zr diagram (Hayashi et al.
1997) to determine the geochemical composition of provenance igneous rocks in Ahwaz oilfield, (c)
La/Th vs. Hf bivariate plot (Floyd and Leveridge, 1987), and (d) Th/Sc vs. Zr/Sc bivariate plot
(McLennan et al., 1993) for the Ahwaz oil source formations samples
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Therefore, various geochemical criteria indicate that the oil source rocks in the Ahwaz
oilfield are mainly originated from felsic to intermediate igneous parent rocks.
Depositional setting
Trace elements concentration and their ratios in petroleum source rocks have been used in
assessing the origin, redox condition, and depositional environment (Udo et al., 1992; Galarraga
et al., 2008; Akinlua et al., 2010; Xie et al., 2018). In the V vs. Al2O3 cross plot (after Mortazavi
et al., 2013), samples are mostly located in the shallow marine and fluvial environments and
suggest that the deposition of oil source formations in the Ahwaz oilfield is performed in
shallow marine environment (Fig. 10). The V/Ni ratio < 1.9, 1.9 to 3, and > 3 indicate terrestrial,
mixed marine-terrestrial, and marine organic matter, respectively (Galarraga et al., 2008;
Akinlua et al., 2016). The V/Ni ratio in the Kazhdumi, Gurpi, Pabdeh formations, and the base
of the Asmari Formation ranging from 1.85 to 2.66 (average 2.26), 0.72 to 2.09 (average 1.4),
0.77 to 3.31 (average 1.61), and 2.14 to 2.23 (average 2.18), respectively. These results indicate
that mixed marine-terrestrial source for organic matter in the Ahwaz oilfield. Bivariate
statistical analysis indicates that there is significant positive correlation (r > 0.70) between Be,
Co, Cs, Ga, Hf, Li, Nb, Rb, Sc, Ta, Th, Y, and Zr with ΣREE for the studied samples (Table 4).
Most of these elements such as Be, Cs, Hf, Li, Nb, Rb, Ta, Th, and Zr are lithophile elements
(Goldschmidt, 1923), suggesting that REEs of the oil source formations in the study area are
mainly terrigenous.
Tectonic setting
Several researchers have envisaged that tectonic settings control or influence the chemical
compositions of clastic sedimentary rocks (e.g., Bhatia, 1983; Bhatia and Crook, 1986; Malaza
et al., 2013). Different tectonic setting discrimination diagrams have been used to separate
between different tectonic settings, and they all provide consistent results for siliciclastic rocks
that have not been strongly affected by post-depositional weathering and metamorphism
(Bhatia, 1983; Bhatia and Crook, 1986; Roser and Korsch, 1986). Similarly, the bivariate and
ternary plots of major and trace element geochemistry have been widely used by several
researchers to determine the tectonic setting of shales (Baiyegunhi et al., 2017).

Figure 10. Scatter plot of V vs. Al2O3 (after Mortazavi et al. 2013), showing shallow marine and fluvial
environment for deposition of the oil source formations in the Ahwaz Field
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The tectonic environment of the oil source rocks in the Ahwaz oilfield investigated based on
geochemical data by using various diagrams. In the Fe2O3+MgO vs. TiO2 diagram (Bhatia,
1983), the Kazhdumi samples mostly plotted in the passive continental margin, samples from
the Gurpi and Pabdeh formations located in the active continental margin, while samples from
the Asmari Formation plotted close to the oceanic island arc area (Fig. 11a). The Log K2O/Na2O
vs. SiO2/Al2O3 diagram (Roser and Korsch, 1988) also confirms the passive continental margin
for the Lower Cretaceous (Aptian-Albian) Kazhdumi Formation and active continental margin
for the Upper Cretaceous (Campanian-Maastrichtian) Gurpi, and Paleocene-Oligocene Pabdeh
formations in the Ahwaz Field (Fig. 11b). Two samples (AZ-11 and AZ-12) from the Pabdeh
Formation due to the high content of the SiO2/Al2O3 ratio are not within this diagram. Likewise,
the ternary plot of Th–Sc–Zr/10 (Bhatia and Crook, 1986) indicated that the Kazhdumi
Formation was deposited in a passive continental setting, while The Gurpi and Pabdeh,
formations were deposited in active continental margin setting (Fig. 11c). Although samples
from base of the Asmari Formation are located in the oceanic island arc (Fig. 11a) and active
