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ABSTRACT KEY WORDS
A suite of crude oil samples from the Cretaceous reservoirs in Halfaya Oilfield; Mishrif;
Halfaya Oilfield, Southern Iraq were analyzed using organic geo- Sa'di; Nahr Umr; organic

chemistry analysis to study their geochemical characterization ~ 9eochemistry; Iraq

and origin. High sulfur content (3.74+1wt.%), C,,/Cy;, Coe/Csp
hopane, ratios, and low C;o/Cy; and C,4/Cys for all oil samples
are indicators of marine carbonate environment source. Low pr/
ph, Pr/nC;7, Ph/nC18, and highest C35S/C3,S ratio are consistent
with a more reducing carbonate depositional environment. The
C,8/Cyo sterane ratio and stable carbon isotope analysis values
of crude oils are suggested Upper Jurassic to Middle Cretaceous
anoxic marine carbonate source origin.

Peak assignments for alkane hydrocarbons in the gas chromatograms
of saturated fractions in the m/z 191, and 217 mass fragmentograms

Ratio Biomarker

Cio/Cy3 Tricyclic Terpane Cy9/Cy3, peak heights from 191 m/z
Cp/Coy Tricyclic Terpane C,,/Cy4, peak heights from 191 m/z
Coa/Cys Tricyclic Terpane C,4/Cy3, peak heights from 191 m/z
Cr6/Cys Tricyclic Terpane C,6/Cys, peak heights from 191 m/z
Tet/Cy3 Tetracyclic Cy4 to Tricyclic Terpane Cy; ratio, peak heights from 191 m/z
Coe/H Bisnorhopane/Hopane

Cyo/H Norhopane/Hopane

OL/H Oleanane/Hopane

C3;R/H Homohopane (22R)/Hopane

GA/31R Gammacerane/Homohopane

C355/C34S C35 Extended Hopane/Cs4 Extended Hopane (225)
%Cy7 Relative % S5B

%Cyg Relative % S10B

%Cy Relative % S14B

Cy7Ts/Tm Trisnorhopane

CyoTs/Tm aka C29D/29H

DM/H C,9 demethylated hopane (177 m/z)/Hopane 191 m/z
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1. Introduction

The Halfaya Field is one of the giant oilfields in Southeastern Iraq. The
field is located at Missan Governorate, 35 kilometers south of the Amara
City. The field was discovered by Iraq National Oil Company (INOC) in
1976 but its development was delayed due to the Iraqi-Iranian war since
the field is located on the border between the two countries (Figure 1A).
The Halfaya Oilfield is a NW-SE trending gentle long-axis anticline 30 km
long and around 10 km wide. The field is multi-reservoirs that range in age
from Cretaceous to the Miocene. The present estimated reserve of the field
is around 4.1 billion barrels of oil. The oil is mostly medium-heavy.

The field is located in the foredeep belt which was formed during the
Zagros orogenic movement and has a thick column of sediments that accu-
mulated in the New Tethys Ocean during the Jurassic and Cretaceous peri-
ods. These sediments are formed of carbonates, shales and evaporites
(Sadooni and Aqrawi 2000) (Figure 1B). There are seven oil-bearing strata
in this field. The main reservoirs are Middle Cretaceous carbonates of the
Mishrif Formation which are considered as the main producing reservoir
in the field as well as the Middle Cretaceous clastics of the Nahr Umr and
the Upper Cretaceous carbonates of the Khasib and Sa’di formations.

The Nahr Umr Formation (Late Aptian-Albian) is formed of sandstone
and shale and represents alluvial, lower coastal plain, deltaic and shallow
marine sediments with some eolian influence in parts of the basin. Aqrawi
et al. (2010) described some glauconitic and bituminous sandstone with
pyritic shales and plant remains with amber from the Buzurgan Field which
is close to the Halfaya Field. The Mishrif Formation (Turonian) is the most
important carbonate reservoir in southern Iraq. In Halfaya Field, it consists
of open platform to restricted carbonate shelf with some rudist buildups
and capped with relatively deeper water carbonates (Aqrawi et al. 2010).
The Sa’di Formation (Santonian-Campanian) and Khasib (Coniacian) are
the shallowest among the four formations. Sa’di Formation is formed of
oligosteginal limestone with chalky and argillaceous limestone containing
planktonic foraminifera (Sadooni and Aqrawi 2000). So, the studied sam-
ples are derived from two different environmental settings, the Nahr Umr
represents a mixed marine-continental system while both Mishrif and Sa’di
formations represent marine carbonate system where the Mishrif represents
shallow, shelfal carbonates while the Sa’di was deposited under sub-basinal
to basinal conditions.

Pitman, Steinhouer, and Lewan (2004) reported that most of the oils
accumulated in the Cretaceous and Tertiary reservoirs of the
Mesopotamian Basin were generated in general from Jurassic source rocks.
Al-Ameri et al. (2014) studied the petroleum systems and oil geochemistry
of the Halfaya Oilfield, and suggested also that these oils which were
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Figure 1. (A) Maps show; the Total Petroleum Systems (TPS) of Iraq, location of Mesopotamian
Basin, and locations of oil samples from Halfaya oil wells. (B) Stratigraphic section of the
Halfaya oil well-4, shows lithology desecration and approximate ages of formations, and major
unconformities.

expelled to the Cretaceous reservoirs were sourced from the Jurassic sedi-
ments. Al-Khafaji, Hakimi, and Najaf (2018) and Al-Khafaji (2015) studied
the geochemistry of rocks and crude samples of the Mishrif reservoir in
many other oilfields in Southern Iraq and concluded that these oils were
generated mainly from the Upper Jurassic to Lower Cretaceous source
rocks (Abdula 2020; Al-Khafaji et al. 2021)

This study is the first to be concerned with the organic geochemistry of
crude oils from the Cretaceous reservoirs in the Halfaya Oilfield. It aims to
characterize these oils and to relate their characters to the depositional
environments of the related sediments and to understand the genetic of the
source rocks responsible for generation and expulsion of oil to
the reservoirs.

2. Materials and methods

This study based on results of the organic geochemistry analysis of eleven
crude oils taken from Sa’di, Khasib, Mishrif and Nahr Umr reservoirs in
Halfaya, in Mesopotamian Basin, south-east Iraq. They were provided by
Missan Oil Company in Amara, Southern Iraq. The samples were subjected
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Figure 2. (A) Cross plot of V/(V+ Ni) versus sulfur concentrations indicate marine carbonate,
anoxic condition. (B) Plot of pr/n-C;; vs. ph/n-C;g from whole-oil chromatograms for oils ana-
lyzed indicate non-biodegradation oils, and anoxic condition, marine organic matter type Il in
the source rock depositional environment (Peters et al, 1999) in Peters, Walters, and
Moldowan (2005).

to techniques including gas chromatography (GC) and gas chromatog-
raphy—mass spectrometry (GC/Ms), and stable carbon isotope analysis at
GeoMark Research, Texas, USA (Tables 1 and 2).

3. Results and discussions
3.1. Crude oils bulk properties

The bulk chemical parameters of the Khasib and Nahr Umr reservoir crude
oils are slightly different from those of the Mishrif and Sa’di oils. As the
API gravities can be used as a crude indicator of thermal maturity as sug-
gested by (Hunt 1996), the Khasib and Nahr Umr oils have higher API
gravity up to (52.8 and 48.3) respectively, lowest sulfur content (0.63 and
2), and ppm Ni metals (15 and 15) respectively, than the Mishrif and Sa’di
formations oils. High sulfur content values suggest that these oils were
derived from type II-S kerogen. The Ni and V metals are usually associated
with heavy polar NSO fractions of crude oils (Table 1) (Hunt 1996). The
wide range of the Ni and V trace elements values and high ratios of V/
(V+Ni) of Mishrif and Sa’di oils, associated with high sulfur content, sug-
gest anoxic environment conditions (Tissot and Welte 1984) (Figure 2A).
These differences in the characters of the crude oils may be due to differen-
ces in their maturity. According to (Tissot and Welte 1984) the fractiona-
tions of the analyzed oils include hydrocarbons and non-hydrocarbons,
were classified as non-biodegraded and are an aromatic intermediate oil
The n-alkanes and acyclic isoprenoids are less resistant to biodegradation
than steranes and terpanes (Peters, Walters, and Moldowan 2005). All
studied samples were found to be non-biodegraded as indicated by the
high abundance of low-weight molecular n-alkanes, low value of pristane/
n-Cy;, phytane/n-C;g ratios, shows that all samples are non-biodegraded,
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Figure 3. Representative chromatograms of; (A) n-alkanes, (B) tricyclic terpanes and pentacyclic
terpanes, (C) steranes for the oil analyzed samples from Halfaya Oilfield.

anoxic marine algae kerogen type II-s source, and confirmed by the shape
of the gas chromatogram of the samples (Figure 3A).