continental margin fields (Figs. 11b, c), but based on the available geological data the Asmari
Formation was deposited in the post collision environment (e.g., Glennie, 2000; Alavi, 2007;
Piryaei et al., 2010). The results of our geochemical research on the oil source rock formations
are confirmed by the geological studies in the Zagros Basin and the eastern margin of the
Arabian plate (e.g., Sharland et al., 2001). The Zagros Basin was a tectonically passive
depositional setting from the Permian to about the latest Cenomanian (Navidtalab et al., 2016;
Navidtalab et al., 2020), and it has become an active continental margin from the Upper
Cretaceous to latest Eocene (Glennie, 2000). The field observations in combination with a
regional set of well logs, close to the margin of the Arabian plate in the interior Fars area in Iran
have recognized three tectono-sedimentary phases. These phases indicating the evolution from
a passive to an active margin (Alavi, 2007; Piryaei et al., 2010; Piryaei et al., 2011; Navidtalab
et al., 2020): Phase I (Late Albian–Cenomanian), during this time interval the Arabian plate
still had a passive margin, and sedimentation occurred on a carbonate shelf with intra-shelf
basins. Phase II (Turonian to Late Campanian, obduction phase) is characterized by major
changes in depositional environments and sedimentary facies, as a result of obduction and
foreland basin creation. Phase III (Late Campanian–Maastrichtian), during this phase platform
carbonates developed again bordering the foreland basin in this region.
Paleoredox conditions
Based on Jones and Manning (1994), the Ni/Co ratios < 5, 5 to 7, and > 7 representing oxic,
dysoxic, and suboxic to anoxic depositional conditions, respectively.

Figure 11. Discriminant diagrams for tectonic settings of the Ahwaz oil source rock samples based on
major element values. (a) Fe2O3+MgO vs. TiO2 (Bhatia, 1983), (b) Log K2O/Na2O vs. SiO2/Al2O3
diagram (Roser and Korsch 1988). A and A1: Oceanic island arc; B and A2: Continental arc; C and
ACM: Active continental margin; D and PM: Passive continental margin, (c) Th-Sc-Zr/10 ternary plot
for the studied samples showing tectonic setting (Background field after Bhatia and Crook, 1986)
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The samples from the Kazhdumi, Gurpi, Pabdeh, and base of the Asmari formations have
Ni/Co ratio ranging 3.17 to 22.36 (average 11.95), 5.05 to 7.22 (average 6.14), 3.20 to 10.76
(average 7.97), and 2.22 to 2.55 (average 2.39), respectively (Table 5).
The results show that shales and marls of the Kazhdumi Formation was deposited under oxic
condition, whereas the calcareous shale and argillaceous limestone part of this formation was
deposited under suboxic to anoxic condition (Table 5; Fig. 12a). The sea-level variations and
local differential subsidence during the Aptian-Albian controlled sediment deposition and
redox conditions during sedimentation of the Kazhdumi Formation (Ghasemi-nejad et al.,
2009). The UCC-normalized minor and trace elements (Fig., 5a-d) show depletion in Ti, Rb,
Zr, Nb, Sn, Ta, and slightly U which is due to the fact that their contents are mainly reduced
toward silt and clay fractions in the sedimentary environments, while V, Ni, Cu, Cd, and Pb
increase toward silt and clay fractions (Ginsburg, 1960). The enrichment of Th in the basal
shale of the Asmari Formation is possibly due to high terrigenous influx. The average Ni/Co
ratio (6.14) in the studied samples indicates that the Gurpi Formation were deposited under
dysoxic condition (Table 5; Fig. 12a).

Figure 12. Distribution diagrams of redox proxies for the oil source formations: a) V/V+Ni vs. Ni/Co,
b) Th/U, and c) Ce anomaly (Ce/Ce*).
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Biostratigraphy and paleoecology of the Gurpi Formation in the nearby Marun oilfield show
that changing of relative abundance of morphotypes and ratio of planktonic/benthic
foraminifera during the early Campanian-late Maastrichtian is related to dysoxic-anoxic
conditions and low-high energy environments (Darabi and Sadeghi, 2017). The anoxic
condition in the early-middle Campanian shows a transgression in basin during this time, which
is correlated with a major eustatic sea level rise in the early Campanian (Haq and Shutter, 2008).