3.2. Source rocks depositional environment and source rock lithology

Biomarker analyses (terpane, Figure 3B, and steranes Figure 3C), and stable
carbon isotope ratios are usually used to describe lithology, type of organic
matter, geologic age, redox conditions characteristics of the source rock
(Peters, Walters, and Moldowan 2005). The oil samples show high sulfur
content (3.74+1wt.%) with the exception of the Khasib sample of
(0.6 Wt%), Ph/nCyg (0.37+0.05), Cy,/Cy; (1.02+0.05) (Figure 4A), Cao/Cso
hopane (1.67 £0.13) ratio (Figure 4B) and low C;9/Cy3 (0.18 £0.4), C,4/Cy3
(0.27£0.03), and C,¢/Cys tricyclic terpane (0.77 +£0.03) ratios (Figure 4C)
These values are indicative of marine carbonate deposition. Likewise, the
high C;;R/H ratio (0.35+0.01) is also consistent with carbonate deposition.
High C,9/Csp hopane (>0.6) combined with high C;55/C;,S hopanes
(>0.8) for all samples support the notion of marine carbonate source rocks
(Figure 4D; Peters, Walters, and Moldowan 2005). The dibenzothiophene/
phenanthrene (DBT/P) ratio (>1) is typical of carbonate lithology.
Accordingly, we note that the DBT/P ratio is (2.96+£0.9) for the Mishrif
and Sa’di oils, which confirms that the source rocks are carbonates, while
the Nahr Umr and Khasib oils have a value (1.62 and 1.53), respectively,
which indicates carbonate intermediate with shale source rocks.
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Figure 4. Various biomarker parameters ratios for the Halfaya oilfield indicate carbonate source
rock lithology (Peters, Walters, and Moldowan 2005).

The low pristane/phytane ratio of (0.9+0.05), Pr/nC;; (0.15+0.01), Ph/
nCig (0.37£0.05) (Figure 2B) and the high C;55/C;,S (1.06£0.01) ratio, and
GA/C5;R ratios (Figure 5A), higher sulfur content (2.74 to 4.96) (Figure 5B),
and higher C,o/H ratio (1.67+0.21), are consistent with anoxic marine car-
bonate source rocks. These show that Nahr Umr oils are slightly more oxic
condition than other oils. The CPI~1, are also consistent with a more reduc-
ing carbonate depositional environment, and the predominance of marine
input. High concentrations of BNH is typical of a source rocks that was
deposited under anoxic conditions. High BNH/H ratios for all the analyzed
samples are consistent with an anoxic carbonate source, dominated by pelagic
organic matter with little plant input (Peters, Walters, and Moldowan 2005).

The oil samples in general, show low C19/C23 and Ol/H ratios which
indicate relatively low higher plant input and angiosperm. The C;4/C,3 via
Ol/H ratios, on the (Figure 6A, B), showed that Nahr Umr oils are slightly
different from other oils, with average of (0.22 versus 0.11) and (0.001 ver-
sus 0.004), respectively. This difference indicates a slight variation in higher
plant input during the source rock deposition or may be due to their mat-
uration. The canonical variable (CV) from stable carbon isotope measure-
ments of crude oils is considered as the best parameter to distinguish
between marine and lacustrine crude oil in combination with other
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Figure 5. (A) C35/C34 homohopanes versus Gammacerane index indicates anoxic source rock
depositional conditions. (B) Wt% sulfur content versus C35 homohopane index indicates anoxic
depositional environment for source rock of the Halfaya oilfield.

parameters, such as C;;R/Csq hopane, and Cy/C,s tricyclic terpanes. The
canonical variable values of Nahr Umr oil via other oils are different average
(—3.269%,, versus —2.859,,). This suggests a more marine character of the dep-
ositional environment (Sofer 1984). The isotopes (8"°Cgy, 8'°Cyyo) are also
considered as source rock parameters, and are not significantly affected by
biodegradation, migration, and thermal maturation (Peters, Walters, and
Moldowan 2005). The §°Cg, (27.79 +0.30%,), 8"*Cyro. and (—27.70+0.05%,)
values, of the oil samples from Halfaya Oilfield are consistent with a marine
carbonate depositional environment and Upper Jurassic source rocks (Figure
7A; Al-Khafaji, Sadooni, et al. 2019).