Near the end of the Campanian, a decreasing in the frequency of morphotypes in the middle
part of the Gurpi Formation indicates a decreasing in water depth and dysoxic condition (Darabi
and Sadeghi, 2017).
The average Ni/Co ratio (7.97) of samples from the Pabdeh Formation indicates that this
Formation were deposited under suboxic to anoxic conditions (Table 5; Fig. 12a). The negative
carbon isotopic composition (δ¹³C: −1.85 to −4.89) of the phosphate-bearing Pabdeh Formation
in the Kuhe-Lar-anticline (Zagros Basin, SW Iran) shows that it may be formed within the
suboxic-to-anoxic zone (Bolourchifard et al., 2019). Based on the average Ni/Co ratio (2.39),
the lower shale of the Asmari Formation was deposited under oxic conditions (Table 5; Fig.
12a). The distribution of the larger benthic foraminifera indicates that shallow marine carbonate
sediments of the Oligocene-Miocene Asmari Formation in the Zagros Basin have been
deposited in tropical to subtropical warm waters under oligotrophic or slightly mesotrophic
conditions in a ramp environment (Sadeghi et al., 2009; Roozpeykar and MaghfouriMoghaddam, 2016).
The ratio of V/(V+Ni) can be used as a redox condition indicator. The V/V+Ni values greater
than 0.5 show anoxic environment while values less than 0.5 indicate oxic environment. The
source rock samples from the Ahwaz oilfield have V/V+Ni values greater than 0.5 (Table 5,
Fig. 12a), indicating that these source rocks were mainly deposited under anoxic conditions.
The Th/U ratio is one of signatures that often provide information on depositional environment
(Hatch and Leventhal, 1992; Rimmer, 2004). Th/U ratio of less than 2 is generally applied as a
signature of anoxic condition (Wignall and Twitchett, 1996). In the source rocks of the Ahwaz
Field, the Th/U ratios are in the range of 0.09 to 3.78 (average 1.33) for the Kazhdumi
Formation, 0.88 to 1.07 (average 0.97) for Gurpi Formation, 0.32 to 1.21 (average 0.81) for
Pabdeh Formation, and 3.83 to 3.97 (average 3.90) for the base of the Asmari Formation (Table
5). The results display that the shale sand marls of the Kazhdumi Formation and the base of the
Asmari Formation were deposited under oxic conditions, whereas the calcareous shales and
argillaceous limestones of the Kazhdumi, Pabdeh, and Gurpi formations were deposited under
anoxic conditions (Fig. 12b). The other redox parameter such as Ce anomaly (Ce/Ce*) suggests
that all formations in the Ahwaz oilfield were deposited under anoxic condition (Fig. 12c).
Conclusions
The major, trace and rare earth elements concentrations in the Kazhdumi, Gurpi, Pabdeh
formations, and the base of the Asmari Formation in the Ahwaz oilfield were measured, in order
to infer the geochemical features of these oil source rocks. The distribution of elements showed
that CaO is the most abundant component in the oil source rocks which followed by SiO2 and
Al2O3. Moreover, some major and trace element concentrations and their ratios indicated that
the Aptian-Albian Kazhdumi Formation was deposited in the passive continental margin, while
the Gurpi (Campanian-Masstrichtian), Pabdeh (Paleocene-Oligocene), were deposited in the
active continental margin. As well, the V, Ni, and Co contents suggest a mixed marine and
terrigenous source input. The enrichments of V, Ni, Cu, Cd, Pb, and Th; smooth distribution
shape of REEs; negative cerium anomaly; slight enrichment of MREEs; and depletion of REEs
to the NASC were found as the prominent geochemical characteristics of the studied oil source
rocks. The ratios of redox-sensitive elements suggested that the basal shale of the Asmari and
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some parts of the Kazhdumi formations were deposited under oxic condition. However, the
Kazhdumi, Gurpi, and Pabdeh formations were deposited under anoxic conditions. Finally,
besides the geology, rock eval pyrolysis, and biomarker data, the elemental characteristics of
the source rocks should also be used during exploring hydrocarbon resources in the Zagros
Basin and same regions worldwide.
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