3.3. Age-related geochemical parameters

Three biomarkers and carbon isotope parameters were used to identify the
age of source rocks for the studied oil samples. Oleanane is a biomarker
from the Cretaceous or younger age terrigenous sediment with higher
plants. All the studied samples lacked oleanane (OL/H ratio from 0 to 0.01)
which is considered as indication of Jurassic marine source rock. The C,g/
C,o sterane ratio for all oils are greater than 0.7. This is consistent with an
Upper Jurassic source rock (Peters, Walters, and Moldowan 2005). The
variation in the abundance '>C isotopes in the organic materials of source
rocks is related mainly to the changes in the depositional environment of
the source rocks and the degree of thermal maturation. The stable carbon
isotope ratios for all these oil samples are in the range of —27.59 to
—28.12, which are a characteristic of most upper Jurassic to Lower
Cretaceous source rocks (Sofer 1984; Al-Khafaji, Al Najm, et al. 2019). The
C,8/Cy sterane ratio (Figure 7B; Peters, Walters, and Moldowan 2005) is
the first, and stable carbon isotope values are the second (Figure 7C; Sofer
1984). Figure 7A corresponds with Figures 7B and C which suggested that
the Khasib oil sample origin was from the Upper Jurassic to Lower
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source elevated more clay. (B). Higher C;4/Cy3 tricyclic terpanes versus oleanane/hopane suggest
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Figure 7. (A) Stable carbon—isotope ratios of saturate and aromatic hydrocarbons indicate
marine organic matter. (Sofer 1984). Fields for L. Cretaceous, U. Jurassic and L. Triassic oils are
plotted after (Al-Khafaji, Al Najm, et al. 2019b). (B) Average C,g/C,o sterane ratio (Peters et al.,
2008). (C) The average of the stable carbon isotopic ratios (Sofer 1984), shows, the origin of the
oil samples source.

Cretaceous Sulaiy and mixed with oils from the Lower Cretaceous Yamama
source. Other oil samples originated from the Middle to Upper Jurassic
Sargelu source, and these were mixed with oils from the Upper Jurassic to
Lower Cretaceous Sulaiy source.



PETROLEUM SCIENCE AND TECHNOLOGY 1003

3.4. Thermal maturity

Hopane, sterane and triaromatic steroids ratios are commonly used tools to
assess the thermal maturity of oils such as C, sterane 20S/(20S + 20R) and
BP/(BP + o) stereoisomer, C,;Ts/Tm, Cy9Ts/Tm, and triaromatic steroids
(Peters, Walters, and Moldowan 2005). The maturity level indicators for
Nahr Umr and Khasib oils versus Mishrif and Sa’di oils are different.
These include C,,Ts/Tm (0.23 versus 0.18), C,oTs/Tm (0.08 versus 0.07),
C,o sterane 20S/(20S + 20R) (0.59 versus 0.53) and triaromatic steroids 3
(TAS3) (0.32 versus 0.31). The C,9 sterane 20S/(20S+20R) and
BP/(BP + o) stereoisomer are considered as a sensitive biomarker at high
thermal maturity. The C,9 20S/R ratios of Mishrif and Sa’di oils ranging
between 0. 45 to 0.69 indicate lower maturity source rocks, while Nahr
Umr and Khasib oils have ratios up to 0.75, indicates moderate maturity
(Figure 8A). The Ts/(Ts+ Tm) ratio is considered as a maturity indicator
but affected by lithology and oxcity of the depositional environment.
Because Mishrif and Sa’di oils show similar maturity, variations in the Ts/
Tm (0.84 and 0.16 respectively) may indicate differences in the catalytic
clay content. Since the triaromatic steroid cracking TAS3(CR) is less
dependent on the source organofacies than Ts/(Ts + Tm), thus it is consid-
ered as a more universal indicator of maturity (Zumberge, Russell, and
Reid 2005). The sulfur-rich Mishrif and Sa’di oils have low TAS3(CR)
ratios (0.31£0.1) suggesting a lower thermal maturity.

The C,; Ts is a thermally sensitive terpane biomarker due to its high
resistance to biodegradation. The average of the C,, Ts/Tm ratios of
Mishrif and Sa’di oils is 0.18, while Nahr Umr and Khasib is 0.23. This
confirms that the Nahr Umr and Khasib reservoir oils may be derived
from source rocks whose maturity is higher than the source rocks from
which the Mishrif and Sa’di reservoir oils were derive (Figure 8B). Higher
API gravities and low sulfur contents are generally associated with thermal
maturity and non-biodegraded oils (Tissot and Welte 1984). The API grav-
ity for Mishrif and Sa’di oils varying from 20.1° to 26.1° API, with
1.48%-4.96% sulfur content, while Nahr Umr and Khasib oils the API
varying from 30.12° to 52.8° with 0.6%-3.88% sulfur. The differences in
sulfur content and API gravity for the oil samples (Figure 8C) can be
explained by differences in their thermal maturity. Therefore, the Khasib
oil considered as higher maturity, Nahr Umr oil was moderate maturity,
while the Mishrif and Sa’di oils were of lower maturity.

The maturation order of the samples of Halfaya Oilfield shows an
unusual inverse relationship dependence on depth (Table 1). Reservoir for-
mations schematic diagram of Halfaya Oilfield is shown in Figure 1B. The
deepest crudes (Nahr Umr) and the top oils (Khasib) are the higher matur-
ity, rather than Sa’di and Mishrif oils, Figure 6C. The explanation of this
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tent (Q).

phenomenon is the Mishrif and Sa’di oils, which may be generated first
from less source maturity then having migrated upwards. The Nahr Umr
and Khasib oils either formed later from the same source when it became



PETROLEUM SCIENCE AND TECHNOLOGY . 1005

higher maturity or generated from different source rocks (mixed oils) (Al-
Khafaji, Sadooni, et al. 2019; Al-Khafaji, Al Najm, et al. 2019; Al-Khafaji et al.
2021) believes that the Yamama and Zubair source formations have contrib-
uted to the generation of oil and its expulsion to Cretaceous reservoirs.

4, Conclusions

The abundance of the n-alkanes and acyclic isoprenoids in all samples sug-
gests non-biodegraded oils. Higher sulfur content, Ph/nCig, C,,/Cy;, and Cyo/
C;0 hopane ratios associated with lower C,9/Cy3, C,4/C,3, and C,/Css tricyclic
terpane ratios, indicated that all oils were generated from marine carbonate
deposition source. The low pristane/phytane ratio and the high C;55/Cs,S,
GA/C;5R ratios for oils are consistent with anoxic depositional condition. The
Cyo sterane 20S/(20S + 20R) and BP/(BP + o) stereoisomer, Ts/Tm, C,;Ts/
Tm, C,yTs/Tm, and TAS3(CR), ratios indicated that maturity level of Nahr
Umr and Khasib oils were higher than Mishrif and Sa'di oils, maybe due to
difference in their source related genetic. The slight variations in C;o/C,; and
Ol/H ratios, canonical variable (CV) values combination with C;;R/Cs
hopane, and C,4/Cy5 tricyclic terpanes ratios maybe due to difference in the
source rocks which were generated and expelled oils to reservoirs.

The main source rocks that generated the oils in the South
Mesopotamian Basin are the Middle Jurassic Sargelu and Upper Jurassic
Najmah formations (Pitman, Steinhouer, and Lewan 2004; Al-Ameri et al.
2014; Al-Ameri, Al-Marsoumi, and Al-Musawi 2015; Abeed, Alkhafaji, and
Littke 2011; Al-Khafaji et al. 2021). In addition, some recent studies (e.g.,
Al-Khafaji, Sadooni, et al. 2019; Al-Khafaji, Al Najm, et al. 2019), con-
firmed that the Yamama and Zubair source rocks also contributed to the
expulsion of oil to the Cretaceous reservoirs.

The analyses of oil of this study suggested that the Khasib oil source
rocks’ origin appears to be formed at the latest age than the rest of the oil
samples, which were maybe mixed oils, originated from many source rocks.
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